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Summary:

Dysfunction of gamma-aminobutyric acid (GABA)ergic circuits is strongly associated with 

neurodevelopmental disorders. However, it is unclear how genetic predispositions impact circuit 

assembly. Using in vivo two-photon and widefield calcium imaging in developing mice, we 

show that Gabrb3, a gene strongly associated with Autism Spectrum Disorder (ASD) and 

Angelman Syndrome (AS), is enriched in contralaterally-projecting pyramidal neurons and is 
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required for inhibitory function. We report that Gabrb3 ablation leads to a developmental decrease 

in GABAergic synapses, increased local network synchrony and long-lasting enhancement in 

functional connectivity of contralateral—but not ipsilateral—pyramidal neuron subtypes. In 

addition, Gabrb3 deletion leads to increased cortical response to tactile stimulation at neonatal 

stages. Using human transcriptomics and neuroimaging datasets from ASD subjects, we show 

that the spatial distribution of GABRB3 expression correlates with atypical connectivity in these 

subjects. Our studies reveal a requirement for Gabrb3 during the emergence of interhemispheric 

circuits for sensory processing.

eTOC Blurb

Babij, Ferrer et al. use mouse genetics and in vivo imaging to show that Gabrb3 is required for the 

developmental decorrelation of cortical networks. Gabrb3 removal leads to enhanced contralateral 

connectivity and hypersensitivity to tactile stimuli. In addition, GABRB3 expression is spatially 

correlated with atypical connectivity in ASD human subjects.

Graphical Abstract

INTRODUCTION

GABAergic transmission is defective in ASD and AS 1–3. High-risk ASD-genes involved 

in inhibitory synaptic function are expressed in glutamatergic projection neurons allocated 

to superficial cortical layers during development 4. Among these genes is GABRB3 which 

encodes the beta 3 subunit of GABAA receptor 5,6. Gabrb3 is expressed at high levels in 

excitatory neurons of the rodent and human somatosensory cortices early in development, 
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during a critical window for network formation, and becomes downregulated in the 

mature cortex, suggesting a function in early circuit assembly 7–11. Although functional 

deficits in long-range connectivity are observed in ASD subjects 12,13, it is unclear if 

high-risk ASD genes, such as GABRB3, contribute to the development of cortico-cortical 

connections. An entry point to gain mechanistic insight is through revealing the biological 

function of GABRB3 in model systems. Of particular relevance to ASD, cell type-specific 

manipulations are required to distinguish causative from compensatory effects.

Murine layer (L) II/III pyramidal cells (Pyr) originate in the dorsal pallium from embryonic 

day (E) 15 through 17 14. Pyr neurons can be classified based on their projection pattern, 

with contralaterally-projecting neurons in the primary somatosensory cortex (S1) mainly 

located in LII/III (>80%). These neurons extend axonal projections through the corpus 

callosum in a multistep developmental program involving axonal exuberance and retraction 
15. In addition to innervating contralateral targets, LII/III Pyr project to ipsilateral targets: 

locally to LII/III and LV as well as distally to the primary motor cortex (M1), secondary 

somatosensory cortex (S2), temporal association area (TeA), posterior parietal cortex (PPC) 

and the striatum 16,17. Whereas extensive evidence indicates that the exuberant branching of 

callosal projections is activity-dependent, it is unclear how innervation patterns of specific 

Pyr subtypes are refined within select target areas.

Since S1 LII/III Pyr participate in network activity and receive GABAergic inputs at the 

time when their axons undergo substantial remodeling 18, we set out to determine the role 

of Gabrb3-dependent transmission in circuit refinement and stabilization. We found that 

Gabrb3 is highly expressed in LII/III callosal Pyr. Developmental loss of this subunit led 

to decreased inhibitory function from P7 onwards in contralateral S1—but not in ipsilateral 

M1-projecting Pyr, resulting in tactile hypersensitivity. In addition, Gabrb3 ablation caused 

a long-lasting enhancement in S1 interhemispheric -but not ipsilateral- anatomic and 

functional connectivity. Finally, we show that the spatial distribution of GABRB3 expression 

is a strong transcriptomic predictor of atypical connectivity in ASD subjects.

RESULTS

Cortical projection neurons display a long-lasting increase in network synchronization in 
Emx1.Gabrb3 mice

To determine the role of Gabrb3 in circuit maturation, we deleted this subunit in developing 

Pyr by crossing Gabrb3fl/fl to Emx1Cre mice. To survey neuronal activity, we crossed them 

to the Rosa.floxed.STOP.GCaMP6s (Ai96) reporter line. These mice had normal gross brain 

morphology (Figure S1). To record activity patterns in vivo, we placed a cranial window 

over S1 in control (Emx1Cre) and Emx1Cre, Gabrb3fl/fl (Emx1.Gabrb3) mice at P6 (Figure 

1A–C) and performed longitudinal two-photon calcium imaging in unanesthetized mice at 

P7 (Figure 1D–E, H–I, Movie 1–2), P10 (Table S1) and P14 (Figure 1F–G, J–K, Table 

S1, Movie 3–4). We assessed both single-cell activity, by determining individual calcium 

transients, as well as correlated activity, by analyzing the temporal relationship of these 

transients amongst the cells in the field of view (FOV). We found that event frequency 

increased significantly with age from P7 to P10, in both control and Emx1.Gabrb3 mice 

(Table S1), likely reflecting the maturation of intrinsic electrophysiological properties of 
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developing pyramidal cells. However, neither the frequency nor the duration of individual 

calcium transients were significantly different in mutant compared to control mice at any 

developmental stage (Table S1), indicating that overall activity level of single cells was 

not affected by Gabrb3 deletion in agreement with previously reported impact of GABAA 

receptor dysfunction 18.

Are Gabrb3-containing receptors required for network maturation? To address this question, 

we carried out Pearson’s correlation analyses between cell-pairs (Figure 1). We found that 

control mice underwent a significant reduction in the average correlation coefficient between 

P7 and P14 (top panels Figure 1H–I, J–L), in agreement with the previously reported 

sparsification of activity using the same analysis 19,20. In contrast, the average correlation 

coefficient in Emx1.Gabrb3 mice remained elevated from P7 to P14 compared to controls 

(bottom panels Figure 1H–K, L). Furthermore, the correlation by distance was significantly 

higher in Gabrb3 mutants both at P7 and P14 (Figure 1M–N), indicating that correlation 

levels are not normalized during development in mutant mice.

To characterize further the impact of Gabrb3 loss of function on network dynamics, we 

determined the percentage of neuronal pairs undergoing correlated activity in the FOV, as 

well as the percentage of Pyr participating in network events (network participation) (Table 

S1, see Methods). Our analysis revealed that the percent of pairs correlated was significantly 

higher across development in Emx1.Gabrb3 than in control mice (Table S1). Although 

network participation decreased from P10 to P14 in both control and Emx1.Gabrb3 mice, 

synchronous activity remained significantly higher in the mutants (Table S1). Altogether, 

these data indicate that Gabrb3 is necessary for the restriction of early correlated activity in 

developing LII/III pyramidal cells.

Developmental deletion of Gabrb3 in pyramidal neurons leads to impaired GABAergic 
synaptic function

To establish if increased Pyr network synchrony in Gabrb3 mutants reflects abnormal 

synaptic function, we characterized miniature (mIPSC) and evoked inhibitory postsynaptic 

currents (eIPSCs) in LII/III Pyr at P7. mIPSC recordings (Figure S2A) showed a decrease in 

the decay kinetics (Figure S2B–C) and unitary charge (Figure S2D) in Emx1.Gabrb3 mice 

compared to controls but no changes in frequency (control: 0.23±0.03 Hz (n=9 cells) vs. 

Emx1.Gabrb3: 0.38±0.16 Hz (n=10 cells), Mann Whitney p=0.79). However, the immature 

state of both electrophysiological properties of LII/III pyramidal cells 21 and GABAergic 

synapses 22 at this stage may impair the ability to detect spontaneous neurotransmitter 

release in the presence of TTX. To overcome this, we assessed eIPSCs using optogenetics. 

We injected AAV1.Dlx1.ChR2.mCherry virus in control and Emx1.Gabrb3 mice at P0 

and recorded light-evoked responses at P7. To validate the approach, we performed current-

clamp recordings in a subset of LII/III mCherry-expressing interneurons and recorded 

time-locked optogenetically-induced APs (Figure 2A). Subsequently, we recorded eIPSCs 

in LII/III Pyr in response to minimal light stimulation. Our analysis revealed that eIPSC 

amplitude was significantly reduced in mutants compared to controls (Figure 2B–C). As 

a complement to the electrophysiology, we quantified the density of synaptic clusters 

delineated presynaptically by expression of the vesicular GABA transporter (VGAT) and 
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postsynaptically by the scaffold for GABAA receptors, gephyrin 23 at P7 (Figure 2D). We 

found a significant decrease in synaptic density in Emx1.Garbr3 compared to control mice 

(Figure 2E). Altogether, these results indicate that deletion of Gabrb3 in developing Pyr 

leads to a decrease in GABAergic synapses during the first postnatal week.

We next determined if GABAergic dysfunction perdures through the second postnatal week 

in Emx1.Gabrb3 mice. To this end, we performed mIPSC recordings in LII/III Pyr neurons 

at P14-P16 (Figure 2F–H). In comparison to controls, mutant mice showed a significant 

reduction in mIPSC frequency (Figure 2I) but not in amplitude (Figure 2J). Although 

a reduction in IPSC frequency could reflect presynaptic or postsynaptic defects 24, our 

synaptic analyses at P7 suggest that the reduction in IPSC frequency was likely caused by 

the postsynaptic ablation of the receptor and a reduction in the number of interneuron-Pyr 

synapses. In addition, the average mIPSC decay was faster in mutant mice (Figure 2H, K), 

resulting in reduced mIPSC unitary event charge (Figure 2L) and total inhibitory charge 

(Figure 2M). This result is in agreement with defective GABAergic transmission upon 

Gabrb3 removal in adult Pyr 25 and likely reflects accelerated kinetics due to downregulation 

of the GABAA receptor alpha 2/3 subunits 26. In contrast to the impact of Gabrb3 removal 

on inhibitory drive, we found no significant differences in excitatory synaptic function 

(Figure S2E–L), intrinsic excitability (Figure S3A–I), dendritic development (Figure S3J–

P) or lamination (Figure S4). Finally, the E/I ratio was significantly higher in mutant, 

compared to control mice (Figure 2N). These deficits in GABAergic transmission in Gabrb3 
mutants likely underlie the increased network synchronicity. In support of this interpretation, 

differences in IPSC decay can exert large changes in network synchrony in adult mice 27.

Gabrb3 is selectively required in LII/III Pyr for the restriction of correlated activity and 
innervation of contralateral targets

Since deletion of Gabrb3 increases network synchrony in LII/III Pyr at P7, a stage before 

callosal axons branch and form synapses within target regions 14, we hypothesized that 

augmented synchrony could perturb axonal innervation. To test this, we analyzed axonal 

morphology after electroporation of a membrane-bound GFP (mGFP) construct in control 

and Emx1.Gabrb3 mice (Figure 3A–B, S5A–C, Methods). Our analyses revealed an 

increase in cS1 innervation which was concentrated in homotypic layers in Emx1.Gabrb3 
compared to control mice at P14 (Figure 3E, F). To further assess if GABA-mediated 

network decorrelation is necessary for proper innervation, we analyzed axonal morphology 

in Emx1Cre::Gabrg2fl/fl mice (Emx1.Gabrg2), in which removal of the γ2 obligatory 

GABAAR subunit ablates GABAergic transmission and increases correlated activity during 

development 18. Similar to Gabrb3 mutants, Emx1.Gabrg2 mice electroporated with the 

CAG-mGFP construct (Figure 3B, right panel) showed increase axonal coverage in cS1 at 

P14 (Figure 3E, S5D), with significantly more arborization in superficial layers (Figure 3G) 

while TeA innervation was not affected (Figure S5E–F).

Because in utero electroporation is not restricted to a specific cortical area, we targeted 

S1 LII/III Pyr by injecting a Cre-dependent mGFP (FLEX-mGFP) virus in SepW1Cre and 

SepW1.Gabrb3 mice at P0-P2. We subsequently analyzed axonal projections at P14-16 

(Figure 3C–D, S4G–J). Similar to Emx1.Gabrb3 mice, SepW1.Gabrb3 mice show a 
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significant increase in axonal coverage (Figure 3E, H) and the percentage of axonal branches 

in LII/III cS1(Figure S5J). Comparable results were obtained with presynaptic Gabrb3 
deletion (Figure S5K–Q). Thus, aberrant arborization in cS1 in Gabrb3 mutants arises 

from the contralateral homotypic area. To determine if Gabrb3 deletion broadly impacts 

S1 efferent innervation, we analyzed projections from S1 to S2, M1/2, PPC and TeA. 

Our analysis revealed that projections to ipsilateral targets were not significantly different 

between SepW1.Gabrb3 and control mice (Figure 3I–L).

Given the phenotypic similarities in Emx1.Gabrb3 and Sepw1.Gabrb3 mice, we 

hypothesized that aberrant cS1 innervation in the latter was also accompanied by 

increased correlated activity. To test this, we performed chronic imaging of Pyr in control 

and SepW1.Gabrb3 mice (Figure 3 M–N, Table S2). Similar to Emx1.Gabrb3 mice, 

SepW1.Gabrb3 mutants showed an increase in the average correlation (Figure 3O–P) and 

the correlation coefficient over distance, compared to controls, at P7 (Figure 3Q) and P14 

(Figure 3R). We found no significant differences in single cell event frequency or duration 

between control and mutants albeit these events became faster and shorter with age (Table 

S2). Together these results show that Gabrb3 loss of function in LII/III Pyr compromises the 

developmental decorrelation of cortical networks and leads to exuberant axonal coverage of 

contralateral -but not ipsilateral-targets.

Increased contralateral anatomical connectivity upon Gabrb3 deletion

To establish whether anatomical changes in axonal projections lead to increased synaptic 

connectivity, we utilized monosynaptic retrograde rabies viral tracing 28. To target the 

expression of the proteins necessary for rabies infection (tumor avian virus receptor, TVA) 

and transsynaptic spread (B-glycoprotein, B), we performed in utero electroporation at 

E15.5 with a pAAV-FLEX-GFP-TVA-B plasmid in Emx1Cre (control) and Emx1.Gabrb3 
mice. Subsequently, we injected the same mice with fluorescently tagged rabies virus 

(SAΔG-RbV-BFP pseudocolored in red in Figure 4B–D) at P7 (Figure 4A) and analyzed 

presynaptic inputs at P14-P16 (Figure 4B–I, S6A–C). In this approach, starter neurons are 

identified by co-expression of GFP and BFP (yellow in Figure 4B–C) and presynaptic 

neurons by BFP expression. To determine local Pyr connectivity, we quantified the 

number of starters and the total number of BFP-expressing neurons in ipsilateral S1 over 

the total number of starter cells in S1. We found no significant differences between 

control and Emx1.Gabrb3 mice (Figure 4E–F). To determine the laminar distribution of 

inputs, we quantified the number of BFP+ presynaptic neurons by layer per 100 starter 

neurons. We found that the laminar distribution of ipsilateral inputs was similar in control 

and Emx1.Gabrb3 mice (Figure 4G), in agreement with the previously reported activity-

independent development of LII/III S1 local collaterals 29. In contrast, the number of 

contralateral Pyr per starter was higher in Emx1.Gabrb3 compared to control mice (Figure 

4H). In particular, we observed a significant increase in LII/III and LVI (Figure 4I). While 

interneuron density was increased in Emx1.Gabrb3 mice (Figure S6D–H), the number of 

presynaptic interneurons (BFP+) revealed by rabies tracing was not significantly different 

between genotypes (Figure S6B–C), suggesting that these supernumerary interneurons do 

not integrate in the circuit. Altogether, these results indicate that developmental deletion of 

Gabrb3 leads to increased Pyr contralateral—but not ipsilateral—anatomical connectivity.
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Aberrant interhemispheric functional connectivity in Emx1.Gabrb3 mice

To determine if increased anatomical connectivity between S1-cS1 in Emx1.Gabrb3 mice is 

associated with increased correlated activity across the cortical hemispheres, we performed 

in vivo widefield calcium imaging in combination with local field potential (LFP) recordings 

at P14 in Emx1.GCaMP6s (control) and Emx1.Gabrb3.GCaMP6s mice (Figure 5A–C) 30. 

In video segments from control mice, low amplitude spontaneous activity was detected 

by both LFP and calcium recordings (Figure 5D, F). The calcium signal recorded from 

multiple locations displayed different waveforms, indicating a global desynchronization 

in spontaneous activity (Figure 5D). In contrast, 50% of Emx1.Gabrb3 mice showed 

high amplitude global propagating activity detectable by both LFP recording and calcium 

imaging (Figure S7). The other half of the mutant cohort showed low amplitude activity 

(Figure 5E, G). We only included video segments from the latter group for further analysis. 

To determine overall spontaneous activity, we quantified the power and standard deviation of 

the LFP (s.d. LFP), and the maximum amplitude as well as the area under the curve (AUC) 

of the calcium signal for ROI seeds. We found that the s.d. LFP signal was significantly 

higher in Emx1.Gabrb3 than in control mice, whereas the LFP power was similar between 

genotypes (Figure 5H, top panels). Although not significant, the amplitude of the calcium 

signal and AUC also showed a trend to higher values in mutants (Figure 5H, bottom panels), 

suggesting that Gabrb3 deletion leads to increased cortical activity.

To determine if somatosensory pathways are differentially impacted in 

Emx1.Gabrb3.GCaMP6s mice, we used the Spearman’s correlation coefficient to assess 

co-activation between S1 and ipsilateral or contralateral cortical regions (Figure 5I; Movie 

5–6). To characterize pathway-specific differences while controlling for changes in local 

correlated activity within S1 (Figure 1, Table S1), we normalized long range correlation 

measures to local activity between two ROIs within S1 (S1–1 and S1–2) (Figure 5I–J). 

Our analyses revealed that correlated activity between S1 and cS1 -but not S1-M1 or 

S1-TeA- was significantly increased in Emx1.Gabrb3.GCaMP6s mice compared to controls. 

In addition, the correlation coefficients between S1-cM1 and S1-V1 were increased while 

the M1-cM1 comparison showed an increasing trend (p=0.08) in mutant mice compared 

to control. In contrast, we found that V1-cV1 correlation was not significantly different 

in Emx1.Gabrb3 mice compared to controls (Figure 5J). Thus, deletion of Gabrb3 in 

developing Pyr does not cause a generalized increase in interhemispheric connectivity, 

but rather more prominently affects sensorimotor circuits. Within these circuits, correlated 

activity across the S1-cS1 pathway is particularly enhanced, consistent with our anatomical 

results.

Gabrb3 is highly expressed in contralaterally -but not ipsilaterally- projecting pyramidal 
cells and is required for inhibitory synaptic function

Gabrb3 may be required for inhibitory synaptic function in Pyr with different efferent 

targets. To test this hypothesis, we visualized different S1 Pyr populations by means of 

retrograde-AAV (AAV-rg, Figure 6A–C) injections in regions targeted by their axons. 

We injected AVV.retrograde.hSyn.mCherry virus in ipsilateral M1 (Figure 6A, C) and 

AAV.retrograde.CAG.GFP in cS1 (Figure 6A–B) at P6-8. Subsequently, we analyzed axonal 

projections (Figure 6D–G) and electrophysiological properties at P13-16 (Figure 6H–O). 
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We found that the number of retrogradely-labeled GFP Pyr neurons in S1 normalized to 

the number of infected neurons in cS1 was significantly greater in Emx1.Gabrb3 than 

control mice (Figure 6E); whereas the number of retrogradely-labeled mCherry Pyr neurons 

in S1 normalized to the number of infected neurons in M1 was unchanged between 

mutant and control mice (Figure 6F), in agreement with our anterograde tracing analysis 

(Figure 3). Further, only 2.08% and 1.58% of projecting Pyr in Emx1.Gabrb3 and control 

mice respectively showed dual projections to cS1 and M1 (Figure 6G). To determine 

differences in the contribution of Gabrb3 to synaptic function, we recorded mIPSCs from 

GFP-expressing (cS1 projecting) or mCherry-expressing (M1 projecting), but not yellow 

(dual projecting) Pyr (Figure 6H–O). cS1-projecting Pyr displayed a reduction in mIPSC 

frequency (Figure 6L) with a simultaneous acceleration of the average decay kinetics 

(Figure 6K, N) and no change in the amplitude of events (Figure 6M), resulting in an 

overall reduction of the total inhibitory charge received by cS1 Pyr upon Gabrb3 deletion 

(Figure 6O). In contrast, M1 projecting Pyr displayed no significant differences in these 

parameters (Figure 6K–O). To determine if Gabrb3 expression differs between cS1 and 

M1 projecting Pyr, we carried out RNA scope in situ hybridization with probes against 

Gabrb3 in control mice previously injected with retrograde viruses (Figure 6A). Our results 

revealed that both cS1 and iM1 projecting neurons express Gabrb3 at P14 (Figure 6P–Q). To 

quantify expression levels, we determined Gabrb3 somatic fluorescence coverage. We found 

that S1 contralaterally-projecting pyramidal cells exhibit increased Gabrb3 fluorescence 

coverage compared to ipsilaterally-projecting M1 neurons (Figure 6Q). Importantly, there 

were no significant differences in dendritic morphology between cS1 and M1-projecting 

Pyr in control mice (Figure S8). Thus, cS1-projecting Pyr express Gabrb3 at higher levels 

than iM1-Pyr and rely heavily on this receptor subunit for GABAergic transmission during 

development, suggesting a cellular mechanism for the selective axonal targeting defects 

observed in Emx1.Gabrb3 mice.

Increased sensory-evoked responses in neonatal Emx1.Gabrb3 mice

Cortical responses to passive whisker deflections can be detected in the somatosensory 

cortex from birth 31. GABAergic signaling shapes cortical responses to these stimuli during 

the first postnatal week 20,32. Therefore, we hypothesized that Gabrb3-containing GABAA 

receptors could be necessary in this process. To test this, we surveyed Pyr activity in un-

anesthetized control and Emx1.Gabrb3 mice in vivo at P7. To mimic perinatal interactions, 

we used air puffs to passively stimulate multiple whiskers applying repetitive stimulation 

(Figure 7A). This protocol allowed for effective displacement of all whiskers on the whisker 

pad and return to baseline between stimulations. We analyzed neuronal responses in a 

window of 5 s after stimulation and used network analysis to determine sensory-evoked 

network events (Figure 7B–C). Our analysis showed a significant increase in the percentage 

of neurons participating in sensory-evoked network events (Figure 7D), as well as an 

increase in the overall percentage of whisker-responsive cells in Emx1.Gabrb3 compared 

to controls (Figure 7E) but no difference in the percentage of stimulations leading to evoked 

network events (Figure 7F). In addition, we observed an increase in the overall average 

pairwise correlation (Figure 7G) and correlation by distance in Emx1.Gabrb3 compared to 

control mice (Figure 7H). These data indicate that developmental loss of Gabrb3 leads to 

hypersensitivity to whisker stimulation as early as P7.
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Regional differences in Gabrb3 expression in humans are associated with atypical 
functional connectivity patterns in ASD

GABRB3 is strongly associated with ASD and AS 3,33,34. Furthermore, fMRI studies 

show extensively altered connectivity patterns in humans with ASD 35. Based on this 

evidence and the murine analyses, we hypothesized that GABRB3 may contribute to ASD 

pathophysiology by modulating functional connectivity. To test this, we used a partial 

least squares regression model (PLS) to implement an unbiased evaluation of 1) whether 

regional differences in gene expression predict atypical connectivity patterns in ASD, and 

2) the extent to which GABRB3 and other ASD risk genes are important predictors in 

this model, relative to all other genes (Figures 8, S9). To quantify atypical connectivity 

in ASD, we performed the PLS analysis using a large-scale, publicly available fMRI 

datasets ABIDE1 and 2 36,37; see Methods, Figure S9). To rule out the effect of age on 

functional connectivity, we also ran the PLS model with a narrower age range during the 

adolescent developmental period (age 12–18) (Figure 8). We mapped normative regional 

gene expression profiles for 10,438 microarray probes in the Allen Human Brain Atlas 

Microarray (AHBA) 38,39 to the same functional parcellation. Finally, we used multivariate 

PLS regression to identify a linear combination of genes (PLS component) that maximizes 

covariation with atypical connectivity (Figure 8A), where gene weight indicates how well 

gene expression across cortical and subcortical parcels explains atypical connectivity. Our 

analyses revealed that regional differences in gene expression explained the neuroanatomical 

distribution of atypical connectivity in ASD by comparison with shuffled data (Figures 

8B, 8D, S9A). To determine the significance of alignment between the rsfMRI atypical 

connectivity map and GABRB3 expression, we compared the PLS weight of GABRB3 with 

an empirical null distribution of weights for the gene (accounting for spatial correlations). 

This analysis revealed that the atypical connectivity map in ASD was significantly correlated 

with GABRB3 expression in both the full sample and age-restricted cohorts (Figures 8C, 

S9B).

To assess the selectivity of the PLS analysis, we compared the ranking of a subset 

of previously identified high confidence genes (GRIN2B, NRXN1, SCN2A) to genes 

with limited or no association with atypical connectivity in ASD (ACE, THRA, ACTB) 
40. We found that GABRB3 ranked in the top 8.2% of all negatively weighted genes, 

while GRIN2B (17.6 %), NRXN1 (6.4%), and SCN2A (0.2%), were also highly ranked 

with strong negative weights in the PLS model (indicating anticorrelations with atypical 

connectivity patterns) (Figure 8E–F). In contrast, genes with limited ASD association: 

ACE, THRA and ACTB 40 ranked towards the middle of the gene list and thus were not 

significantly associated with atypical connectivity (Figure 8E). Further, performing the PLS 

analysis in the full ASD data set using a large age range (age: 5–64) converged on the results 

when the PLS analysis is applied to the age-restricted data set (age: 12–18) (Figures 8, S9A–

D). Altogether, the mouse and human data indicate that regional differences in GABRB3 
expression are correlated with the neuroanatomical distribution of atypical connectivity in 

ASD and may contribute to dysfunction of select pathways as a possible mechanism of 

pathophysiology.
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DISCUSSION

Whereas the role of neuronal activity in the development of callosal projections has long 

been recognized 41–43, the circuit mechanism underlying this process was unknown. We 

demonstrated that ablation of Gabrb3-containing receptors leads to GABAergic synaptic 

deficits as early as P7, causing abnormal co-activation of large swaths of pyramidal cells. 

Because interhemispheric connectivity is not observed at this stage and callosal axons 

do not prematurely invade the contralateral hemisphere in Emx1.Gabrb3 mice (data not 

shown, 44), this early synchronization likely begins within local circuits. At these early 

stages, interneuron survival is critically dependent on Pyr activity 45and GABA-dependent 

regulation of network dynamics 18. Therefore, it is not surprising that Emx1.Gabrb3 mice 

display an increase in interneuron density. Despite this increase, Gabrb3 mutants do not 

display exacerbated GABAergic innervation but show a reduction in GABAergic synapses, 

which may result from abnormal GABA-dependent synapse formation 46. Thus, while some 

homeostatic responses are triggered by an increase in network synchrony in Emx1.Gabrb3 
mice, they are unable to fully compensate for decreased inhibition.

What are the consequences of increased network synchrony for the maturation of long-range 

connections? Although callosal development requires balanced interhemispheric activity 47, 

the role of inhibition in this process had not been assessed. We show that perturbation of 

GABAergic inputs enhances contralateral innervation and correlated activity in the second 

postnatal week. This excessive connectivity may arise from an increase in the number 

of projecting cells or axonal remodeling in Emx1.Gabrb3 mice. Two independent pieces 

of experimental evidence favor the latter possibility. First, Pyr differentiation, migration 

and density are not significantly different in Emx1.Gabrb3 mice compared to controls 

(Figure S4), suggesting that callosal Pyr are not generated in excess. Second, white 

matter and callosal thickness are not significantly different between genotypes (Figures 

S5A–C), suggesting that the number of Pyr crossing the corpus callosum is not higher 

in Gabrb3 mutants. Instead, excessive synchronization across cortical hemispheres may 

preserve contralateral innervation through Hebbian mechanisms as described in the visual 

system 48.

Is Gabrb3 widely required for the establishment of long-range connectivity? Previous 

studies indicate that S1 LII/III Pyr subtypes project mainly to one target and are 

differentially recruited during behavior 14,49,50, albeit dually projecting populations have 

been characterized 51. In agreement with select projection patterns, we found that cS1 and 

M1-projecting neurons largely represent two independent populations. Whereas cS1 Pyr 

depend on Gabrb3 for axonal maturation, M1-projecting axons may rely on other inputs or 

activity-independent genetic programs. Although we focused on somatosensory pathways, 

connectivity to other areas may be also compromised in Gabrb3 mutant mice. Indeed, 

our widefield imaging suggests that functional connectivity between S1-V1 is increased 

in mutants. While sparse, direct 52 and indirect 53 connectivity between S1 and V1 has 

been described, it remains to be determined if Gabrb3 mutants show abnormal anatomical 

development in these projections.
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Does aberrant network correlation impact sensory processing in Gabrb3 mutants? 

Developing interneurons constrain Pyr activation during sensory stimulation 20. Our results 

indicate that Gabrb3-containing GABAA receptors are necessary to restrict Pyr sensory-

evoked activity. Cortical Gabrb3 deficits may contribute to the tactile hypersensitivity 

frequently observed in ASD 54–56. Gabrb3 expression is also downregulated in both Rett 
57 and Fragile X syndromes 58, and mouse models for these disorders display GABAergic 

dysfunction 59, transient hypercorrelation in cortical networks 60 and altered sensory 

processing as juvenile/adults 61,62. While assessing behavioral responses in neonatal pups 

is challenging, our results indicate that sensory processing defects arise as early as the 

first postnatal week in the mouse. More generally, increased network synchrony may be an 

accurate predictor of impaired behavior in neurodevelopmental disorders 63.

Does GABRB3 dysfunction contribute to human pathology? We report that this gene 

is a transcriptional predictor of atypical connectivity and ranks highly among genes 

strongly linked to ASD (GRIN2B, NRXN1), suggesting that anatomical regions with low 

GABRB3 expression are susceptible to atypical connectivity (increased or decreased) in 

the human brain. Although our mouse analysis suggests that hyperconnectivity in ASD 

subjects with GABRB3 mutations may be limited to select contralateral homologues, some 

caveats make a direct comparison difficult. First, unlike the mouse connectivity phenotype, 

the fMRI connectivity analysis in humans was not limited to contralateral homologues 

and reflected general dysconnectivity (increased or decreased) in ASD individuals, not 

just hyperconnectivity. Second, genomic sequencing data were not available for the 

ASD subjects in the fMRI dataset, in contrast to the selective Gabrb3 removal in our 

mouse model. Thus, genetic diversity in the human sample could influence the extent or 

directionality of the functional imaging phenotype. In addition, the expression data from the 

AHBA corresponds to adult individuals (ages 24–57) whereas the fMRI functional data sets 

used in our studies include younger individuals (5–64 and 12–18 years). Finally, the spatial 

correlation of GABRB3 expression with atypical connectivity patterns in human ASD 

subjects is consistent with a contributory role of this gene, but it is also compatible with 

other mechanisms or genetic components. Thus, our imaging transcriptomic analyses do not 

conclusively demonstrate a role for GABRB3 mutations in regulating atypical resting state 

functional connectivity in ASD. Instead, our work shows how Gabrb3 disruption regulates 

connectivity in mice, and our imaging transcriptomic analyses provide a proof-of-principle 

extension of this finding to humans. Future studies in genotyped individuals with ASD could 

more directly test the hypothesis that GABRB3 mutations drive specific patterns of atypical 

connectivity.

GABRB3 dysfunction is also associated with seizures in humans 64 and adult -but not 

developing- mutant mice 65,66. Consistently, developing Emx1.Gabrb3 mice do not display 

spontaneous seizures. However, a subset of these mice showed hyper-excitatory global 

propagation waves at P14 (Figure S7), which may lower the threshold for seizures later 

in life. These events in Emx1.Gabrb3 mice were not associated with increased neuronal 

excitability (Figure S3A–I, Table S1), in agreement with the heterogeneity of spike rate 

detected during ictal/interictal events 67–69. Thus, the high amplitude activity in Gabrb3 
mutants may reflect increased network synchronization rather than an increase in spike rate.
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In summary, these results provide mechanistic insight into how genetic perturbations can 

manifest functionally and result in altered long-range cortical connectivity in discrete 

pathways in the developing brain.

STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should 

be directo and will be fulfilled by the lead contact, Natalia De Marco Garcia 

(nad2018@med.cornell.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—This paper analyzes existing, publicly available human 

neuroimaging data. These accession numbers for the data sets are listed in the key resources 

table. All other raw data reported in this paper will be shared by the lead contact upon 

request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Lines—All animal care and procedures were performed according to the Weill 

Cornell Medicine Research Animal Resource Center guidelines. Animals were housed in 

a controlled environment on a 12 h light/dark cycle with food and water ad libitum. 

Since synaptic GABAA receptors are heteropentameric structures containing a gamma 2 

subunit, two alpha and two beta subunits 25, several mouse mutants were used to delete 

the beta 3 and gamma 2 subunits in maturing pyramidal neurons. All mouse lines have 

been described previously: Emx1Cre (JAX 005628), RCL-GCaMP6s (Ai96, JAX 024106), 
Gabrb3fl (JAX 008310), Gabrg2fl,(JAX 003137), SepW1.Cre (MGI NP-39). While the 

Emx1Cre line also targets glia and Cajal-Retzius cells 75, these populations express Gabrb3 
mRNA at very low levels at late embryonic and neonatal stages 10,76. Mice of both sexes 

were used for analysis. Due to the young age of the mice, the influence of sex was not 

analyzed. For timed pregnancies, noon on the day of the vaginal plug was counted as 

E0.5. Developmental age of the mice was as described in the individual experiments, 

ranging from P0-P16. All experiments compared genetic wild-type mice (Cre negative 

or Gabrb3WT) to mutants (Emx1.Gabrb3fl/fl, SepW1.Gabrb3fl/fl, Emx1.Gabrg2fl/fl). For two-

photon imaging, widefield calcium imaging, axonal arborization characterization, rabies 

viral tracing, and lamination, controls were Emx1Cre, as Cre expression was necessary 

for the experimental technique. For other anatomical experiments, we included both Cre-

negative and Cre-positive/Gabrb3WT mice compared with Cre-positive/Gabrb3fl/fl mutants. 

A weight deficit was noted in Emx1.Gabrb3 mice only at P21 and 28 (Figure S1A), but 

did not persist into adulthood, and brain size and mass were unchanged (Figure S1B–E). 
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There was no significant difference in survival between Emx1.Gabrb3 and control mice or 

evidence of behavioral seizures in mutant animals up to P80.

Human Imaging and Gene Expression Subjects—The human neuroimaging 

analyses in Figs. 8, S9 used a publicly available human dataset (ABIDE I and II) 36,37 

comprising resting state functional MRI scans for N=1,031 ASD subjects and N=1,139 

typically developing control subjects. See Materials and Methods, “Human Gene Expression 

and fMRI Analysis” for details on sample selection. We excluded 249 ASD subjects and 

232 typically developing control (TC) subjects with data that did not meet quality control 

criteria. This resulted in all subsequent analyses including N=782 ASD subjects and N=907 

TC subjects (ages 5–64), except for the analyses using a restricted age range (ages 12–18) 

during the adolescent development period. This restricted age range PLS analysis included 

261 ASD subjects (age 12–18, N=34 females, N=227 males, mean age = 16.45, SD = 8.88) 

and 235 typically developing controls (ages 12–18, N=48 females, N=187 males, mean age 

= 16.49, SD = 8.91). Functional connectivity was computed between 247 ROI defined in an 

extensively validated functional parcellation 77.

For human gene expression analyses, we used publicly available data from the Allen Human 

Brain Atlas (AHBA), which contains brain-wide microarray samples from 3,702 brain 

regions distributed across the cortex, subcortex, cerebellum, and brainstem. The samples 

utilized in this study were collected from six neurotypical adult brains (N=6 subjects, ages 

24–57, N=1/5 females/males). Structural MRI (T1) was available for all subjects with MNI 

sample coordinates, and RNA-seq data was available for two of the brains involving 17,609 

genes sampled from 112 brain regions. After preprocessing (described in Materials and 

Methods, “Human Gene Expression and fMRI analysis”), there were 10,438 gene expression 

values for each of the microarray samples, and after assignment to the corresponding 

neuroimaging ROI, there was a total of 2,857 AHBA samples from the six brains assigned to 

213 out of the 247 ROI.

MATERIALS AND METHODS

In Utero Electroporations—In utero electroporation was performed as previously 

described 72. Briefly, pregnant mice were electroporated at embryonic day (E) E15.5. For 

rabies viral tracing of neuronal populations, a pAAV-EF1a-FLEX-GFP-TVA-B plasmid 

(Addgene, Plasmid #26197) was electroporated in Emx1Cre or Emx1.Gabrb3 mice at 

E15.5. For laminar analysis CAG-STOP-EGFP (generated in house) was electroporated 

into Emx1Cre or Emx1.Gabrb3 mice. For axonal targeting experiments, a CAG-mGFP 
(Addgene, plasmid #14757) was electroporated into Cre-negative or Emx1Cre (control) and 

Emx1.Gabrb3 (mutant) mice. In a separate set of experiments, a pAAV-hSyn-FLEX-mGFP-
Synaptophysin-mRuby plasmid (Addgene #71760) was electroporated in utero in Gabrb3+/+ 

or Gabrb3fl/fl mice.

Viral Injections—Injections for anterograde axonal tracing and optogenetic experiments 

were performed at P0-2. For anterograde tracing, an AAV1.hSyn.mGFP-Synaptophysin-
mRuby virus (UNC Viral Core, Addgene Plasmid #71760) was injected in SepW1Cre 

or SepW1(in which cre expression is restricted to LII/III Pyr 78. Gabrb3 mice, while 
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for optogenetics, an AAV1.mDlx.ChR2.mCherry (Addgene #83898) was injected in 

Gabrb3fl/fl or Emx1.Gabrb3 mice; using surface landmarks for localization and post-hoc 

confirmation of exclusive injection to S1. For rabies tracing experiments and retrograde 

AAV experiments, stereotactic injections were performed at P6-P8. Modified rabies virus, 

SADΔG (SAD-deltaG_BFP (EnvA), Salk Institute), was injected in electroporated mice for 

the tracing of presynaptic inputs (See Rabies Viral Tracing section for more information). 

Precise stereotactic coordinates (P7-9: 2.5 mm anterior from lambda; 2.5 mm laterally; 400 

μm deep from pia) and the volume of virus injected in each animal were kept constant. For 

retrograde tracing, two consecutive injections were performed, one in the motor cortex with 

AVV.retrograde.hSyn.mCherry (Addgene Plasmid #114472) and one in the contralateral 

somatosensory cortex with AAV.retrograde.CAG.GFP (Addgene Plasmid #37825) at P6-P8. 

We chose M1 because our axonal analysis indicated that this projection is not impacted 

in Gabrb3 mutant mice (Figure 3L) and is sufficiently separated from S1 thus allowing 

for specific retrograde labeling of these neurons (Figure 6B–D). Reconstructions of control 

cS1and M1 Pyr (Figure S8A) showed no differences in dendritic morphology between the 

two subpopulations (Figure S8B–F).

Rabies Viral Tracing—Modified rabies viral injections on electroporated pups were 

carried out at P7-P8 using a Drummond Nanoject II (50 nL). After injection, pups were 

then returned to the dam, and perfused for immunohistochemistry analysis 1 week later. 

Because it takes approximately 3 days to reach high levels of viral expression, analysis at 

P14-P16 allowed for visualization of ipsilateral (Figure 4C) and contralateral inputs (Figure 

4D) to LII/III present from P10 onwards. Processing and analysis of rabies-infected brains 

were performed as previously described 20,28. In brief, consecutive 20 μm sections were 

collected on a cryostat (Leica CM3050S). Sections were immunostained for eGFP and 

were examined under a Leica M165FC fluorescent microscope for double fluorescence to 

identify starter neurons. All starter neurons (BFP+, GFP+) were identified and counted by 

region on the microscope. Representative confocal images were taken using an Olympus 

IX81 confocal microscope with the Fluoview FV1000 software. Results of rabies tracing 

experiments were quantified as the ratio of the number of inputs in a specific region divided 

by the number of starter cells, for the laminar quantification the data was represented as 

the number of inputs per 100 starter cells across layers. In agreement with our previous 

findings 20, the electroporation strategy allowed for sparse labeling of starter neurons (10–

300 per brain), located in LII/III of S1 (Figure 4B–C). Importantly, the number of starter 

neurons did not differ between control and Emx1.Gabrb3 mice (Figure 4E) and correlation 

analysis between the ratio of contralateral inputs per starter and the number of starter 

neurons showed non-significant correlation (Figure S6A), indicating that variability in the 

number of starter neurons across mice does not influence the outcome of the analysis. Serial 

sections of the S1 both ipsilateral and contralateral to rabies infected neurons were counted. 

For characterization of interneuron inputs, we immunostained rabies infected brains with 

anti-GFP, anti-Sst and Pv antibodies (see immohistochemistry section for more details). 

Local pyramidal neurons were identified as GFP+ cells with pyramidal morphology and the 

absence of Sst and Pv staining.
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Immunohistochemistry—Immunohistochemistry was performed as previously described 
72. GCaMP6s- and eGFP-expressing neurons were identified by immunostaining for GFP 

(1:1000, Goat Anti-GFP, Rockland RL600-101-215). Identity of presynaptic partners 

illuminated by rabies tracing was determined by co-expression of eGFP and blue 

fluorescent protein (BFP) (unstained, fluorophore expressed by rabies virus). For additional 

classification of presynaptic partners, immunostaining was performed for MGE-derived 

interneuron markers: Sst (rat anti-Sst, 1:1000, Chemicon MAB354) and Pv (rabbit anti-Pv, 

1:1000, Abcam ab11427). Secondary antibodies for rabies analysis were as follow Alexa488 

anti-Goat (Abcam ab150129), Cy3 anti-Rat (Jackson Immunoresearch, 712-165-153) and 

Alexa647 anti-Rabbit (Thermofisher Scientific A-31573). For Pyr subtype analysis, neurons 

were filled with biocytin during whole-cell patch clamp recordings and labeled post hoc 
with streptavidin (1:1000, Streptavidin Pacific Blue, Thermo Fisher S11222). mCherry 

expression after AAV infection was evaluated using chick anti-RFP (1:1000, Rockland 

RL600-901-379). Laminar analysis was performed by staining for Ctip2 (rabbit anti-Ctip2, 

1:1000, Abcam ab18465) and Satb2 (rabbit anti-Satb2, 1:1000, Abcam ab3475).

For GABAergic synapse stainings, mice were transcardially perfused with chilled PBS 

only. Brains were postfixed in 4% PFA for 30 minutes and immersed in a cryoprotective 

solution of sucrose overnight before being frozen for cryosectioning. 10-micron slices of the 

somatosensory barrel field (S1) were sectioned. Immunohistochemistry was performed as 

previously described except that primary antibodies were incubated for 48 hours rather than 

24 hours. Primary antibodies were a 1:200 dilution of Guinea pig Anti-Gephyrin (Synaptic 

Systems #147 318) and 1:500 Anti-Vesicular GABA Transporter (VGAT) Antibody (anti-

Rb) (EMD Millipore #AB5062P). Secondary antibodies were 1:500 Alexa Fluor® 488 

AffiniPure Donkey Anti-Guinea Pig IgG (H+L) (Jackson ImmunoResearch #706-545-148) 

and 1:500 Cy™3 AffiniPure Donkey Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch 

#711-165-152). 2–3 sections per brain in LII/III S1 were imaged at 60X, scanning 4 

optical Z sections every 0.33μm (for a total of 1.2μm max projection) 23, using the same 

imaging conditions across sections. These images were quantified for synaptic puncta as the 

overlap of pre- and postsynaptic markers with the Synapse Counter plugin from ImageJ/FIJI 

(https://github.com/SynPuCo/SynapseCounter) following previously described methods 79. 

Parameters of analysis were optimized to detect the majority of visually detected synaptic 

puncta and kept constant between images. Synaptic density was calculated as the number pre 

and postsynaptic colocalization per area unit.

The following images are composite images: Figures 1C; 3B, D, I–L; 4B–D; 6B–D; S4A, H; 

S5A, G, L, M, N; S6B, D, E.

RNA Scope Processing and Analysis—The protocol for RNA scope was adapted 

from the protocols available from ACD biosciences, Akoya biosciences, and previous work 
80. Briefly, tissue was treated according to manufacturer’s instructions for the RNAScope 

Multiplex Fluorescent Assay (Cat # 323100, ACD, Hayward, CA). Tissue was mounted 

in 1x sterile PBS on charged slides and allowed to air dry overnight. Slides used in this 

experiment were frozen at −80 after mounting and prior to RNA scope experiments. Slides 

were pretreated with target retrieval buffer (Cat # 322000) for 12 min at 40°C, then treated 

with Protease III (Cat # 322381) for 30 min at 40°C, followed by a probe incubation 
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for 2 hours at 40°C. The probe used was Mm-Gabrb3 (ACD; Cat # 492441). A 3-plex 

positive control probe (Cat # 320881) and 3-plex negative control (Cat # 320891) were run 

concurrently. After probe incubation, slides underwent three amplification steps, followed 

by the development of horseradish peroxidase (HRP) signal fluorescence (Cat # 323110) 

with TSA-based fluorophore (Perkin-Elmer; TSA Plus Cyanine 5, PN #). Slides were 

subsequently immunostained for GFP and RFP. After allowing 15 min for the slides to 

air dry, slides were cover slipped in Prolong Gold Antifade Mountant (Thermo Fisher, Cat 

# P36930) and left to dry overnight at 4°C. Analysis of gene expression in RNA scope 

images was performed by analyzing single cells 81. Cells were identified as being GFP+ 

(cS1-projecting), mCherry+ (M1-projecting), dual+ or dual−. Dual+ and dual− cells were 

excluded from this analysis. The BFP channel (RNA scope probe fluorescent) was used 

for analysis. Images were processed using the automatic threshold function in FIJI as used 

in the axonal analysis experiments. Somas were outlined and % of the cell taken up by 

fluorescence-positive pixels was used as an indicator of RNA expression.

Cranial Window Surgery—Surgery and imaging were performed as previously described 
18,20. Briefly, mice aged between P5-P6 were briefly anesthetized by ice-induced 

hypothermia for 5 min and then placed on a Snuggle Safe warmer (Lenric C21) for the 

remainder of the surgery. The surgical procedures were similar to previously described 

methods 82. The head was scrubbed with alternating solutions of 70% ethanol and 10% 

povidone-iodine (Betadine). All surgical surfaces and instruments used were sterilized. 

Local anesthesia was provided by infiltrating bupivacaine (Marcaine 0.25%–0.5% solution) 

into the tissue adjacent to the intended incision lines. Scalp above the somatosensory cortex 

determined by stereotaxic coordinates (centered at [from Lambda]: AP 1.6–2.2, ML 1.8–2.0, 

DV 0.1–0.3) was removed, a custom-made, titanium head plate for small mouse pups was 

positioned over the area, centered around the location marked for S1 with empirically tested 

coordinates adjusted for the age of pups, and finally, was adhered to the skull using a 

veterinary adhesive (Metabond). After the head plate implantation, the mouse was placed 

back on ice for 2–3 min if tail-pinch reflex had returned. A craniotomy (2–3 mm in 

diameter) was performed at the center of the circular head plate by gently etching away 

the skull using the sharp edge of a sterile 16G or 18G syringe needle. After achieving 

hemostasis, a glass coverslip (3mm round #0, 0.1 mm, Warner instruments) was lowered on 

top of the brain, and warm (37C) 1% agarose was applied to the perimeter of the craniotomy 

to seal it. The window was then fixed to the skull using veterinary adhesives (first Vetbond, 

then Metabond). The pup was then placed on a heating pad with bedding for recovery for a 

minimum of 1 hr before returning the mouse to its home cage.

In Vivo Two-Photon Calcium Imaging—Imaging, video processing, event detection 

and analysis were performed as described 18. Window implantation was performed at P6, 

and mice were imaged longitudinally at P7, P10-11 (labeled P10, see Table S1), and P13-16 

(labeled P14). Briefly, recordings were performed on unanesthetized mouse pups of which 

the head was stabilized by attaching the head plate to a fixed fork positioned beneath the 

objective using two set screws. The pup was kept on a 37C heating pad and cotton balls 

or bedding were placed loosely around the animal for comfort. During imaging sessions, 

mouse pups spent the majority of time in a quiet resting state, interrupted by occasional limb 
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or tail twitches. A FluoView FVMPE-RS multiphoton imaging system (Olympus) was used 

for detecting brain activity in mouse pups. A Mai Tai Deepsee Ti:Saphire laser (Spectra-

physics) was tuned to 920 nm for GCaMP6s excitation and the total laser power delivered to 

the brain was less than 60 mW. A 25X (1.05 NA) water immersion lens (Olympus) was used 

for imaging. Emx1.GCaMP6s and SepW1.GCaMP6s mice were imaged between 100–200 

mm below pia surface. Imaging depths were adjusted as the animal matured to ensure that 

the same lamina was imaged across developmental stages.

For spontaneous calcium imaging experiments (Figure 1, Figure 3), image frames with a 

field-of-view (FOV) of 509 × 509 μm (at a resolution of 512 × 512 pixels) were scanned 

using a pair of galvanometer scan mirrors at a frame rate of 1 Hz for 300 frames. 2–4 

FOVs were imaged per mouse during each imaging session. Each FOV was imaged to 

produce a single, continuous 5-minute movie. For chronic imaging, imaging sessions took 

place at P7, P10-11 and P13-16. For longitudinal experiments, similar FOVs were located 

using anatomical landmarks across developmental stages, however unequivocal tracking of 

the exact same group of pyramidal neurons was not performed. Mice were returned to their 

home cage after each imaging session. For the calcium imaging experiment with whisker 

stimulation (Figure 7), image frames with a field-of-view (FOV) of 509 × 509 μm (at 

a resolution of 512 × 512 pixels) were scanned using resonant scanning. We performed 

a 3-frame moving average of raw frames to remove fluorescence signal variations and 

obtained a final frame rate of 5 Hz for 3200 frames 83. 1–2 non-overlaping FOVs were 

imaged per mouse during each imaging session. Each FOV was imaged to produce a single, 

continuous 10.5-minute movie.

After the last imaging session, the mice were sacrificed and the location of the cranial 

window was confirmed by topically placing DAPI (1:1000, Invitrogen D1306) over the 

window after removing the circular glass. The presence of the head plate did not appear 

to impair feeding, grooming, or interactions between the pup and its mother as well 

as littermates. Mice did not display any gross developmental impairment. We did not 

observe any developmental or behavioral abnormalities in any of our RCL-GCaMP6s (Ai96) 

mice, or mice expressing GCaMP6s from our Cre line crosses. In particular, we did not 

observe any pathology in Emx1Cre.Ai96 mice used for this study or in our current large 

colony (n = 120 mice × 15 generations, 1800+ mice) in agreement with recent reports 

indicating that epileptiform activity is not observed in adult Emx1Cre.Ai96 mice 84,85. 

Consistent with the lack of GCaMP6s induced pathology, our previously published work 

showed that GCaMP6s-expressing cells display no signs of toxicity or developmental 

defects 18,20. Furthermore, LFP recordings of control Emx1Cre.GCaMP6s mice did not 

reveal any pathological activity (Figure 5). In addition, recent evidence highlights that both 

virally induced and widespread expression of GCaMP6s in developing mice does not cause 

pathology 44,86–88. Altogether, these observations indicate that GCaMP6s expression does 

not cause pathological phenotypes in Emx1Cre.GCaMP6s mice.

Whisker Stimulation—Whisker stimulation was performed as previously described 20, 

using an air puff through a 1 mm diameter tube placed anterior and perpendicular to the 

whiskers, approximately 1 cm away. We increased air puff duration from 100ms 20 to 500 

ms to ensure stimulation of all whiskers and evoke responses more reliably. Stimulation was 
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gated by a solenoid valve controlled by a TTL signal from the imaging FV30S-SW software 

via an Arduino board (Arduino Diecimila). The pressure of the air puff was adjusted so that 

all whiskers on the whisker pad were displaced, but the mouse was not startled and did not 

display any signs of discomfort. The TTL signal was triggered every 60s to allow sufficient 

baseline recordings after each stimulation.

Two-Photon Image Processing—Image processing and calcium signal detection were 

carried out using CalciumDX software routines written in MATLAB (Mathworks) 89, 

available open source in GitHub repository (https://github.com/ackman678/CalciumDX). To 

ensure imaging data were collected from un-anaesthetized neonatal mice that are quietly 

resting with only cardiopulmonary or myoclonic twitch movements, videos were stabilized 

using a third-party algorithm (https://www.cs.cmu.edu/~kangli/code/Image_Stabilizer.html). 

This algorithm aligns frames based on landmarks in the videos, avoiding frame deletion. 

If the algorithm was unable to stabilize a video, or if the motion was excessive during the 

session, the entire video was discarded. Mice at P7, P10, and P14 were kept calm by being 

placed in bedding from the cage with the mother and littermate scent and habituated daily to 

the imaging apparatus from the day of the surgery to the imaging day.

Two-Photon Imaging Data Analysis—For each movie, cell contours were manually 

traced in the t-stack projections of the average intensity image using an edge-detection 

algorithm, and calcium signals were measured as the average intensity inside each cell 

contour 89–91. The DF/F signal was then calculated for every contour in each frame. Calcium 

transients were identified using automatic detection algorithms. Briefly, baseline de-trending 

was performed by applying a high pass filter, and a temporal sliding window with a length 

of 3 frames was used to determine baseline average 92.

Data were analyzed using custom routines written in MATLAB as previously described 
90. To characterize calcium activity patterns for individual neurons, we quantified calcium 

transient frequency, which was measured both as inter-event interval (s) and number of 

events per second (mHz) for each cell as well as duration, which was measured as the 

time between onset and offset of a calcium event. The frequency and duration were 

measured for each cell (or ROI), then averaged for all the cells in one movie. To identify 

significant correlation between any two cells within a recording, the onset of each event 

was represented by a Gaussian (±1 frame), and distance correlation values were calculated. 

Given the prolonged silent periods we observed typical in developing neuronal networks 

(Pyr single-cell inter-event interval of ~60–70 s), this method is an appropriate method for 

quantifying synchronous calcium activity at this stage. The significance of the correlation 

was determined via Monte Carlo simulation and the percentage of cell pairs significantly 

correlated were reported for each recording. A pair of cells was deemed significantly 

correlated when the correlation coefficient of the experimental data exceeded the p < 0.01 

threshold from a distribution of correlation values from 1000 randomly shuffled event 

data sets. Correlograms were constructed by plotting lines between all cells determined 

significantly correlated as described above with color representing the magnitude of the 

Pearson’s correlation coefficient between cell pairs. Average correlation and correlation 

coefficient by distance were calculated as the mean Pearson’s correlation coefficient 
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between all cell pairs or between each cell pair within a determined distance threshold, 

respectively. Synchronicity of network activity was quantified as previously described 19,90. 

Statistical significance for network events was determined via Monte Carlo simulation. The 

time points where the percentage of cells active exceeded or dropped under the threshold 

were set to be respectively the onset and offset of network events. These time points were 

used to quantify the duration of network events. The magnitude of network events was 

quantified as the peak percentage of cells coactive in each network event and was averaged 

for all events across a movie. The number and magnitude of network events was quantified 

for each movie. To determine network events, the percentage of neurons that must be 

simultaneously co-active to represent a statistically significant event was calculated using 

surrogate activity histograms by reshuffling recorded events in each neuron 1000 times 

to create a distribution of event sizes. Network events were defined as events with more 

cells active than the 99th percentile of the overall event distribution (p < 0.01). Note that 

combinatorial analyses, both network and pairs correlated, are independent of differences 

in the number of cells per FOV. For whisker stimulation experiments, network events were 

identified as described above, and events with an onset time within 5 s after the offset 

of air puff were deemed as evoked by stimulation. The percent of responsive cells during 

this window and the number and magnitude of evoked significant network events were 

quantified for each movie. Statistical analyses were performed on the mean of all movies 

from multiple animals for each genotype, treatment group, and developmental stage. If more 

than one movie from the same mouse were used for a given age, these movies corresponded 

to non-overlapping FOVs and therefore consisted of different cell populations.

Electrophysiology—Whole-cell patch-clamp recordings were performed on layer II/III 

pyramidal neurons in acute brain slices in the barrel cortex, as previously described 18 Both 

female and male mice (P8-9/ P13-16) were deeply anesthetized using isoflurane and then 

decapitated. Brains were rapidly removed and immersed in ice-cold oxygenated (95% O2 

and 5% CO2) dissection buffer containing (in mM): 83 NaCl, 2.5 KCl, 1 NaH2PO4, 26.2 

NaHCO3, 22 Glucose, 72 Sucrose, 0.5 CaCl2, and 3.3 MgSO4. Coronal slices (300 μm) 

were cut using a vibratome (VT1200S, Leica) and incubated in dissection buffer for 40 

min at 34°C. Slices were stored at room temperature for reminder of the recording day. 

All slice recordings were performed at 34°C. Slices were visualized using IR differential 

interference microscopy (DIC) (BX51WI, Olympus) and a CMOS camera (ORCA-Flash4.0 

LT, Hamamatsu). The barrel cortex was visualized and identified using a 10X Olympus 

objective (0.3 NA), and individual cells were visualized and targeted using a 60x Olympus 

water immersion (1.0 NA) objective. In most experiments, pyramidal neurons were targeted 

for recordings based on their typical pyramidal morphology, exhibiting a clear apical 

dendrite. For all recordings, external buffer was oxygenated (95% O2 and 5% CO2) and 

contained (in mM): 125 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 3 KCl, 25 dextrose, 1 MgCl2, 

and 2 CaCl2. Patch pipettes were fabricated from borosilicate glass (OD 1.5/ID 0.86, 

Sutter Instrument) to a measured tip resistance of 3–6 MΩ. Signals were amplified with a 

Multiclamp 700A amplifier (Molecular Devices), digitized with an ITC-18 digitizer (HEKA 

Instruments Inc.) and filtered at 2 KHz. Data were monitored, acquired and analyzed 

using Axograph software. Series resistance was monitored throughout the experiments by 

applying a small test voltage step and measuring the capacitive current. Series resistance was 
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10~25 MΩ and only cells with <20% change in series resistance and holding current were 

included for analysis. Liquid junction potential was not corrected.

For experiments measuring mIPSCs and mEPSCs, pipettes were filled with an internal 

solution containing (in mM): 125 CsMeSO4, 10 TEACl, 10 HEPES, 0.1 EGTA, 4 Mg-ATP, 

0.3 Na-GTP, 10 phosphocreatine, 0.3% biocytin, adjusted to pH 7.3 with CsOH and to 278 

mOsm with double-distilled H2O. The extracellular solution also contained Tetrodotoxin 

citrate (1μM, Abcam) to block spontaneous firing. Recordings began at least 5 min after 

initial whole-cell patch was achieved to allow dialysis of the internal solution. mEPSCs were 

recorded holding the membrane potential at −60mV and mIPSCs were recorded at 0mV 

(the reversal potential for glutamatergic currents under our recording conditions). For both 

mEPSCS and mIPSCs the baseline was recorded continuously for 5 mins. Current segments 

with excessive noise or unstable recordings were excluded from analysis and discarded. 

Recorded traces were digitally filtered at 1kHz, the baseline was subtracted and miniature 

synaptic events were analyzed using template matching in Axograph X. Average amplitude 

and frequency of synaptic events were calculated in each cell. Decay was calculated fitting 

a single exponential function to the decay phase of the averaged mEPSC or mIPSC in 

each recorded neuron and expressed as the time constant of the fitted function. Unitary 

charge was calculated as the average integral of individual detected events and total charge 

as the added charge of individual synaptic events over a five-minute period. E/I ratio 

was calculated as the total charge ratio of mEPSCs and mIPSCs in the same cell over 

a five-minute period. For rAAV experiments, GFP+ (cS1 projecting) and mCherry+ (M1 

projecting) cells were selectively targeted for recording. The observed phenotype on mIPSCs 

recorded from the cS1-projecting population (Figure 6) was consistent with the overall 

Pyr population (Figure 2). Since callosally-projecting neurons are predominantly located in 

LII/III 14,15, our blind patching experiments likely contain more cS1 than M1 projection 

neurons due to the abundance of the former in these layers (Figure 2F–N). The average 

number of cS1 projecting Pyr/# cells infected at the injection site was 0.06±0.01 (n=4 

control mice) whereas this number was 0.03±0.01 (n=4 control mice) for M1 projecting Pyr 

(2:1 ratio) (Figure 6D–F).

For current clamp experiments, pipettes were filled with an internal solution containing 

(in mM): 125 potassium gluconate, 10 KCl, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 0.1 

EGTA, 10 phosphocreatine, 0.3% biocytin, adjusted to pH 7.3 with KOH and to 278 mOsm 

with double-distilled H2O. Resting membrane potential (RMP) was measured within the 

first minute of breaking in. For all other measurements, RMPs were held between −60 to 

−65mV. Current pulses of 500 ms duration were used for stimulation, starting from −50 

pA and subsequent +10pA increments until reaching maximal firing. Action potential (AP) 

threshold was measured at 15 mV/ms. Input resistance was measured using the slope of the 

I-V curve during hyperpolarizing current steps. Adaptation ratio was measured as the ratio 

of the first inter-spike intervals (ISI) over the average of the last 2 ISI during maximal firing 

frequency. Data analysis was performed using Axograph built-in analysis and IGOR Pro 

software (Wavemetrics).

Optogenetic Stimulation—AAV1.Dlx1.ChR2.mCherry injected mice at P0, were 

sectioned at P7-9 and recordings were targeted to the site of infection in S1 identified 
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by mCherry expression. Minimal evoked IPSCs in LII/III pyramidal cells were recorded in 

voltage-clamp configuration at a holding potential of 0mV (using the Cs-based intracellular 

solution). Blue light stimulation was directed locally in LII/III at 60X magnification and 

the stimulation adjusted to achieve at least 20% failure rate (2ms, 0.2–1% LED power), 

using a Mightex LED arm attachment. Responses were averaged from (8–10) individual 

traces of repetitive stimulation (delivered every 20 s) with the same onset response across 

trials, containing only one clear response in a 20ms window after stimulation and excluding 

failures. Peak amplitude was quantified for each cell from the averaged evoked minimal 

IPSC.

Dendritic Morphological Reconstruction—Morphological analysis was carried out as 

previously described 72. Following the recording session, pipettes were retracted and slices 

were post-fixed in 4% PFA for 24 hours. Washed in PBS and treated with fluorescence 

conjugated streptavidin (1:500) overnight at 4°C, washed again in PBS and mounted. 

Stained sections were imaged in a confocal microscope (Olympus IX81). The area imaged 

consisted of a 3X3 array of 60X individual images, at 1um steps from the surface of the 

slice and encompassing all stained tissue. Post-hoc morphological analysis of pyramidal 

neurons was done including biocytin in the recording pipette and staining with fluorescence 

conjugated streptavidin (1:1000). Dendritic trees were reconstructed on Neurolucida (MBF 

Bioscience) for process length, number of bifurcations, number of ends, and number of 

nodes. Scholl analysis was performed using 30 um steps in Neurolucida Explorer.

Lamination Analysis—After immunostaining, stereological sections of S1 were imaged 

as previously described 18, taking 5 evenly spaced sections from within the somatosensory 

barrel field. Lamina was identified by DAPI staining, and cell bodies were classified 

according to the laminar location of soma. The soma position was expressed as distance 

from pia/full cortical thickness and averaged for all cells in a mouse.

Previous evidence has shown that pyramidal cell activity regulates interneuron survival 18,45. 

To determine if Gabrb3 deletion leads to increased survival, the density of somatostatin 

(Sst)- and parvalbumin (Pv)-positive interneurons was quantified at P14 (Figure S6D–E). 

Our results revealed that the density of interneurons derived from the medial ganglionic 

eminence (the sum of Sst and Pv interneurons) was significantly increased in Emx1.Gabrb3 
compared to control mice (Figure S6F). Pv interneuron density was increased in LII/III 

and V (Figure S6G), whereas Sst interneuron density was higher in LIV, V, and VI (Figure 

S6H). These results indicate that Gabrb3 removal in Pyr leads to a compensatory increase 

in interneuron survival. To assess changes in interneuron to Pyr connectivity, in a subset of 

rabies tracing experiments (presented in Figure 4), the number of Sst and Pv interneurons 

presynaptic to starter Pyr in ipsilateral S1 was quantified. We found that the total number of 

presynaptic interneurons was not different in mutants compared to controls (Figure S6B–C). 

These results, in combination with the decrease in GABAergic synaptic function both at P7 

and P14 in Emx1.Gabrb3 mice (Figure 2C, I), suggest that supernumerary interneurons are 

not properly integrated in the circuit in Gabrb3 mutant mice.

Axonal Imaging Analysis—We analyzed axonal morphology using a myristoylated 

GFP (mGFP) construct. To target LII/III contralateral Pyr, control and Emx1.Gabrb3 mice 
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were electroporated with a CAG-mGFP construct at E15.5, a stage when most of these 

cortical projection neurons are generated 93 and axonal projections were analyzed at P14-16 

(Figure 3A–B), when long-range axons have undergone elaboration in the contralateral 

somatosensory cortex. Neither the thickness of the white matter nor that of the corpus 

callosum were significantly different in mutants and controls (Figure S5A–C). Stereological 

sections of S1 were imaged as previously described 18, taking 5 evenly spaced sections from 

within the somatosensory barrel field on both sides (hemispheres) of the brain. Regions of 

interest were identified using the Developmental Brain Atlas 94 and the Allen Brain Atlas 
11. For experiments using non-conditional expression of mGFP, electroporated neurons 

were counted within stereologic sections of S1. Axonal images were thresholded using 

ImageJ built-in software, default thresholding method enabling quantification of the total 

number of white (axonal) and black (non-axon) pixels. For analysis within contralateral 

S1, each lamina was analyzed separately and defined by DAPI staining. Axonal coverage 

was computed as # of white pixels / # total pixels in a given area and normalized to the 

number of total infected/electroprated cells. Distribution of axons was computed for each 

section individually as # white pixels in a given layer / # white pixels in entire section, 

and then averaged across all sections for a given mouse. Axonal coverage in ipsilateral 

targets was analyzed for total coverage as in contralateral S1 and normalized to the total 

number of infected neurons. Similar analyses were performed after viral infection with 

pAAV-hSyn-FLEX-mGFP-Synaptophysin-mRuby. To determine if enhanced innervation is 

more prominent in certain laminae, we quantified the axonal coverage within each lamina 

defined by DAPI. For this set of experiments, we restricted our analysis to brains in 

which >90% infected neuronal somata were located in S1 and off-target expression was 

not observed in neighboring areas including S2 (Figure S5G, I).

To determine if Gabrb3-containing receptors are required presynaptically in callosal Pyr, 

these cells were sparsely targeted with electroporation (FLEXm-GFP) at E15.5 and 

subsequently injected AAVSynCre control in Gabrb3fl/fl mice at P0 (Figure S5K–M). We 

observed a significant increase in the percentage of axons allocated to superficial layers 

in cS1 in mutants compared to controls at P14 (Figure S5N–Q), similar to the pattern 

of distribution in other models (Emx1.Gabrg2, Figure S5D; SepW1.Gabrb3, Figure S5J). 

Furthermore, these axonal defects cannot be explained by abnormal neuronal differentiation, 

survival or migration as these processes proceeded normally in Emx1.Gabrb3 mutants 

(Figure S4). In addition, the total number of infected cells with AAV-hSyn-FLEX-mGFP-
Synaptophysin-mRuby (Figure S5H) or AAVSynCre (Figure S5O–P) was not significantly 

different between control and mutant mice.

Widefield and LFP Imaging and Analysis—Concomitant calcium imaging and LFP 

recordings were performed (Figure 5D–G), allowing visualization of neuronal activity across 

distant cortical regions including the somatosensory, motor, visual and association cortices 
86,87. All mice were anesthetized with isoflurane in 70% N2: 30% O2, 5% induction, and 

1–2% maintenance for the imaging window implantation. Body temperature was maintained 

at 37°C with a regulated heating blanket (Harvard Apparatus). The head was fixed in a 

stereotaxic apparatus 95–97. The skin and soft tissue over the head were carefully removed 

to expose an area > 8 mm in diameter. A head plate with an 8 mm opening was mounted 
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over the skull with dental cement. A small hole was carefully drilled over the right S1 for 

LFP recording. The mice were then allowed to recover for 30 minutes and then transferred 

to the imaging chamber. The head plate was fixed to a clamp to immobilize the head. 

The mouse was placed on an air floated chamber, allowing the mouse to ambulate while 

head-fixed within the chamber. The widefield calcium recording videos were devoid of 

movement artifacts as the mice are head restrained and able to artificially ambulate on 

a floating chamber (see98). The local field potential (LFP) was recorded with a glass 

microelectrode (50–100μm tip opening) filled with 0.9% NaCl saline. The microelectrode 

was carefully placed in the right S1, using whisker stimulation as a reference (Figure 5B), 

and implanted in close apposition to this region (~300 μm below the cortical surface). 

The LFP was amplified (1000x) and band-pass filtered (1–500 Hz) using an A-M systems 

amplifier (Model 1800, Sequin, WA, USA), digitized via CED Power 1401, and recorded 

by a computer running Spike2 software (Cambridge Electronic Design, Cambridge, UK). A 

“temporal separation” technique was employed to simultaneously image wide-field calcium 

and a IOS 30. A CCD camera (J-MC023MGSY, Lighting Mind Inc., Changchun, China) 

using a tandem lens (85 mm × 50 mm) arrangement was focused 300–400 μm below the 

cortical surface. Two LEDs with coupled bandpass filters were employed as the illumination 

source, including a “blue” LED (470 ± 10 nm) for calcium imaging and a “green” LED (530 

± 10 nm) for IOS imaging. The illumination was directed to the cortex using optical fibers. 

A 510 nm long-pass filter was placed before the camera. The multispectral switching among 

the two LEDs was time-locked to camera frames using an Arduino board. The calcium 

imaging was performed every odd frame and green IOS was performed every even frame. 

The camera was sampling at 40 Hz, resulting in a 20 Hz imaging for calcium and green IOS, 

respectively. For widefield imaging, we analyzed 5000-frame segments of video. The total 

LFP power was calculated during 5 min recording window (power = Σf(t)^2), and computed 

the standard deviation of the LFP power. For the calcium data, the maximal amplitude and 

area under the calcium curve were also computed.

Data Analysis for Widefield Imaging—Custom-written software in MATLAB 2018A 

was used for data processing and statistical analysis of 5000-frame segments of video. 

The correlation of activity among cortical areas was assessed by placing ipsilateral and 

contralateral region of interest (ROI) seeds in S1, M1, TeA and primary visual cortex (V1) 

(Figure 5C). Correlation among different regions was normalized by dividing correlation 

coefficients between regions by the intra-S1 correlation coefficient. The pulsation artifact 

from the heartbeat was eliminated with an offline algorithm 30. Briefly, an average QRS 

interval was obtained for each pixel in each trial. The peaks of R waves were obtained 

from ECG. An averaged pulsation artifact was obtained by an R wave-triggered average. 

This averaged pulsation artifact was repeatedly subtracted from each heartbeat cycle 

of the original data. In order to increase the signal-to-noise ratio, imaging data were 

convolved with a spatial Gaussian kernel (σ = 3 pixels). For calcium signal processing, the 

functional hemodynamic artifact was separated using the following equation 99,100:FTrue(t)/

FTrue(t0) = [F(t)/F(t0)]/[I(t)/I(t0)] where FTrue is the calcium fluoresce intensity absenting 

hemodynamic artifact, F is the recorded calcium fluorescence intensity, I is the recorded IOS 

signal at 530 nm, and t0 is the time point for baseline. The baseline fluorescence was the 

5th percentile of the maximal fluorescence intensity. Note that although we did apply the 
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hemodynamic correction, neural activity at early postnatal stages does not evoke significant 

blood flow increases 101. Thus, the functional hemodynamic artifact is likely to be minimal 

in the somatosensory cortex during the first 2 postnatal weeks.

Human Gene Expression and fMRI Analysis—The analyses in Figs. 8, S9 used a 

publicly available human neuroimaging dataset (ABIDE I and II) 36,37 comprising resting 

state functional MRI scans for N=1,031 ASD subjects and N=1,139 typically developing 

control subjects. We used standard preprocessing steps including spatial filtering, temporal 

bandpass filtering (0.01–0.1 Hz), motion correction, and nuisance signal regression for 

removal of nuisance signals related to head motion, physiological variables, and local and 

global hardware artifacts 102–104. Preprocessing code is available from the corresponding 

author. Subjects were excluded from all subsequent analyses if they did not have at least 

180s time remaining following fMRI scan preprocessing with motion censoring and had 

voxels with TSNR<75 in all 247 Power ROI used in the study. Motion censoring excluded 

frames with greater than 0.3mm of frame-wise displacement, measured by the Euclidean 

norm. After excluding 249 ASD subjects and 232 typically developing control (TC) subjects 

with data that did not meet these quality control criteria, all subsequent analyses involved 

N=782 ASD (99/683 females/males) subjects and N=907 (219/688 females/males) typically 

developing control (TC) subjects. We applied an extensively validated 247-region functional 

parcellation of the human brain 77 to the fMRI data, and generated whole-brain functional 

connectivity matrices for each participant, as measured by interregional correlations in 

spontaneous fluctuations in the fMRI BOLD signal between each ROI and every other 

ROI. To map the spatial distribution of functional connectivity differences in ASD, we 

tested for differences in ASD individuals vs. typically developing controls, yielding a 

247-by-247 element Z-scored connectivity matrix. To minimize overfitting by reducing the 

dimensionality of the connectivity matrices, we summed across all statistically significantly 

different connections for each ROI, yielding a single atypical connectivity Z score for 

each brain region (Figure 8D). Because atypical connectivity patterns in ASD involve both 

weakened and strengthened connections in various networks 35,105–110, we designed our 

analysis agnostic to the directionality of connectivity differences. We quantified atypical 

connectivity using Welch’s t-test to compare functional connectivity in ASD subjects and 

TC subjects.

Next, we generated a matrix quantifying gene expression in the same functional ROI, 

using the Allen Human Brain Atlas (AHBA), which contains brain-wide microarray 

samples from 3,702 brain regions distributed across the cortex, subcortex, cerebellum, and 

brainstem. The samples were collected from six neurotypical adult brains (ages 24–57, 

n=1/5 females/males). Structural MRI (T1) is available for all subjects with MNI sample 

coordinates, and RNA-seq data (used for preprocessing and quality control as noted below) 

is available for two of the brains involving 17,609 genes sampled from 112 brain regions. 

Preprocessing of microarray data consisted of two steps: 1) probe to gene assignment and 

2) anatomical sample location to functional ROI assignment, and we followed the guidelines 

outlined in 111 for both steps. For step 1, we (a) reannotated probes to include updated 

Entrez ID assignments, (b) filtered out microarray probe expression that did not exceed 

background levels (due to non-specific hybridization), (c) measured the correspondence 
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between microarray probe expression data and RNA-seq gene expression, (d) selected one 

probe per gene as the probe whose regional expression most corresponded with the RNA-seq 

expression with a threshold of at least 0.2 correlation (thus removing genes to which a probe 

was not mapped or that did not meet the threshold), and (e) standardizing all gene symbols 

to the Hugo Gene Nomenclature Committee (HGNC) nomenclature. This resulted in 10,438 

gene expression values for each of the microarray samples. For step 2, in each AHBA 

subject, we assigned the microarray samples to the 247 functional ROI by (a) assigning 

microarray samples and functional ROI to major anatomical parcels (cortex, subcortex, 

cerebellum, and brainstem), (b) in each anatomical parcel measuring the Euclidean distance 

from the MRI coordinates of each microarray sample in the parcel to the centroid of each 

functional atlas ROI in that parcel, (c) assigning each microarray sample to the closest 

functional ROI within 5 mm, and (d) averaging the gene expression value in each functional 

ROI across all assigned microarray samples for each gene. This resulted in 2,857 AHBA 

samples from the six brains assigned to 213 out of the 247 ROI. Following assignment, gene 

expression was standardized by the z score of the log2 of each value.

To investigate whether brain-wide gene expression predicts ASD-related changes in resting 

state functional connectivity, we utilized partial least-squares (PLS) regression using the 

SIMPLS algorithm (Matlab plsregress) with the 213 brain regions as samples, the 10,438 

gene expression values across these samples as predictors (X), and atypical connectivity as 

the response variable (Y). Atypical connectivity was calculated for each ROI as the sum of 

positive atypical connectivity minus the sum of negative atypical connectivity to each Power 

ROI. The resulting PLS model outputs gene expression coefficients corresponding to the 

weight for each gene in X, which represents how much each gene contributes to the PLS 

component score of gene expression predicting atypical connectivity in ASD.

To increase the robustness of the analysis, we bootstrapped the gene weights in 1,000 

bootstraps with replacement and ranked the genes by the gene weight divided by the 

standard error of its bootstrap distribution. Statistical significance of the resulting PLS 

model was evaluated using a spatially aware permutation test 112, which preserves the native 

correlation structure of gene expression across the cortical surface, as well as a commonly 

used random permutation test. We also repeated our PLS analysis described above in a 

restricted age sample (ages 12–18). We chose this age range as it represents a restricted 

age range early in life, it includes the adolescence period of development in humans and 

there were an adequate number of subjects in the ABIDE sample to allow us to perform the 

PLS regression analysis. We used 100 bootstraps for the PLS model since calculating the 

null distribution for the bootstrapped GABRB3 gene weight requires running the PLS model 

1,000 × 100 times to calculate the null distribution and using 1,000 bootstraps (which would 

require running 1,000 × 1,000 PLS models) was computationally infeasible (Figures 8C and 

S9B). This restricted age range PLS analysis included 261 ASD subjects (age 12–18, n=34 

females, n=227 males, mean age = 16.45, SD = 8.88) and 235 typically developing controls 

(ages 12–18, n=48 females, n=187 males, mean age = 16.49, SD = 8.91) for calculating 

atypical connectivity. Bootstrapped gene weights were calculated as the gene weight divided 

by the standard error of its bootstrap distribution. To assess significance of the association of 

GABRB3 expression patterns with atypical connectivity, we compared the bootstrapped PLS 
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gene weight for GABRB3 (bootstrapped 100 times) with the corresponding null distribution 

of bootstrapped GABRB3 gene weight from the 1,000 spins.

Previous human analyses have identified co-expression of ASD genes in specific cortical 

regions associated with ASD pathology. To understand the relative importance of GABRB3 
expression to atypical connectivity in ASD, we compared expression patterns of co-variation 

of GABRB3 with a previously identified subset of genes that confer different degrees 

of ASD risk 40. To that end, we generated a correlation matrix depicting the similarity 

of the transcriptional profiles for these genes. We found that GABRB3 was co-expressed 

with other high risk-ASD genes including GRIN2B, NRXN1 and SCN2A, which were 

also highly negatively weighted in the PLS analysis (Figure S9D–F), suggesting that 

downregulation in the expression of this set of genes may underlie atypical connectivity 

in select brain areas.

QUANTIFICATION AND STATISTICAL ANALYSES

Statistics were performed using Prism 8 software (www.graphpad.com), and graphs were 

generated in Prism 9, IGOR Pro software, or MATLAB. For analyses on imaging 

experiments, n refers to the number of non-overlapping fields of view unless otherwise 

specified as previously reported by us and others 18,20,32. For immunohistochemistry 

and rabies tracing experiments, n refers to the number of mice; for electrophysiological 

experiments, n refers to the number of neurons recorded. The n for each experiment is 

indicated in the figure legend in the first quantification panel for the particular comparison. 

Normality tests were first performed to determine if data sets were normally distributed. 

We carried out outlier analyses for all quantifications. Outlier analysis was performed for 

all data sets, and if found, statistical tests were performed a second time excluding these 

outliers. Exclusion of outliers did not change the outcome of the statistical analysis in any 

cases. Because the outlier data points represent biological variability and were not associated 

with experimental errors, we included them in the final analyses. The sample sizes used 

in this study were comparable to previous publications 18,20,32,89,113,114. For data sets that 

follow normal distribution, statistical significance was determined using Student’s t-tests 

(t-test), (indicated on graphs with asterisks, *p < 0.05; **p < 0.01; ***p < 0.001, ****p 
< 0.0001; ns, p > 0.05) ANOVA or two-way ANOVA (indicated by p values in legends as 

well as results). For multiple comparisons tests following ANOVA, multiplicity adjusted p 
values were reported (indicated on graphs with asterisks, *p < 0.05; **p < 0.01, ***p < 

0.001, ****p < 0.0001; ns, p > 0.05). For data involving proportions as dependent variables, 

the arcsine-square-root transformation was first performed before ANOVA analysis. For 

data sets that did not have normal distributions or were too small to merit a normality 

test, Mann-Whitney test was used. Significance was based on p values < 0.05. Means and 

standard errors were reported for all results unless otherwise specified.

Data available upon request.
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Highlights

• Gabrb3 is necessary for cortical network desynchronization in murine S1

• GABAergic disruption results in enhanced contralateral but not ipsilateral 

connectivity

• Gabrb3 ablation leads to increased whisker-dependent responses during 

mouse development

• Spatial pattern of human GABRB3 expression correlates with atypical 

connectivity in ASD
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Figure 1. Long-lasting network synchronization after Gabrb3 developmental deletion in cortical 
glutamatergic neurons.
A) Schematic representation of experimental procedures for the imaging of LII/III pyramidal 

neurons. P7: n=12 non-overlapping FOVs from 4 mice (control), 17 FOVs from 8 

mice (Emx1.Gabrb3); P10: n=9 FOVs from 4 mice (control), 13 FOVs from 8 mice 

(Emx1.Gabrb3); P14: n=7 FOVs from 6 mice (control), 14 videos FOVs from 6 mice 

(Emx1.Gabrb3).

B) GCaMP6s expression in S1 pyramidal neurons of a P14 Emx1.GCaMP6s (control) mice. 

Scale bar = 100μm.
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C) DAPI labeling delineates the location of the cranial window. Scale bar = 500μm.

D-G) Representative dF/F traces of 3 pyramidal neurons from Emx1.GCaMP6s mice at P7 

(D) and P14 (F) and from Emx1.Gabrb3.GCaMP6s mice at P7 (E) and P14 (G).

H) Representative rastergram for calcium event onset in Emx1.GCaMP6s (top panel) and 

Emx1.Gabrb3.GCaMP6s (bottom panel) mice at P7.

I) Visualization of networks at P7 corresponding to recordings in (H): Emx1.GCaMP6s 
(top panel), Emx1.Gabrb3.GCaMP6s (bottom panel). Gray contours represent somas. Lines 

connect cell pairs exhibiting significantly correlated activity. Line color indicates the 

magnitude of the correlation coefficient.

J) Representative rastergram for calcium event onset in Emx1.GCaMP6s (top panel) and 

Emx1.Gabrb3.GCaMP6s (bottom panel) mice at P14.

K) Visualization of networks at P14 corresponding to recordings in (J): Emx1.GCaMP6s 
(top panel), Emx1.Gabrb3.GCaMP6s (bottom panel).

L) Quantification of the average correlation coefficient in Emx1.GCaMP6s (black) 

vs. Emx1.Gabrb3.GCaMP6s (blue) at P7 and P14. Two-way ANOVA for genotype 

****p<0.0001 (Side asterisks); Sidak’s multiple comparison: P7 **p=0.002, P14 

**p=0.003. Two-way ANOVA for age ****p<0.0001; Sidak’s multiple comparison: P7 vs. 

P14 control **p=0.009, Emx1.Gabrb3 **p=0.003 (top asterisks).

M-N) Comparison of the correlation coefficient by distance in Emx1.GCaMP6s (black) 

vs. Emx1.Gabrb3.GCaMP6s (blue) at P7 (M) and P14 (N). Data per group fitted to an 

exponential decay function (solid lines), comparing the fit between control and mutants. 

Extra sum-of-squares F-test at P7 ** p=0.0026 and at P14 **** p<0.0001.

Data represent mean ± SEM.
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Figure 2. Early GABAergic dysfunction upon Gabrb3 deletion in pyramidal neurons.
A-C) Optogenetic assessment of GABAergic function in control and Emx.Gabrb3 mice at 

P7.

A) AAV1.mDlx.ChR2.mCherry expression in GABAergic interneurons mediates light-

evoked action potentials in targeted recordings of interneurons expressing the virus 

(mCherry+) at P7.

B) Left: recording configuration of light-evoked IPSCs in layer II/III Pyr. Right: 

representative GABAergic currents in response to light stimulation in control (black) and 

Emx.Gabrb3 (red) mice. The dark lines represent the average and the shaded area the SEM 

across multiple trials of stimulation. The blue line represents the onset and duration of 

optical stimulation.
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C) Quantification of evoked IPSC amplitude. Control: n = 9 pyr; Emx1.Gabrb3: n = 8 pyr 

(t-test *p=0.026).

D-E) Anatomical characterization of GABAergic synapses in control and Emx1.Gabrb3 
mice at P7. Scale bars= 10μm.

D) Top: Representative image depicting immunolabeling for VGAT (red) and gephyrin 

(green) in L II/III of S1, DAPI in blue. Bottom: Higher magnification indicating putative 

GABAergic synapses delineated by the colocalization of VGAT and gephyrin puncta 

(arrowheads).

E) Quantification of GABAergic synaptic density per area. Control (6 mice) vs. 

Emx1.Gabrb3 (5 mice); t-test *p=0.027.

F) Schematic representation of the recording configuration for mIPSCs (0 mV) in L II/III 

pyr in control and Emx1.Gabrb3 mice at P14-16.

G) Sample traces of mIPSCs recorded in Pyr of control (black) and Emx1.Gabrb3 mice 

(red).

H) Overlay of representative normalized average mIPSCs, corresponding to the traces in H).

I-M) mIPSC analysis summary. Control: n = 8 pyramidal neurons; Emx1.Gabrb3: n = 9 

pyramidal neurons.

I) mIPSC frequency (t-test **p=0.007).

J) mIPSC amplitude (t-test ns).

K) mIPSC decay (t-test *p=0.042).

L) mIPSC unitary charge (t-test *p=0.045).

M) mIPSC total charge (t-test **p=0.003).

N) mEPSC/mIPSC total charge ratio. Control: n = 7 Pyr; Mutant: n = 8 Pyr. (Mann-Whitney 

test *p = 0.014).

Data represent mean ± SEM.
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Figure 3. SepW1.Gabrb3 mice show increased contralateral axonal coverage and correlated 
activity across postnatal development.
A) Schematic representation for the anatomical tracing of axonal terminals via in utero 
electroporation. Emx1Cre or wild type (control), Emx1.Gabrb3, or Emx1.Gabrg2 mice were 

electroporated at E15.5 with a pAAV.CAG.mGFP plasmid. Analysis of contralateral axonal 

arborization was performed at P14-16.

B) Representative images of axonal arborization in S1 contralateral to the electroporation 

site. Scale bar = 100μm; n=7 control, n=5 Emx1.Gabrb3 mice; n=10 control, n=7 

Emx1.Gabrg2 mice.

C) Schematic representation for the anatomical tracing of axonal terminals via intracranial 

injections.

D) Representative images of axonal arborization in S1 contralateral to the injection site. 

Scale bar = 100μm; n=10 control vs. n=9 SepW1.Gabrb3 mice.
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E) Quantification of axonal coverage. Control vs Emx1.Gabrb3: Mann-Whitney test, 

*p=0.018. Control vs. Emx1.Gabrg2: Mann-Whitney test, ***p=0.0004. Control vs. 

SepW1.Gabrb3: Mann-Whitney test, *p=0.015. au, arbitrary units.

F-H) Axonal coverage by lamina. (F) Control vs. Emx1.Gabrb3: Two-way ANOVA 

for genotype ***p=0.0004, lamina p=0.01. Sidak’s multiple comparison testing: LII/III 

*p=0.01, other lamina not significant. G) Axonal coverage by lamina. Control vs. 

Emx1.Gabrg2: Two-way ANOVA for genotype ****p<0.0001, lamina p<0.0001. Sidak’s 

multiple comparison testing: LI, LII/III ****p<0.0001, other lamina not significant. H) 

Axonal coverage by lamina. Control vs. SepW1.Gabrb3: Two-way ANOVA for genotype 

****p<0.0001. Sidak’s multiple comparison testing: LII/III ***p=0.0009, other lamina not 

significant.

(I-L, top) Representative images (top) of axonal arborization in S1 target regions ipsilateral 

to viral injection site in control (left) and SepW1.Gabrb3 (right) mice. Scale bars = 100μm.

(I-L, bottom) Quantification of normalized axonal coverage in ipsilateral S2 (I), temporal 

association area (TeA) (J), posterior parietal cortex (PPC) (K) and motor cortex (M1/2) (L). 

Mann-Whitney test, ns.

M) GCaMP6s expression in pyramidal neurons in S1 Pyr of a P14 SepW1.GCaMP6s 
(control) mice. Scale bar = 100μm.

N) Representative dF/F traces of 3 pyramidal neurons from SepW1.GCaMP6s mice at P7 

(top left) and P14 (top right) and from SepW1.Gabrb3.GCaMP6s mice at P7 (bottom left) 

and P14 (bottom right).

O) Visualization of networks at P7 (top panels) and P14 (bottom panels) in 

SepW1.GCaMP6s (left panels), SepW1.Gabrb3.GCaMP6s (right panels).

P) Quantification of the average correlation coefficient in SepW1.GCaMP6s (black) vs. 

SepW1.Gabrb3.GCaMP6s (blue) at P7 and P14. Two-way ANOVA for genotype **p=0.006 

(side asterisks) Sidak’s multiple comparison: P7 p=0.06, P14 p=0.12. Two-way ANOVA 

for age **** p<0.0001 Sidak’s multiple comparison: P7 vs. P14 Control ****p<0.0001, 

SepW1.Gabrb3 ****p<0.0001 (top asterisks).

Q-R) Comparison of the correlation coefficient by distance in SepW1.GCaMP6s (black) 

vs. SepW1.Gabrb3.GCaMP6s (blue) at P7 (Q) and P14 (R). Data per group fitted to an 

exponential decay function (solid lines). Extra sum-of-squares F-test, both P7 and P14 **** 

p<0.0001. For panels P-R: SepW1.GCaMP6s at P7 (n=6 FOVs from 3 mice); P14 (n=10 

FOVs from 3 mice) and SepW1.Gabrb3.GCaMP6s at P7 (n=5 FOVs from 2 mice); P14 (n=7 

videos FOVs from 2 mice).

Data represent mean ± SEM.
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Figure 4. Selective increase of interhemispheric connectivity in Emx1.Gabrb3 mice.
A) Schematic representation of experimental procedure used to trace afferent inputs onto 

pyramidal neurons (n=5 control mice, 5 Emx1.Gabrb3 mice).

B) Starter neurons (right) co-express both BFP (RbV, pseudocolored in red) and GFP 

(electroporation construct).

C) Representative images of S1 ipsilateral to the electroporation and injection sites in 

Emx1Cre (control, left two images) and Emx1.Gabrb3 (right two images). Scale bar 100μm. 

Dotted lines indicate laminar boundaries.

D) Representative images of contralateral S1 in Emx1Cre (control, left two images) and 

Emx1.Gabrb3 mice (right). Scale bar 100μm.

E) Quantification of number of starter neurons per brain, Mann-Whitney test, ns.

F) Ratio of rabies-infected ipsilateral neurons over the total number of starter neurons, 

Mann-Whitney, ns.

G) Laminar distribution of rabies-infected neurons in ipsilateral S1. Two-way ANOVA, ns 

for genotype.

H) Ratio of rabies-infected contralateral neurons over the total of starter neurons, Mann-

Whitney *p=0.03.

I) Laminar distribution of rabies-infected neurons in contralateral S1. Two-way ANOVA for 

genotype p=0.0036, for lamina p=0.0059. Sidak’s post-hoc: LII/III *p=0.049, LV *p=0.02.

Data represent mean ± SEM.
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Figure 5. Increased functional contralateral connectivity in Emx1.Gabrb3 mice.
A) Experimental procedure for widefield in vivo calcium at P14.

B) Map of dorsal cortical regions (left), and representative images of brightfield (middle) 

and calcium-mediated responses (right), taken during whisker stimulation to localize the 

barrel cortex. S1, primary somatosensory cortex; V1, primary visual cortex; bfd: barrel field; 

TeA, temporal association area; M1/2, motor cortex. Scale bar 1mm.

C) The placement of seed locations. Each seed covers an area of 0.2 X 0.2 mm2.
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D-E) Simultaneous recordings of LFP and calcium signal. LFP (top) and calcium traces 

(bottom) from 4 different locations in control (D) and Emx1.Gabrb3 mice (E). Vertical red 

lines indicate the time points at which the 2D calcium image was generated.

F) 2D calcium activity during spontaneous activity. In control (F) (heatmap normalized to 

20% dF/F) and Emx1.Gabrb3 mice (G) (heatmap normalized to 40% dF/F).

H) Comparison of LFP and calcium activity in control (n=3) and mutant (n=2) mice. Top: 

boxplots of standard deviation (t-test, **p = 0.009) and power of LFP (t-test, p = 0.472). 

Bottom: area under curve (AUC) (t-test, p = 0.370) and maximal amplitude (t-test, p = 

0.155) of calcium traces recorded from the ROI shown in C.

I-J) Global correlation of calcium activity.

I) Correlation matrix among different seeds in control and Emx1.Gabrb3 mice.

J) Correlation in selected seed pairs between control and mutant mice. (t-test, ncontrol 

= 29 sections from 3 mice, nmutant= 27 sections from 2 mice, *: p<0.05). The 

Spearman correlation between different seeds was transformed into a Z-score by Fisher 

z-transformation and normalized to the intra-S1 Z-score.

Data represent mean ± SEM.
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Figure 6. Gabrb3 is highly expressed in contralaterally projecting pyramidal cells and is 
necessary for inhibitory synaptic function
A) Schematic representation for the identification of projection neurons as defined by their 

targets (n=4 control mice; n=4 Emx1.Gabrb3 mice).

B-C) Representative images of the injection site in left S1 (B) and right M1 (C). Scale bar = 

100μm.

D) Representative images of presynaptic cells in right S1 in control (left) and Emx1.Gabrb3 
(right) mice. Scale bar = 100μm.

E) Normalized number of contralaterally projecting neurons (cS1-projecting). Mann-

Whitney test, *p=0.029.

F) Normalized number of ipsilateral M1-projecting neurons. Mann-Whitney test, ns.
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G) Percentage of neurons in right S1 that co-express both mCherry and GFP in controls 

(2.08%) and Emx1.Gabrb3 mice (1.58%), Mann-Whitney test, ns.

H) Schematic representation for the recording of mIPSCs in layer II/III S1 Pyr projecting 

to contralateral S1 (cS1 projecting, in green) or ipsilateral M1 (iM1 projecting, in red) at 

P13-16.

I-J) Sample traces of mIPSCs recorded in cS1 (I) and iM1 (J) projecting neurons in control 

(black) and Emx1.Gabrb3 mice (green/red).

K) Normalized average mIPSCs, corresponding to the traces in I-J. Top: cS1 projecting, 

bottom: M1 projecting.

L-O) Analysis for mIPSC recorded in cS1 projecting neurons (Control: n=15 neurons; 

Emx1.Gabrb3: n =17 neurons) and M1 projecting neurons (Control: n=11 neurons; 

Emx1.Gabrb3: n =11 neurons).

L) mIPSC frequency (two-way ANOVA genotype *p=0.045; cS1: control vs. Emx1.Gabrb3, 

Bonferroni multiple comparison *p=0.010; M1: control vs. Emx1.Gabrb3, Bonferroni 

multiple comparison ns).

M) mIPSC amplitude (two-way ANOVA genotype ns).

N) mIPSC decay (two-way ANOVA genotype *p=0.016; cS1: control vs. Emx1.Gabrb3, 

Bonferroni multiple comparison *p=0.025; M1: control vs. Emx1.Gabrb3, Bonferroni 

multiple comparison ns).

O) mIPSC total charge (two-way ANOVA genotype p=0.007; cS1: control vs. 

Emx1.Gabrb3, Bonferroni multiple comparison **p=0.004; M1: control vs. Emx1.Gabrb3, 

Bonferroni multiple comparison ns).

P) Representative image of RNA FISH against Gabrb3 (blue) in cS1 (green) and iM1-

projecting (red) neurons retrogradely labelled as in A), scale bar 50μm. Insets: high 

magnification images of Gabrb3 RNA expression (black) in the isolated cS1(a) and iM1-

projecting neurons (b) (white boxes), dotted line indicates the somatic perimeter, scale bar 

10μm.

Q) Quantification of Gabrb3 expression in cS1and M1-projecting neurons, as the % somatic 

coverage of the fluorescent RNA FISH signal. cS1 44.2±1.47 (n=168 Pyr) vs. M1 33.6±2.02 

(n=72 Pyr), t-test ****p<0.0001.

Data represent mean ± SEM.
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Figure 7. Increased whisker-evoked responses in Emx1.Gabrb3 mice at P7.
A) Schematic representation for imaging of LII/III Pyr in whisker stimulation experiments at 

P7.

B) Three representative traces of single-cell calcium responses during whisker stimulation 

(purple vertical lines) in Emx1.GCaMP6s (left) and Emx1.Gabrb3.GCaMP6s (right) mice.

C) Representative event histograms and rastergrams for control Emx1.GCaMP6s (top) 

and Emx1.Gabrb3.GCaMP6s (bottom) mice. Dark purple vertical lines mark the onset of 

whisker stimulation (WS) by air puff and vertical purple shaded areas depict the time 

windows during which network events were quantified. Red horizontal lines indicate the 

threshold for network events. Each line in the rastergram represents a calcium event from 

onset to offset.
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D) Percentage of neurons active in whisker-evoked network events. Control vs. 

Emx1.Gabrb3, t-test *p=0.016. (Control n=5 FOV from 3 mice; Emx1.Gabrb3 n=5 FOV 

from 3 mice).

E) Percentage of whisker-responsive cells. Control vs. Emx1.Gabrb3, t-test *p=0.028.

F) Percentage of network events evoked by whisker stimulation. Control vs. Emx1.Gabrb3, 

t-test ns.

G) Quantification of the average correlation coefficient after whisker stimulation. Control vs. 

Emx1.Gabrb3, t-test **p=0.001.

H) Quantification of the average correlation over distance after whisker stimulation. Control 

vs. Emx1.Gabrb3, Extra sum-of-squares F-test ****p<0.0001.

Data represent mean ± SEM.
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Figure 8. Variability in Gabrb3 expression during adolescence underlies atypical functional 
connectivity in humans.
A) Overview of the PLS regression analysis to test for correlations between the AHBA 

dataset and atypical functional connectivity in ASD (ABIDE fMRI data set, ASD n= 261; 

227 male, 34 female; ages 12–18, controls n= 235;187 male, 48 female; ages 12–18).

B) Scatterplot and linear fit defining the association between latent gene expression scores 

for the first PLS component from the PLS model (X axis) and atypical connectivity for 

the first PLS component (Y axis). Gene expression explained 12.1% of the variance in 

atypical connectivity (Y), and this was significantly more explained variance than expected 

by chance in both a shuffled spatially aware spin test (p=0.007) and a random permutation 

test (p=0.006).

C) Comparison of the bootstrapped gene weight for GABRB3 expression with an empirical 

null distribution from PLS analysis (ages 12–18). GABRB3 has a significantly stronger 

negative weight than expected by chance (p=0.03).

D) Glass brain maps depicting the spatial distribution of atypical connectivity (top) and gene 

expression score (bottom) across the 213 brain ROIs. Atypical connectivity and the gene 

expression Z scores were rescaled from 0–1 (see color bar).

E) Bar plot of the bootstrapped gene weight and rank for the first PLS component across 

all 10,438 genes from the age-restricted PLS analysis. High-risk ASD genes shown in red. 

Weakly associated ASD genes, shown in blue.
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F) Scatterplot and linear fit of how well the normalized gene expression for GABRB3 
explained the latent gene expression score for the first PLS component across all ROIs. 

Decreased expression of GABRB3 was correlated with increases in atypical connectivity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-GFP Rockland Cat# 600-101-215; RRID: 
AB_218182

Chicken polyclonal anti-RFP Rockland Cat# 600-901-379S, 
RRID:AB_10703148

Rat monoclonal anti-somatostatin Millipore Sigma Cat# MAB354, RRID:AB_2255365

Rabbit polyclonal anti-parvalbumin Abcam Cat# ab11427, RRID:AB_298032

Rabbit polyclonal anti-Satb2 Abcam Cat# ab34735, RRID:AB_2301417

Rat monoclonal anti-Ctip2 Abcam Cat# ab18465, RRID:AB_2064130

Streptavidin Pacific Blue Thermo Fisher Cat# S11222

Guinea pig monoclonal Anti-Gephyrin Synaptic Systems Cat# 147 318 RRID:AB_2661777

Rabbit polyclonal Anti-Vesicular GABA 
Transporter (VGAT)

Millipore Sigma Cat# AB5062P RRID:AB_2301998

Bacterial and virus strains

pAAV hSyn FLEx mGFP-2A-Synaptophysin-
mRuby

Generated from UNC viral core from 
commercially available plasmid (see 
recombinant DNA)

AAV1.Dlx1.ChR2.mCherry Generated by Gordon Fishell70 Addgene Cat# 83898-AAV1

SAAG-RbV-BFP Salk Institute N/A

AVV.retrograde.hSyn.mCherry Generated by Karl Deisseroth Addgene Cat# 114472-AAVrg

AAV.retrograde.CAG.GFP Generated by Edward Boyden Addgene Cat# 37825-AAVrg

Chemicals, peptides, and recombinant proteins

Tetrodotoxin Citrate Abcam Cat# ab120055

Critical commercial assays

RNAScope Multiplex Fluorescent Assay ACD Cat# 323100

Experimental models: Organisms/strains

Gabrb3fl/fl Jackson Labs JAX 008310

Emx1Cre Jackson Labs JAX 005628

Rosa.floxed.STOP.GCaMP6s (Ai96) Jackson Labs JAX 024106

SepW1Cre Sperm from GENSAT project MGI NP-39

Gabrg2fl/fl Jackson Labs JAX 003137

Oligonucleotides

RNAScope Probe – Mm-Gabrb3 ACD Cat# 492441

Recombinant DNA

pAAV-CAG-mGFP Generated by Connie Cepko71 Addgene Cat # 14757

pAAV-CAG-STOP-EGFP Generated in house 72

pAAV-EF1a-FLEX-GTB Generated by Edward Callaway73 Addgene Cat# 26197

pAAV hSyn FLEx mGFP-2A-Synaptophysin-
mRuby

Generated by Liqun Luo74 Addgene Cat# 71760

Other
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REAGENT or RESOURCE SOURCE IDENTIFIER

ABIDE I-II dataset http://fcon_1000.proiects.nitrc.ora/indi/abide/

AHBA dataset https://human.brain-map.org/static/download
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