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Prominent in vivo influence of single 
interneurons in the developing barrel cortex

Yannick Bollmann1,6, Laura Modol1,6, Thomas Tressard1,6, Artem Vorobyev1, 
Robin Dard1, Sophie Brustlein1, Ruth Sims 2, Imane Bendifallah 2, 
Erwan Leprince1, Vincent de Sars2, Emiliano Ronzitti 2, Agnès Baude1, 
Hillel Adesnik 3,4, Michel Aimé Picardo1, Jean-Claude Platel1, 
Valentina Emiliani 2, David Angulo-Garcia 5,6 & Rosa Cossart 1,6

Spontaneous synchronous activity is a hallmark of developing brain 
circuits and promotes their formation. In this study, ex vivo, synchronous 
activity was shown to be orchestrated by a sparse population of highly 
connected GABAergic ‘hub’ neurons. The recent development of all-optical 
methods to record and manipulate neuronal activity in vivo now offers 
the unprecedented opportunity to probe the existence and function 
of hub cells in vivo. Using calcium imaging, connectivity analysis and 
holographic optical stimulation, we show that single GABAergic, but not 
glutamatergic, neurons influence population dynamics in the barrel cortex 
of non-anaesthetized mouse pups. Single GABAergic cells mainly exert an 
inhibitory influence on both spontaneous and sensory-evoked population 
bursts. Their network influence scales with their functional connectivity, 
with highly connected hub neurons displaying the strongest impact. We 
propose that hub neurons function in tailoring intrinsic cortical dynamics to 
external sensory inputs.

Spontaneous synchronous activity is a universal process by which 
developing neuronal networks adjust their cell numbers, mature 
single-cell morpho-physiological properties and form and prune 
synapses1,2. This ultimately allows for the emergence of an internal 
topographically organized representation of external sensory inputs, 
enabling the active exploration of the world and opening a period of 
experience-dependent circuit refinement3. Spontaneous synchronous 
activity is generated by the interaction between local circuit dynamics 
and bottom-up inputs1,2,4. As such, it is proposed to function in calibrat-
ing and patterning local circuits to the statistics of the external world 
and in coordinating the timing of their intrinsic maturational programs 
to environmental influences2.













































Alhough their prevalence and importance are indisputable, the 
circuit mechanisms by which these spontaneous synchronous activity 

patterns emerge are only starting to be elucidated. In addition to cel-
lular excitability, synaptic efficacy and inhibition/excitation balance, 
network connectivity is a critical determinant of synchronous neuronal 
activity. This has been shown in vitro, where most developing neurons 
contribute to the active cell population, but only a small minority of 
highly connected (HC) hub cells critically function in coordinating 
neuronal activation5,6.

The term ‘hub’ originates from the theoretical field of complex 
networks. In networks displaying a heavy-tailed connectivity degree 
distribution, hubs are the most connected minority (typically the 
5% most connected) among a poorly connected majority. This theo-
retical definition has been translated and applied experimentally to 
the analysis of neuronal circuits7. There, the term ‘operational hub’ 
defines a neuron not only displaying a high functional connectivity 
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mostly on layers II/III and were performed during the temporal window 
that spans from the end of anatomical barrel formation in deep layers 
(p4–5, depending on GCaMP6s expression) to the onset of active whisk-
ing (p11)18. A field of 600 × 600 µm2 was imaged at different cortical 
depths, up to 500 µm below the surface. Data points were pooled into 
three successive groups (p5–6, p7–9 and p10–11 for all cells in Fig. 1 and 
p4–6, p7–9 and p10–11 for GABAergic cells in Fig. 2) based on similarity 
in terms of dynamics revealed by post hoc analysis.

Contours surrounding co-active pixels were automatically 
detected, as previously described19,20. To infer neuronal spiking from 
calcium fluorescence signals, we used a deep-learning-based tool 
(CASCADE)20 (Methods). The first set of experiments was performed 
in non-anesthetized transgenic mouse pups generated by the crossing 
of GAD67 Cre/+ males21 with females of the Ai14 reporter line22, in which 
GABA neurons could be identified by their expressing td-Tomato, a red 
fluorescent protein (GAD67 Cre/+;Ai14; Fig. 1a and Extended Data Fig. 1d). 
AAV-hSyn-GCaMP6s was injected at p0 to allow for the expression of 
the calcium reporter protein in all neurons (Fig. 1 and Extended Data 
Fig. 1d; n = 18 GAD67 Cre/+;Ai14 mice, 43 imaging sessions). The expression 
of GCaMP6 was stable between p5 and p11 as well as the total number 
of imaged cells and the proportion of the td-Tomato+ cells expressing 
the indicator (Extended Data Fig. 1). Among imaged neurons express-
ing the calcium reporter, 20% were GABA cells, but only about half of 
the td-Tomato+ neurons (53 ± 1%) expressed GCaMP6s. This value was 
constant in all age groups (Extended Data Fig. 1).

To describe the developmental changes in the functional organiza-
tion of barrel circuits in vivo, we first computed the functional output 
and input connectivity degrees of the active cells based on the pairwise 
correlation between inferred spikes, as previously done in vitro5,6. 
Through this analysis of temporal correlations, a ‘functional output 
link’ directed from neuron A to neuron B was established if the inferred 
spikes of A significantly preceded those of B (Fig. 1b and Methods). 
Conversely, if the inferred spikes of A significantly followed those of B, 
then a ‘functional input link’ from B to A was set. The functional output 
or input connectivity degree of a given neuron was the fraction of active 
cells displaying a functional output or input link with it, respectively.

We next computed the changes in the connection density and 
the largest connected component (LCC) across postnatal stages. The 
connection density was calculated using the total number of functional 
links (both input and output) divided by the number of all possible 
connections (Fig. 1c and Methods). The LCC was the fraction of mutu-
ally reachable active neurons irrespective of the directionality of the 
links (Fig. 1d and Methods). We found no differences in the connection 
density across postnatal stages (Fig. 1c). In contrast, we observed a 
significant increase in the size of the largest connected graph (amount 
of cells that are functionally integrated into the circuit) at the latest 
developmental timepoints (p5–6 versus p10–11, P < 0.05; Fig. 1d,e).

To better understand the mesoscopic functional organization 
of these developing circuits, we next analyzed the distributions of 
both functional output and input connectivity degrees across devel-
opmental stages (Fig. 1f, 1 and 2, respectively). To test the overall 
distribution that best fits the data, we followed a statistical proce-
dure outlined in ref. 23 (Methods). In this way, we could determine 
whether input and output functional connectivity degrees followed 
a power law, exponential or log-normal distribution5,24–27. We found 
that both the input and output connectivity degrees were best fitted 
with a log-normal distribution with the following parameters (output 
connectivity: mean = 1.01, s.d. = 1.18; input connectivity: mean = 1.04, 
s.d. = 1.21).

Because inferring connectivity from activity can lead to errors, 
especially in HC networks28, we used two additional methods to calcu-
late connectivity among cells to test whether the order of connectivity 
degree is maintained regardless of the method. Specifically, we used a 
weighted version of the pairwise correlation between spike trains and 
transfer entropy as alternative methods. The three methods converged 

degree (that is, a functional hub) but also actively involved in network 
synchronization, the stimulation of which single-handedly impacts 
spontaneous synchronous activity. Combining online calcium data 
analysis and single-cell interrogation using patch-clamp recordings, 
we previously identified operational hub neurons in hippocampal slices 
at the end of the first postnatal week (p)5. Hippocampal hub neurons 
were GABAergic, displayed a widespread axonal arbor and originated 
from the earliest stages of embryogenesis8. Experimental evidence for 
hub neurons was also obtained in entorhinal cortex slices6, suggesting 
that hub cells may be a shared connectivity motif within developing 
cortical networks and, as such, critical players in circuit maturation.

Despite this potentially major role, it remains unknown whether 
hub cells orchestrate network bursts in the intact brain. This is an 
important issue because spontaneous activity in the developing cortex 
is driven mostly by sensory feedback, an active input that is not present 
in slices9,10. It is, therefore, essential to test the existence and function 
of hub neurons while maintaining the integrity of sensory inputs, even 
more because the polarity of GABAergic transmission may be affected 
by slicing11. Addressing this important question requires recording and 
manipulating neuronal activity in vivo at cellular resolution, which has 
been, until recently, an experimental challenge.

The recent development of computational algorithms to infer 
functional connectivity based on activity patterns and of all-optical 
approaches to achieve these tasks in vivo12–15 (using shaped light and 
soma-restricted opsins) now open the unique opportunity to precisely 
manipulate the activity of hub cells in the intact brain of awake pups. In 
this stuidy, we used calcium imaging, online connectivity analysis and 
two-photon holographic optical stimulation to dissect the functional 
connectivity schemes giving rise to synchronized activity in the barrel 
cortex of non-anaesthetized mouse pups and to disentangle the relative 
contributions of excitatory and inhibitory neurons in such phenomena 
and the role of sensory inputs in setting up local connectivity motifs.

We show here that single GABAergic neurons can exert a significant 
inhibitory influence on spontaneous and sensory-evoked population 
bursts as compared to their glutamatergic partners. The network influ-
ence of single interneurons scales with their functional connectivity 
degree, with high input degree hubs controlling spontaneous activity 
and high output ones controlling the response to whisker stimulation 
(WS). GABAergic hubs emerge after the end of the first postnatal week, 
as the density of functional connections among interneurons increases. 
Such developmental evolution is impaired by sensory deprivation. 
GABAergic hub cells are, therefore, central communication nodes 
between local developing circuits and sensory signals.

Results
Postnatal evolution of functional connectivity in developing 
circuits of the barrel cortex in vivo
We used two-photon microscopy to track the evolution of the func-
tional organization of barrel cortex circuits in developing mouse pups 
in vivo during the first 2 weeks of postnatal life. We tailored the choice 
of opsin, calcium reporter and illumination methods to minimize the 
crosstalk between the actuator and reporter and to maximize stimula-
tion efficiency and cellular resolution; this was even more challenging 
at early stages of development when cells are densely packed and highly 
active in a synchronous manner. To this aim, we designed a custom-built 
setup with two laser sources and used GCaMP6s as a calcium reporter 
combined with patterned holographic stimulation16,17 of the fast opsin 
ST-ChroME14. The protocols for viral induction of actuator and reporter 
proteins co-expression were optimized for early postnatal expression 
(Supplementary Videos 1 and 2 and Extended Data Fig. 1). We focused 
on the barrel cortex, a widely studied model area, to understand cir-
cuit maturation during early stages of development, positioned at 
the interface between sensory inputs and intracortical circuits. The 
barrel cortex is also easily accessible for optical imaging throughout 
all layers from the pia to infragranular layers. Our experiments focused 
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to a similar rank in connectivity degree, indicating that pairwise correla-
tion is a fair and simple indicator of functional connectivity (Extended 
Data Fig. 2).

We next focused our analysis on the most connected cells that 
comprise hub neurons. HC neurons were defined as the 5% most con-
nected active cells, whereas the remaining were termed low connected 
(LC). We first identified the 5% most connected cells within each age 
group (HCage). The median output connectivity degree of HCage cells 
was 17%, 24% and 18% (of active neurons) at p5–6, p7–9 and p10–11, 
respectively. The median input connectivity degree of HCage cells was 
19%, 25% and 21%, respectively. We did not find any significant change 
with age. Next, we identified the 5% most connected cells (considering 
output links) across all movies and ages (HCglobal_out). We observed a simi-
lar percentage of HC neurons per imaging session across ages: 4 ± 4% 
neurons at p5–6 (n = 12 fields of view (FOVs)), 7 ± 9% at p7–9 (n = 23 
FOVs) and 4 ± 1% at p10–11 (n = 8 FOVs) (one-way ANOVA: F2,40 = 0.89; 
P > 0.05). These HCglobal_out neurons were functionally connected to 
at least 15% of all active neurons. Similar results were observed for 
HCglobal_in neurons (the 5% cells displaying the most input links across all 
movies and ages): 4 ± 4.0% neurons at p5–6, 7 ± 11% at p7–9 and 4 ± 3% 
at p10–11 (one-way ANOVA: F2,40 = 0.72; P > 0.05). These HCglobal_in neu-
rons were functionally connected to at least 17% of all active neurons. 
In contrast, LCglobal_out and LCglobal_in have a median connectivity degree 
of 1.7% and 1.6%, respectively. Interestingly, we found a significant 
correlation between the sum of inferred spikes for a given cell (within 
1,000 movie frames) and its output and input connectivity degree 
(adjusted R2: 0.02, slope: 0.03, P < 0.0001; adjusted R2: 0.06, slope: 
0.05, P < 0.0001, respectively; Extended Data Fig. 1). This suggests that 
the more functionally connected cells were also more active.

We conclude that the local functional connectivity between neu-
rons of the developing barrel cortex displays a log-normal distribu-
tion comprising HC neurons with most connectivity metrics being 
independent of age.

GABAergic hub cells functionally connecting interneurons 
emerge after the first postnatal week in a sensory-dependent 
manner
Given that GABAergic neurons are more likely to function as opera-
tional hubs than their glutamatergic partners in vitro5, we next focused 
on their specific contribution to the HC cell population (Fig. 2a). 
GABAergic cells had a lower median output connectivity degree per 
FOV than non-GABAergic cells (2% versus 3%, P < 0.001; Fig. 2, b1) but 
a higher median input connectivity degree (5% versus 3%, P < 0.0001; 
Fig. 2, b2). Accordingly, there was a higher proportion of GABAergic 
neurons within the HCglobal_in population than the HCglobal_out population 
(26% versus 4%). In this way, GABAergic neurons contributed three 
times more to the HCglobal_in population than their average propor-
tion within the imaged cell population (8% were td-Tomato+ among 
active GCaMP6s-expressing neurons). Given this distinct pattern of 
functional connectivity as well as the brain-wide rise in connectivity 
within the interneuron population toward the end of the first post-
natal week2, we next investigated more specifically the functional 
connectivity between GABAergic neurons. Because only half of all 
GABAergic cells were labeled with the viral strategy used above (53 ± 1% 
of td-Tomato-expressing neurons co-expressed GCaMP6s, n = 8 pups; 
Extended Data Fig. 1), we generated mice expressing GCaMP6s exclu-
sively in GABA neurons (GAD67Cre/+;Ai96 mice) by crossing GAD67Cre/+ 
with the reporter line Ai96 (RCL-GCaMP6s) (The Jackson Laboratory; 
Fig. 2c). As previously reported, GCaMP6s expression was specific, 
stable and even as early as p4 (Fig. 2a and Extended Data Fig. 3)29. 
This earlier timepoint was included in the developmental analysis of 
GABAergic networks. As with Fig. 1, we found that a log-normal distri-
bution best fits the data (output connectivity: mean = 1.52, s.d. = 1.21; 
input connectivity: mean = 1.44, s.d. = 1.31; Extended Data Fig. 3). This 
indicates that there is a subset of HC GABAergic interneurons. On aver-
age, HCout_age GABA cells (the 5% of GABAergic cells with the highest 
output connectivity within a given age group) were connected to 16%, 
21% and 41% of all active GABAergic cells at p4–6, p7–9 and p10–11, 
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Fig. 1 | Long-tailed distributions define the functional development of the 
barrel cortex in vivo. a, Schematic representation of the experimental paradigm. 
Experiments were performed in non-anesthetized GAD67Cre/+;Ai14 pups between 
p5 and p11 (p5–6 n = 5 pups (three females and two males), 12 FOVs; p7–9 n = 9 
(four females and five males), 23 FOVs; p10–11 n = 3 (four females and three 
males), eight FOVs). Pups were injected with AAV1.SynGCaMP6s at p0. In vivo 
imaging of GCaMP6s and expression of td-Tomato in GAD67+ cells over postnatal 
development. b, Schematic illustration of two functionally connected cells, with 
the onsets of cell A (pink), always preceding those of cell B (gray), as represented 
in the schematic raster plot. c, Whisker plot indicating the connection density 
(Methods) as a function of age; Kruskal–Wallis = 2.83; P = NS. d, Whisker plot 
showing developmental evolution of the undirected LCC. Kruskal–Wallis = 7.102; 
P = 0.01. Dunn’s post hoc two-sided test shows differences between p5–6 to p10–11 
(P < 0.05). e, Representative graphs showing the LCC from p5 to p11 in vivo. Graphs 
are constructed based on the pairwise correlation connectivity analysis between 
the activity onsets of all cells (Methods). Each line (edge) represents an undirected 
(input or output) connection between nodes. f, Probability distribution of output 
(1) and input (2) functional connectivity degree within all imaged neurons with 
non-zero connectivity (n = 11,021 cells for output connections and n = 10,509 
cells for input connections) pooling the three age groups. The data are best fitted 
using a log-normal distribution (Methods). HC cells are connected to at least 15.5% 
(output) and 16.7% (input) of all other active cells within the FOV. Box and whiskers 
correspond to the analysis performed with the mean value of each animal across 
all recorded FOVs. Each shape corresponds to data points obtained in different 
mice. Data are given as median and interquartile range.
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respectively. We observed a similar pattern for HCin_age GABA cells 
(the 5% of GABAergic cells with the highest input connectivity within 
a given age group), which were connected to 17%, 22% and 46% of all 
active GABAergic cells at p4–6, p7–9 and p10–11, respectively. Interest-
ingly, we observed that both HCglobal_out and HCglobal_in GABAergic cells 
were anatomically closer than non-HC GABAergic cells (P < 0.0001; 
Extended Data Fig. 3).
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In contrast to what we described in Fig. 1, the interneurons with 
the highest connectivity expand their functional domains as age pro-
gresses, eventually connecting almost half of the other interneurons by 
p10–11. Consequently, the connection density within the interneuron 
population significantly increased between p4–6 and p10–11 (P < 0.01; 
Fig. 2d,e). Additionally, we observed an increase in the size of the LCC 
(see above) between p4–6 and p10–11 (P < 0.05; Fig. 2e,f). This notable 
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evolution was mirrored by a significant increase in the fraction of 
HCglobal GABAergic cells as a function of age. Hence, the fraction of 
HCglobal_out and HCglobal_in cells significantly increased between p4–6 and 
p10–11 (P < 0.05; Fig. 2g, 1 and 2). Consequently, GABAergic networks 
become more densely connected with age, with a notable transition 
occurring after the first postnatal week, when both the number and 
degree of GABA hubs connecting other interneurons (both input and 
output) significantly increase, becoming functionally connected 




to 

almost half of the other interneurons.
Because the rise in connectivity among GABAergic neurons 

is known to be dependent on sensory inputs, we next investigated 
whether the prominent change in the functional organization of 
GABAergic networks described above was preserved in sensory- 
deprived mice. To this aim, GAD67Cre/+;Ai96 pups were sensory 
deprived by plucking the whiskers (WP) for 2 d after birth as previ-
ously described30 (Fig. 2h–l j). This manipulation showed a tendency 
to impact the increase in the connection density (Fig. 2j; P = 0.08) 
and significantly altered the increase in the size of the LCC (Fig. 2k,i; 

Q14

P < 0.01) already at p7–9. This indicates a general decrease in network 
connectivity after sensory deprivation. Accordingly, we found that the 
connectivity degree of HCin (but not HCout GABA) cells significantly 
decreased in WP conditions when compared to control (P = 0.05; 
Fig. 2l). We conclude that the rise in functional connectivity within 
GABAergic neurons at the end of the first postnatal week is partly 
dependent upon early sensory inputs.

Single GABAergic neurons de-synchronize spontaneous 
network bursts
Considering that a high functional connectivity degree does not 
necessarily imply a high effective connectivity, we next attempted to 
identify which of these HC neurons were operational hub cells—that 
is, cells that modify network dynamics when activated. To this aim, 
we co-expressed the fast soma-targeted opsin ST-ChroME14 together 
with GCaMP6s in GAD67Cre/+ or Emx1Cre/+ mice (to restrict opsin 
expression to GABAergic or glutamatergic cells) (Fig. 3, a1, b1, a2, 
b2 and Extended Data Fig. 4). In vitro current-clamp recordings were 

Fig. 2 | Development of functional connectivity among GABAergic neurons. 
a, Contour map of active cells in a representative imaging session at p7–9 
(active non-GABA (gray), active GABA cells (blue filled)). Each edge represents 
a connection (continued line represents input connections and dotted lines 
represent output connections). Scale bar, 100 μm. b, Violin box plots indicating 
the output (1) and input (2) connectivity of all cells (gray) and GABAergic 
cells (blue). Two-sided Mann–Whitney test: F2,40 = output connectivity: 
U = 134,951; P = 0.0004; input connectivity: U = 129,161; P < 0.0001. c, Schematic 
representation of the experimental paradigm. Experiments were performed in 
non-anesthetized GAD67Cre-Ai96 pups between p4 and p11: p4–6 n = 4 (three 
females and one male), nine FOVs; p7–9 n = 3 (one female and two males),  
12 FOVs; and p10–11 n = 3 (two females and one male), seven FOVs. Data are given 
as median and interquartile range. d, Representative functional graphs showing 
the undirected LCC from p4 to p11 in vivo. Graphs are constructed based on the 
pairwise correlation connectivity analysis between the activity onsets of all cells 
(Methods). Each line (edge) represents a directed (input or output) connection 
between nodes. e, Whisker plot indicates significant changes in the connection 
density across postnatal stages. One-way ANOVA F2,7 = 8.636; P = 0.01. Tukey’s 
(two-sided) post hoc comparison indicates differences between p4–6 and p10–11 
(P < 0.01) and a tendency between p7–9 and p10–11 (P = 0.06). f, LCC also shows 
significant changes according to age. One-way ANOVA F2,7 = 4.95; P < 0.05. Tukey’s 
(two-sided) post hoc comparison indicates differences between p4–6 and p10–11 
(P = 0.05). Data are given as median and interquartile range. g, Whisker plots 

indicate the fraction of HC cells in terms of output (1) and input (2) as a function 
of age according to the calculated HCglobal. GABA HC cells emerge during the 
second postnatal week. (1) % HCout_age: Kruskal–Wallis = 6.704; P = 0.01. Dunn’s 
(two-sided) post hoc comparison indicates differences between p4–6 and p10–11 
(P < 0.05). (2) % HCin_age: Kruskal–Wallis = 7.043; P < 0.01. Dunn’s (two-sided) 
post hoc comparison indicates differences between p4–6 and p10–11 (P < 0.05) 
and a tendency between p7–9 and p10–11 (P = 0.06). h, Schematic representation 
of the experimental paradigm. Experiments were performed in non-anesthetized 
GAD67Cre-Ai96 pups between p7 and p9 (n = 4 pups, 12 FOVs). i, Representative 
graphs showing the LCC at p7–9 in a control and deprived pup (WP). Each line 
(edge) represents an undirected (input or output) connection between nodes. 
j, Whisker plot indicates a tendency to significance in the connection density 
between control and WP animals. Two-sided t-test: t(22) = 1.83; P = 0.08.  
k, Whisker box plot indicates differences in the size of the LCC (undirected graph) 
between control and WP animals. Mann–Whitney (two-sided) test (U) = 25; 
P = 0.005. l, Whisker plot shows differences of the 95th percentile of median 
output percentage of connections of the 5% most connected cells for output  
(1) and for input (2) connections. (1) Mann–Whitney (two-sided) test (U) = 52; 
P = NS. (2) Mann-Whitney test (U) = 43; P = 0.050. Box and whiskers correspond 
to the analysis performed with the mean value of each animal across all recorded 
FOVs. Each shape corresponds to data points obtained in different mice. Data are 
given as median and interquartile range. NS, not significant.

Fig. 3 | Targeted holographic stimulation of GABAergic but not glutamatergic 
neurons in vivo impacts spontaneous network activity. Schematic 
representation of the experimental paradigm performed in non-anesthetized 
GAD67Cre/+ pups (n = 11 (seven females and four males), 26 stimulated cells) 
(a) and in Emx1Cre/+ pups (n = 10 (five females and five males), 28 stimulated 
cells) (b) between p7 and p11. (1) Animals were injected at p0 with AAV1.hSyn.
GCaMP6s.GFP and AAV9.CAG.DIO.ChroME-ST.mRuby3. (2) In vivo imaging of 
GCaMP6s and ChroME. Contour map of all active cells with the targeted HC 
GABAergic (a2) and glutamatergic (b2) cell (pink) and arrows indicating its 
functional (outputs and input) links. Scale bar, 100 µm. Twenty-six GABAergic 
and 28 glutamatergic neurons were stimulated in total. (3) Visual example of the 
effect of single GABAergic (a3) and glutamatergic (b3) stimulation on network 
activity. A cell was qualified as influencing network dynamics if the median value 
of the order parameter during simulation significantly differed (P < 0.0001, 
Wilcoxon rank-sum test) from baseline and post-stimulation, whereas baseline 
and post-stimulation values did not. Upper panels show the representative 
raster plot for each example indicating the inferred spikes as a function of time, 
corresponding to the three recorded periods: baseline, stimulation (stim, pink) 
and post-stimulation. Middle panel (global activity) indicates the sum/mean of 
all active cells within the FOVs throughout the three recorded periods. Bottom 
panels (order parameter) show calculated variations in the synchronization of 
network activity (Methods). (4) Differences in the order parameter between 

the stimulation period and the baseline period as a function of the functional 
connectivity of the stimulated GABAergic (a4) and glutamatergic (b4) cells 
(gray). Panels indicate the correlation with either output (OUT) or input (IN) 
connectivity degree for the GABA (a4, OUT: two-sided t-test, P = 0.37; IN: two-
sided t-test, P = 0.01) or the glutamatergic (b4, OUT: two-sided t-test, P = 0.79; 
two-sided t-test, IN: P = 0.18) cells. Cells that had a significant impact on network 
synchronization (measured as order parameter) are highlighted in pink. Of the  
26 GABAergic single-handled stimulated cells, eight impacted network activity 
(a4). Among all stimulated glutamatergic cells (n = 28), only one significantly 
affected spontaneous calcium events (b4). We found a significant correlation 
between the input connectivity degree of GABAergic cells and the strength 
of the modulation of the Kuramoto order parameter (P = 0.012). (5) Effective 
connectivity heat map measured as the time-lagged cross-correlation difference 
(normalized cross-correlation difference) between pre-stimulation and post-
stimulation periods (3.7 s) between the GABAergic (a5) and glutamatergic (b5) 
stimulated cell and all other active cells within the FOV. The stimulated cells 
are outlined in pink. Negative values indicate that the cross-correlation was 
higher after stimulation (blue). Positive values indicate that cross-correlation 
was higher before stimulation (red). Stimulation of a single GABAergic cell has a 
larger impact on the activity on other cells in the network. c, Quantification of the 
effect of single-cell stimulation (as measured in a5 and b5), pooled




 from all FOVs. 

Two-sample two-sided Kolmogorov–Smirnov test (P < 0.0001).
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performed to probe the reliability and efficiency of the light-induced 
cell response at early postnatal development (Extended Data Fig. 5). 
We found that spiking was reliably triggered in both GABAergic and 

glutamatergic ST-ChroME-expressing neurons for 10-Hz and 40-Hz 
stimulation protocols using wide-field visible light (Extended Data 
Fig. 5).
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For in vivo experiments, functional connectivity was computed 
online from the 5-min-long baseline movies before the 100-s-long stimu-
lation period. The stimulation was achieved using two-photon holo-
graphic stimulation in a custom-built setup (Methods) and consisted 
of 10 light pulses of 10-ms duration and 10-μm spot size, delivered at 
10 Hz or 40 Hz, every 10 s with a power of 0.3–0.5 mW μm−2. This was fol-
lowed by a recovery period (that is, no stimulation). Such illumination 
conditions have been demonstrated to ensure reliable spike generation 
in vivo31. Calcium imaging was performed in an FOV of 350 × 350 µm2, 
scanned at 2.7 Hz, with 2-µs dwell time per pixel (0.68 µm per pixel). 
These illumination conditions were sufficient to keep the artifactual 
depolarization associated with the activation of opsin-expressing 
neurons by the imaging lasers below 5 mV31. Cells targeted for photo-
stimulation displayed a significant calcium transient time-locked to 
the stimulation (Extended Data Fig. 6a for GABA and Fig. 6b for gluta-
matergic cells). We controlled that the stimulation light pulses did not 
cause per se abnormal cell activation by targeting GCaMP6-expressing 
cells that did not express the opsin in vivo (n = 12 cells and n = 3 animals; 
Extended Data Fig. 7). No significant calcium fluorescence signal was 
evoked by light pulses in these cells (Extended Data Fig. 7).





We next probed the impact of single-cell stimulation on spontane-
ous neuronal dynamics (Fig. 3 and Methods). Figure 3a,b provides a 
visual overview of the changes in population activity (inferred spikes 
and global activity) and synchronization (Kuramoto order parameter).  
A stimulated neuron was classified as significantly modulating spon-
taneous network synchronization if the median value of the Kuramoto 
order parameter was significantly different between baseline and stimu-
lation and returned to the baseline value during recovery. This measure 
was calculated by extracting the firing phase of each cell in time and 
computing the modulus of the averaged complex number e jθ(t) across 
all cells (Methods). A Kuramoto order parameter close to 1 indicates 
highly synchronized activity, whereas a value close to 0 is an indicator 
of asynchronous behavior. We found that 31% (eight of 26) of the 26 
stimulated GABAergic cells significantly modulated network synchro-
nization (n = 26 FOVs, 11 pups; Fig. 3, a3, and Supplementary Video 1), 
but only 3% (one of 28) of the 28 stimulated glutamatergic cells (n = 28 
FOVs, 10 pups; Fig. 3, b3, and Supplementary Video 2). The net observed 
effect of stimulation of a single GABAergic neuron was a decrease in 
the Kuramoto order parameter (that is, less synchrony). Interestingly, 
the strength of this modulation increased with input connectivity 
degree (Fig. 3, a4), whereas no systematic relationship was observed 
for glutamatergic cells (Fig. 3, b4). Therefore, we found operational 
input hubs among GABAergic cells. To further characterize the impact 
of single-cell stimulation on the activity of other cells in the network, we 
next examined the difference in time-lagged cross-correlation between 
the stimulated cell and all other cells in the FOV centered on the time of 
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stimulation. In agreement with the observed change in the Kuramoto 
order parameter for GABAergic cells compared to glutamatergic cells, 
we found that GABAergic cells exert a significantly stronger modulation 
on the activity of other cells time-locked to the stimulation (Fig. 3, a5, 
b5, c5; P < 0.0001). Therefore, using network analysis to predict the net 
influence of single neurons according to their topological embedding, 
we show that highly connected GABA neurons function in suppressing 
activity and limiting synchronization.

GABAergic hub cells influence the response of local circuits to 
sensory inputs
Sensory inputs transmitted to the neocortex by the thalamus are criti-
cally involved in triggering early network synchronization1. Notably, 
GABA neurons may serve as early transient relays of such thalamic 
inputs to the neocortex32,33. We next asked whether single HC GABA 
neurons could function in relaying sensory inputs to intracortical cir-
cuits (Fig. 4). Whiskers were stimulated with air puffs while imaging 
(Fig. 4a). To this aim, we performed holographic suppression of GABAe-
rgic neurons using co-expression of the fast soma-targeted inhibitory 
opsin ST-GtACR14 together with GCaMP6s in Lhx6Cre/+ mice (Fig. 4a,b). 
Lhx6Cre/+ mice label GABAergic neurons originating from the medial 
ganglionic eminences (MGE), which account for about 70% of all cor-
tical interneurons34. Targeted ST-GtACR1-expressing cells displayed 
a significant decrease in calcium transients time-locked to the pho-
toinhibition protocol using both in vitro current-clamp recordings in 
Lhx6Cre/+ ST-GtACR1-expressing cells (Extended Data Fig. 8) and in vivo 
two-photon holographic inhibition (continuous suppression of activity 
for five frames locked to the whisker stimulation (WS) 0.3-0.5 mW μm−2, 
on a spot size of 10 μm) (Methods and Extended Data Fig. 9). Calcium 
imaging was performed as detailed above for the photoactivation experi-
ments, which kept the artifactual hyperpolarization of opsin-expressing 
neurons during calcium imaging below 2 mV. The final number of ana-
lyzed cases was 43 (n = 43 photo-inhibited cells and n = 8 animals).





We first asked whether the response of imaged neurons to WS  
reflected their functional connectivity degree. To this aim, we calculated, 
for all active cells, the change in their calcium onset frequency during 
WS relative to control. We found a significant correlation between 
this relative activity change during WS and functional connectivity 
degrees (both input and output) in most FOVs (n = 43). Interestingly, 
the correlation coefficients found with input degrees were generally 
positive, indicating an increase in firing during WS, whereas nega-
tive correlation coefficients were found in the case of output degrees, 
indicating a decrease in firing during WS (Fig. 4c). Therefore, input 
and output connectivity orthogonally determines whether cells will 
increase or decrease their firing during WS as compared to baseline 
(Extended Data Fig. 10b).

Q17

Fig. 4 | GABAergic neurons convey WS to local circuits. a, Schematic 
representation of the experimental paradigm. Photoinhibition experiments and 
imaging sessions were performed in non-anesthetized Lhx6Cre/+ pups at p7 and p9 
(n = 7 (five females and three males), 37 inhibited cells) injected with AAV1.hSyn.
GCaMP6s.GFP and AAV5.hSyn.SIO.stGtACR-FusionRed at p0. b, Representative 
raster plot indicating inferred spikes as a function of time, showing baseline, WS 
(orange) and combined WS and single-cell photoinhibition (PI, blue). Red dotted 
line in the bottom histogram indicates the statistical threshold above which the 
number of co-active contours exceeds chance levels (99th percentile). c, We 
computed the distribution of the correlation coefficients per FOV (37) of the 
firing activity, as measured by global calcium activity onsets (Fig. 3, a3 and b3), 
during WS relative to control and the in-degree and out-degree of imaged cells. 
Correlations with in-degree led to more positive correlation coefficients (increase 
in firing rates during WS are positively related with high in-degree), and negative 
correlations are more related to out-degree (decrease in firing rates during WS 
are more related with high out-degree, two-sample Kolmogorov–Smirnov test, 
P = 1.31 × 10−6). d, Example of changes in network activity (sum of active cells) 
during WS and WS paired with photoinhibition of a single Lhx6+ cell. e, (1) PSTH 

of network activity centered around WS, in WS only (orange trace) and WS paired 
with PI (blue trace). Inlay shows ΔF/F for all active centered around WS. (2) PSTH 
of the order parameter centered around WS for both conditions (WS and WS + PI).  
Traces illustrate the effect after WS, which is an increased burstiness after WS 
only. f, (1) Paired box plot illustrates the maximum of the PSTH (max PSTH) 
response in WS and WS + PI conditions. Two-sided paired t-test: P = 0.001.  
(2) Paired box plot illustrating the difference in the maximum values of the PSTH 
of the order parameter (max order parameter) for WS and WS + PI conditions. 
Two-sided paired t-test: P = 0.029. g, Quantification of fshowing the correlation 
between the changes observed in e and the output connectivity degree of photo-
inhibited cells. (1) A significant relationship was observed between changes in 
the maximum PSTH of the networks’ response to WS and the output connectivity 
degree of the stimulated cell (two-sided t-test: P < 0.001). (2) Similarly, changes 
in the maximum of the PSTH of the order parameter between WS and WS + PI 
is significantly related to the output connectivity degree of the stimulated 
GABAergic cell (two-sided t-test: P = 0.01). Each dot in e (1 and 2) and f (1 and 2) 
represents an FOV. Data are presented as median and 




interquartile range. Q18
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We last analyzed the effect of single-neuron photoinhibition 
(Fig. 4d) using two measures (Fig. 4e,d, 1 and 2). We first computed 
the peristimulus time histogram (PSTH) of calcium onsets centered 
on WS with and without paired photoinhibition (Fig. 4e, 1, inset) and 
calculated the average PSTH across cells (Fig. 4e, 1, main, and Methods). 
Photoinhibition of single interneurons increased the amplitude of 
the average PSTH peak (Fig. 4f, 1, P < 0.001), indicating an increased 
network response to WS when a single interneuron was inhibited. Sec-
ond, we computed the value of the average Kuramoto order parameter 
centered on the time of WS (Fig. 4e, 2) and found that synchroniza-
tion increased when pairing photo-inhibition and WS (Fig. 4f, 2). This 
result is in agreement with the increase in the PSTH response previ-
ously observed (Fig. 4e, 1, and Fig. 4f, 1), where the larger maximum 

in the Kuramoto order parameter reflects a higher local synchroni-
zation, which is, in turn, a consequence of time-locked cell activity  
(PSTH responses). Remarkably, we found that the effect of single 
interneuron stimulation on both metrics (maximum average PSTH 
and maximum average Kuramoto order parameter) significantly cor-
related with the output connectivity degree (Fig. 4g, 1 and 2), indicating 
that single highly functionally connected GABAergic hub neurons are 
more likely to limit the local network response to sensory stimulation.

Discussion
Using light to read and evoke neuronal activity in vivo, this study reveals 
how single GABAergic neurons influence network synchronizations 
in the barrel cortex. Such network impact, mainly inhibitory and 

a

Lhx6cre

Surgery

p0 p5 p7 p9

Ca2+ imaging
+

+
Whisker stimulation (WS)

photo inhibition (PI)

AAV1. hSyn. GCaMP6s. GFP
AAV9.CAG.nls.mRuby2.IRES.GtACR1

b

0

50

100

150

200

N
um

be
r o

f c
el

ls

Baseline WS WS + PI

99th

percentile
10 cells

30 s

c

R Freq Ca Onsets WS/Freq Ca Onsets CTRL 

0

2

4

6

8

10

12

14

16

–0.4 –0.2 0 0.2 0.4 0.6

Out-degree
In-degree

Fr
eq

ue
nc

y

WS WS + PI

5

10

15

20

25

30

N
um

be
r o

f c
el

ls

10 s

d

2

Time (s)

O
rd

er
 p

ar
am

et
er

–3.7 0 3.7

0.35

0.45

0.55

0.65
1

Time (s)

PS
TH

WS
WS + PI

WS + PI

–3.7 0 3.7
0

0.1

0.2

0.3

C
el

ls

Time (s)
0

120
e

g

Connected cells OUT (%)

ρ = –0.49; P = 0.00087 ρ = –0.38; P = 0.012

0 10 20
–0.4

–0.3

–0.2

–0.1

0

0.1

0.2

0 10 20
–0.2

–0.15

–0.1

–0.05

0

0.05

∆m
ax

 P
ST

H

∆m
ax

 o
rd

er
 p

ar
am

et
er

 

1 2
1 2

M
ax

 o
rd

er
 p

ar
am

et
er

M
ax

 P
ST

H

WS WS + PIWS

***

0

0.2

0.4

0

0.2

0.4

0.6

0.8

*

f

http://www.nature.com/natureneuroscience


Nature Neuroscience

Article https://doi.org/10.1038/s41593-023-01405-5

disrupting synchronization, is likely to support the activity-dependent 
development of cortical circuits. We propose that hub cells contribute 
to the tailoring of local inhibition to external sensory inputs.

Technical aspects
This study examines the impact of single cells on network dynamics 
using, to our knowledge for the first time, all-optical approaches at 
such early postnatal stages. Several studies performed similar experi-
ments in the adult cortex14,35–41. The main challenge here was to find 
the right combination of opsin and calcium indicator that would allow 
for simultaneous imaging and light activation of immature neurons. 
Despite their high activity rates, developing cortical cells still display 
immature firing properties that, in principle, make them less amenable 
to photoactivation. In addition, the virally induced expression of opsins 
and GCaMP at early postnatal stages requires early injection methods 
to allow for sufficient days of virus transfection. Our intracortical injec-
tion protocol at birth allows for such stable expression as revealed 
by a stable number of imaged cells and ratio of imaged GABAergic 
neurons from p5 to p11. However, it is important to bear in mind that 
only about half of the GABA neurons identified by their td-Tomato 
expression co-expressed GCaMP and ST-ChroME, which indicates that 
some interneurons are excluded from the present analysis. Whether 
this represents a defined subpopulation of GABA cells remains to be 
established.

We used GCaMP6s as an indirect reporter of neuronal activity and 
scanned between 1.5 Hz and 2.7 Hz. Despite this slow sampling rate, we 
were able to reveal stereotyped chains of neuronal activation occurring 
within hundreds of milliseconds time windows centered on network 
bursts, taking advantage of the repetitive sampling of similar events as 
previously described5. In an attempt to find converging methods that 
would best capture functional connectivity, we compared different 
approaches: the classical pairwise correlation onset method, exclud-
ing zero time lags, using both a binary and a weighted metric as well as 
generalized transfer entropy42 (Extended Data Fig. 2). Although these 
methods produced different values of functional connectivity, we 
found that all of them predicted a similar order when ranking the cells in 
increasing order of connectivity degree. With this in mind, we decided 
to use functional connectivity as measured with pairwise correlation 
of the binary matrix as it is the representation that better suits for net-
work analysis metrics. Most importantly, the functional connectivity 
degrees (output and input) measured in this way correlated with the 
influence of single cells on local circuits as assessed using holographic 
stimulation. Precise targeting of single neurons expressing the fast 
soma-targeted opsin ST-ChroME was achieved through an excita-
tion spot matching their soma size (10 µm in diameter). This assures 
efficient current integration using short illumination time and low 
excitation power density (0.3–0.5 mW μm−2). The use of a single spot 
at a time also enabled to achieve a good axial confinement without the 
need for temporal focusing. Despite the large lateral dimension (10 μm) 
of the excitation spot, the optical axial confinement of an isolated spot 
at the power used is expected to be as low as 20 μm, which, combined 
with the use of a soma-targeted opsin (ST-ChroME), further ensures 
specificity and cellular resolution by reducing photostimulation of 
neurites of non-targeted neurons near the target site. Thus, the likeli-
hood of two cells being excited at once is very low, especially when it 
comes to GABAergic neurons, whose somata are sparse and scattered 
(on average, 50 μm apart in the developing cortex). The use of a fast 
opsin also enables, under our imaging conditions, to minimize the 
excitation crosstalk from the imaging laser for experiments combining 
functional imaging with optical photostimulation or photoinhibition.





Identities of HC GABA cells and link to in vitro hubs
Our work indicates that HC GABA hub neurons exert greater influ-
ence on endogenous and evoked network dynamics than other cells, 
including HC glutamatergic cells. This is supported by the following 
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observations: (1) cells that reversibly modify network synchrony 
when activated are mostly GABAergic (31% versus 3% of the gluta-
matergic cells); (2) the higher an interneuron’s input degree, the 
stronger its influence on spontaneous network synchrony; and (3) 
the higher an interneuron’s output degree, the stronger its influence 
on sensory-evoked network responses. These HC GABA neurons appear 
to dampen rather than promote network excitability, because their 
activation decreases synchronization, and their inhibition promotes 
it. Of note, we could find cells exerting a significant network influence 
(that is, reversible) even among poorly connected cells but rarely within 
glutamatergic cells, in agreement with previous work5,6,43. In addition, a 
single interneuron’s impact progressively increased with connectivity 
rather than appearing specifically restricted to a subpopulation. This 
linear relationship may reflect the graded developmental stages of the 
interneuron population resulting from their sequential generation, 
with the oldest, more developed cells displaying the highest functional 
degree, as shown in vitro8 or predicted in silico44.

However, the present findings bear some differences with previous 
in vitro work. In particular, operational hub neurons in the developing 
hippocampus and entorhinal cortex were better defined by their out-
put connectivity degree, indicating that their activation preceded that 
of other imaged neurons5,6,43. In the present study, we found that input 
hubs were more likely to limit ongoing network dynamics when acti-
vated. The difference in the directionality of operational hubs degree, 
between in vivo and in vitro, may result from the fact that bottom-up 
inputs conveying sensory information are sectioned in vitro but serve 
as triggers for network events in vivo. They may also stem from the fact 
that in vitro work and in vivo work were examining different cortical 
areas (that is, hippocampal formation versus barrel cortex). This order 
of neuronal activation initiated by the thalamus is consistent with the 
observation that input hubs are also the most activated by WS and the 
most affected by sensory deprivation. Still, the activation of GABA hub 
neurons most often disrupts network synchronization, both in vitro 
and in vivo, regardless of the directionality of their functional con-
nectivity (see also below).

Cortical GABAergic interneurons comprise many different sub-
types with different developmental journeys and timelines. As dis-
cussed above, hub cells appear as the tail of a continuum rather than 
a discrete subgroup of neurons. Although there is no solid evidence 
to suggest which cells are more likely to appear in that part of the 
distribution, it is possible to speculate on who they are. Our experi-
ments performed in Lhx6Cre/+ mice suggest that these may comprise 
either parvalbumin (PV)-expressing or somatostatin (SST)-expressing 
interneurons, the latter being more likely as SST cells are generated 
early8,45, are early transient recipients of 




thalamic inputs and participate 

in the proper development of perisomatic GABAergic synapses32,33.

Circuit mechanisms supporting hub cells activation and their 
network influence
Because most of the early network bursts are driven in a bottom-up fash-
ion, it is possible that functional input hubs are activated by thalamic 
inputs, either directly32 or in a feedback manner, after the activation of 
local glutamatergic cells. Our imaging lacks the temporal resolution to 
firmly discriminate between the two possibilities. However, because 
operational hubs displayed a high input connectivity, it is more likely 
that their activation is delayed and mediated by their local glutamater-
gic partners. Accordingly, dual patch-clamp recordings from early 
born GABA neurons at p5–7 indicate that a significant fraction of these 
cells form bidirectional synapses with adjacent pyramidal cells46. In 
addition, input hubs are likely connected to other local interneurons, 
as indicated by the sensory input-dependent rise in functional con-
nectivity within GABAergic cells described here and the presence of 
transient interconnectivity schemes linking GABA cells46,47.

This point leads to the discussion of the circuits supporting the 
impact of operational hub cells. Our experiments indicate that HC 
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GABA hub cells exert mainly an inhibitory influence on network dynam-
ics. This agrees with previous slice experiments and model predic-
tions5,48. It also fits the net excitatory impact of inhibiting functional 
GABAergic hubs. This suggests that these cells operate mostly through 
inhibitory GABAergic transmission, in agreement with recent reports 
indicating an inhibitory network effect of GABA at these postnatal 
stages in the neocortex in vivo49,50. Still, the circuit embedding of func-
tional output GABAergic hubs is not as straightforward. Indeed, these 
cells are active at the onset of synchronization but do not significantly 
affect spontaneous network events when activated. Instead, they 
single-handedly impact evoked network events after WS. One explana-
tion may be that they support feedforward inhibition in response to 
thalamic inputs, whereas input hubs would support feedback inhibi-
tion in response to intracortical inputs. The division of labor between 
feedforward output and feedback input hubs likely constrains the 
magnitude of early network events.

Conclusion
We propose that HC GABA neurons support the activity-dependent 
emergence of a balanced feedforward inhibitory landscape before the 
onset of active exploration and the opening of the critical period. In 
addition, GABA hubs may contribute to the regulation of interneuron 
developmental apoptosis, given their role in neuronal activity coordina-
tion. They are, thus, critical players for the proper development of corti-
cal circuits and doorways of susceptibility to developmental disorders.
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butions and competing interests; and statements of data and code avail-
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Methods
Mice
All animal use protocols were performed under the guidelines of the 
French National Ethics Committee for Sciences and Health report 
on ‘Ethical Principles for Animal Experimentation’ in agreement 
with European Community Directive 86/609/EEC under agreement 
APAFIS18125. A total of 82 mice were used in the study (48 females and 
34 males). No differences related to the animalsʼ sex were observed. 
We used double heterozygous GAD67Cre/+ mice21 crossed with Ai14 
[B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J] (n = 17) or RCL-GCaMP6s 
(Ai96) [B6;129S6-Gt(ROSA)26Sortm96.1(CAG-GCaMP6s)Hze/J]  
(The Jackson Laboratory) (n = 10) for calcium imaging experiments in 
vivo (including four pups for the sensory deprivation experiments). 
GAD67 Cre/+21 and Emx1Cre/+ (The Jackson Laboratory) mice were used for 
imaging combined to holographic stimulation experiments in vivo and 
21 (Emx1Cre/+ n = 10 and GAD67Cre n = 11 pups) and in vitro (n = 7 in total). 
In addition, eight pups were used for immunohistochemical analysis 
(Extended Data Fig. 4: GAD67Cre/+ (n = 5) and Emx1Cre/+ (n = 3) pups). Seven 
pups (Lhx6Cre/+ [B6; CBA-Tg(Lhx6-icre)1Kess/J], The Jackson Laboratory) 
were used in the photoinhibition experiments (Fig. 4 and Extended 
Data Fig. 10). All crossings were performed at 7–8 weeks of age. All 
efforts were made to minimize both the suffering and the number




 of 

animals used. No developmental abnormalities or aberrant activity 
was observed in GAD67 Cre/+; Ai9663.









Virus injections
To perform large-scale calcium imaging, pups were injected at birth 
with a viral solution (titer, 1012 genome copies per milliliter; Penn 
Vector Core) of AAV1.hsyn.GCaMP6s.WPRE.SV40 (Penn Viral Core). 
Additionally, to perform the photostimulation and the photoinhibi-
tion experiments, AAV9.CAG.DIO.ChroME-ST.mRuby3 or AAV9.CAG.
nls.mRuby2.IRES.GtACR1 (both a generous gift from Hillel Adesnik, 
University of California, Berkeley) were injected at p0. Virus stock was 
diluted 1:2 for the AAV1.syn.GCaMP6s.WPRE.SV40 or 1:4 for the AAV9.
CAG.DIO.ChroME-ST.mRuby3 and AAV9.CAG.nls.mRuby2.IRES.GtACR1. 
Mice were separated from the dam and anesthetized by hypothermia. 
The procedure lasted approximately 10 min to minimize separation 
from the dam. Glass micropipettes with a tip of 30–45-μm diameter 
attached to a Nanoject (Drummond Scientific) injector were used 
for injections. A total amount of 300 nl of virus was injected in the 
cortex 200 μm below the surface (RC: 0.5 mm; ML: 1.85 mm) or intra-
ventricularly. Location of injection sites was confirmed postmortem 
and after the imaging (Extended Data Figs. 1 and 4). Pups were allowed 
to recover on a heating pad at 37 °C and then returned to the dam. 
We did not observe any neglecting or consuming behavior after this 
procedure.

Cranial window surgery
All procedures were performed following ref. 51. In brief, betadine and 
lidocaine (cream) were applied to the skin adjacent to the intended 
incision 20 min before starting the surgical procedures. Mice aged 
between p4 and p11 (both male and female) were anaesthetized with 
isoflurane (1.5% via a nose cone) and placed in a stereotaxic frame 
containing a heating pad with bedding. All surgical instruments were 
sterilized. After skin removal, a custom-made head plate containing 
two 3.5-mm-diameter holes was fixed to the skull using the veterinary 
adhesive Vetbond (3M Vetbond Tissue Adhesive). Once the head 
plate was fixed and stabilized and the pup was comfortably placed 
in a warm cotton bed, a ~3-mm-diameter craniotomy was performed 
over the primary somatosensory barrel cortex and covered with a glass 
coverslip. Care was taken not to damage the dura or the underlying 
vessels during the procedure. A glass window was then sealed with 
uncured Kwik-Sil (WPI) and fixed to the head plate using Vetbond to 
re-ensure the stability of the window. The head plate was then fixed 
to the skull using Super Bond (DSM Dentaire). Body temperature was 

Q21

Q22

Q23

continuously monitored and maintained at close to physiological 
values (34–37 °C) by means of a heating pad during the whole surgi-
cal process.

In vivo two-photon imaging
After the surgical procedure, pups were allowed to recover for 90 min 
in the same stereotaxic frame where the craniotomy was done. It con-
tained cotton bedding and a heating pad. Throughout this period 
and the following experiments, pups were constantly monitored and 
fed with veterinary milk ad libitum. They typically remained calm 
while head-fixed, allowing calcium imaging experiments that lasted 
2–3 h. Mice did not exhibit any sign of pain or distress during the 
in vivo imaging. Movies were 1,800 or 3,600 frames at 512 × 512 pix-
els. Each movie lasted approximately 20 min. Imaging was performed 
with a two-photon microscope (TriM Scope II, LaVision BioTec). The 
Ti:sapphire excitation laser (Chameleon Ultra II, Coherent) was oper-
ated at 920 nm with a maximum 35-mW power under the objective 
lens. GCaMP fluorescence was isolated using a bandpass filter (510/25). 
Images were acquired through a GaAsP photomultiplier tube (H7422-
40, Hamamatsu) using a ×16 immersion objective (Nikon, NA 0.8). Using 
Imspector software (LaVision BioTec), the fluorescence signal from a 
600 × 600-µm2 FOV was acquired at 1.5 Hz or 2.7 Hz with, respectively, 
2.54-µs or 1.2-µs dwell time per pixel (1.17 µm per pixel). Movies at a 
faster frame rate (5 Hz, 7 Hz and 8 Hz) were also acquired to probe our 
temporal resolution. Because spontaneous activity during develop-
ment is typically on the low range kinetics, we found that dynamics were 
similar in low and high scanning rates. Movies from non-overlapping 
FOVs were performed in the same pup and used for the analysis (FOVs 
are indicated in their respective figure legends as imaging sessions).

Two-photon imaging and holographic stimulation in vivo
The optical system was a custom-built microscope combining 
galvo-based two-photon scanning with computer-generated holog-
raphy52–54. Raster scanning of calcium fluorescence signals was achieved 
using standard galvo scanners and a pulsed femtosecond imaging laser 
source. The laser beam (Chameleon Ultra II, Coherent) was expanded 
with two-lense telescope assembly (f = 300 mm, f = 500 mm) and pro-
jected onto an x–y galvo mirror pair (6215H, Cambridge Technology) 
controlled with two servo driver cards (67125H-1HP-FS60, Cambridge 
Technology). A half-wave plate (AWHP10M-980, Thorlabs) and a polar-
izer (GT10-B, Thorlabs) were used to adjust laser power. Next, a scan and 
a tube lens (focal length fS = 50 mm and fT = 375 mm, respectively) were 
used to conjugate the x–y scanner focal plane to the back focal plane 
of the microscope objective (×16 Nikon, NA 0.8). This configuration 
allowed scanning an FOV of 350 × 350 µm (512 × 512 pixels) at the focal 
plane of the objective with a framerate of 2.7 Hz and a power of 25 mW at 
920-nm wavelength. To collect the emitted fluorescent signal, the back 
focal plane of the objective and the focal plane of a GaAsP photomulti-
plier tube (Hamamatsu, H7244-20) were conjugated through a relay of 
lenses (f = 100 mm, AC254-100-A, Thorlabs, f = 25 mm, LA1951-A, Thor-
labs). Two spectral filters were mounted in front of the photomultiplier 
tube (FF01-770/SP-25, Semrock, ET520/40m, Chroma) to optimize 
GFP detection. The analog signal was next converted from current to 
voltage and amplified through a transimpedance amplifier (TIA60, 
Thorlabs). Finally, an electronic card (NI6356, National instruments) 
in combination with ScanImage software (Vidrio Technologies) was 
used to control the scanners and to digitalize the analog signal from 
the photomultiplier tube.

Photostimulation of neurons of interest used computer-generated 
holography. In brief, the beam of the pulsed femtosecond photoactiva-
tion laser (Goji, Amplitude Systems, 10-MHz repetition rate, 1,030 nm) 
was shaped by a spatial light modulator (SLM) (Hamamatsu, LCOS-SLM 
X13138-07). The size of the laser beam was expanded using a two-lense 
telescope assembly (AC254-030-B, Thorlabs, AC254-150-B, Thorlabs) 
so that it covered the entire surface of the SLM. A half-wave plate 
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(AHWP10M-980, Thorlabs) was used to align the polarization of the 
laser to the orientation of the liquid crystals. Three lenses (AC508-
300-B) combined with the tube lens (fT = 375 mm) in 4-f configuration 
enabled conjugating the SLM focal plane to the back focal plane of the 
microscope objective. The zero-order of the SLM was suppressed with 
a cylindrical lens (f = 300 mm, f = LJ1558L1-B, Thorlabs) as described 
previously55. A custom software (Wavefront Designer IV) based on the 
Gerchberg–Saxton algorithm was used to convert the photostimula-
tion intensity pattern at the focal plane into a photostimulation phase 
mask addressed to the SLM17.





To combine the two imaging and photostimulation paths,  
a dichroic mirror (DMPSP1000L, Thorlabs) was placed at the focal 
plane of the scan lens. The custom software mentioned above was 
used to adjust the spatial overlap of the photostimulation pattern 
with the imaging at 920 nm owing to a rhodamine fluorescent sample 
that was bleached at 1,030 nm and imaged at 920 nm. To synchronize 
the paths, a MATLAB script defined a photostimulation temporal gate 
and sent a TTL signal via the NI card described above to an obturator  
(Vincent Sutter Instrument) placed in front of the photostimulation 
laser source during the raster scanning for calcium imaging. Holo-
graphic stimulation of targeted cells was achieved with an excitation 
spot of 10-μm lateral size, corresponding to an axial resolution of 
20 μm. Trains of 10 consecutive pulses (10-ms duration, at 10 Hz or 
40 Hz, at 0.3–0.8 mW μm−2 power) were applied every 10 s during the 
stimulation period.





In vitro patch-clamp recordings and optogenetics
Coronal slices (300 µm thick) were obtained from GAD67Cre/+,  
Emx1Cre/+ (Extended Data Fig. 5) or Lhx6Cre/+ (Extended Data Fig. 8) 
between p7 and p10 in pups injected at birth with AAV9.CAG.DIO.
ChroME-ST.mRuby3 (Extended Data Fig. 5) or with AAV9.CAG.nls.
mRuby2.IRES.GtACR1casac (Extended Data Fig. 9), using a Leica VT1200 
S vibratome in ice-cold oxygenated modified artificial cerebrospinal 
fluid (ACSF) (in nM): 2.5 KCl, 1.25 NaH2PO4, 7 MgCl2, 5 CaCl2, 26 NaHCO3, 
5 D-glucose and 126 CholineCl. Slices were then kept for rest (1 h, room 
temperature) in oxygenated normal ACSF containing (in mM): 126 NaCl, 
3.5 KCl, 1.2 NaH2PO4, 26 NaHCO3, 1.3 MgCl2, 2.0 CaCl2 and 10 D-glucose. 
Patch-clamp recordings were carried out using a SliceScope Pro 1000 
Rig (Scientifica) equipped with a CCD camera (Hamamatsu, Orca-05G). 
Slices were transferred to a submerged recording chamber and continu-
ously perfused with oxygenated ACSF (3 ml min−1) at ~32 °C. Electrodes 
(4–8-MΩ resistance) were pulled using a PC-10 puller (Narishige) from 
borosilicate glass capillaries (GC150F-10, Harvard Apparatus) and 
filled with a filtered current-clamp intracellular solution containing 
(in mM): 125 K-methylSO4, 15 KCl, 5 NaCl, 10 HEPES, 2.5 Mg-ATP, 0.3 
Na-GTP (pH 7.3 and ~280 mOsm). Electrophysiological signals were 
amplified (Multiclamp 700B), low-pass filtered at 2.9 kHz, digitized 
at 10 kHz and acquired using a Digidata 1440A digitizer and pClamp 
10 software (all from Molecular Devices). An optoLED system (Cairn 
Research) consisting of two 3.5-W LEDs was used. A 470-nm LED cou-
pled to a GFP filter cube was used to activate ChroME-expressing or 
GtACR1-expressing neurons (ChroME: 10-ms per pulses; GtACR1: 10 ms 
or 1 s per pulses). A white LED coupled to an RFP filter cube was used 
to visualize ChroME/mRuby-expressing or GtACR1/mRuby-expressing 
neurons. Light was delivered using a ×40 objective, leading to an illu-
mination field of ~1 mm2. For ChroMe-expressing neuron stimulation, 
spikes were evoked by trains of 10 pulses (10 ms at 10 Hz or 40 Hz) at 
different intensity power (0.1, 0.2 and 0.5 mW mm−2). The response 
delay, the number of spikes and their amplitude were measured with 
Clampfit 10.7 (Molecular Devices). For GtACR1-expressing neuron 
stimulation, the photocurrent evoked by a 1-s or 10-ms light pulse was 
measured. Two protocols were used to observe the effect of GtACR1 
stimulation when neurons fired: (1) a 1-s continuous light pulse at 
different intensity powers (0.1, 0.2 and 0.5 mW mm−2) applied simul-
taneously with a 4-s suprathreshold depolarizing step; and (2) a train 
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of 10 light pulses (10-ms at 10 Hz) at different intensity powers (0.1, 0.2 
and 0.5 mW mm−2) applied simultaneously with a 1-s suprathreshold 
depolarizing step. The number of spikes during the depolarizing step 
and the delay between the last spike before the light pulses and the 
following spike were measured with Clampfit 10.7.

WS
Air puffs (100-ms duration every 4 s) were delivered (Picospritzer 
III, Parker Hannifin) via a 1-mm-diameter plastic tube placed perpen-
dicularly to the contralateral whiskers (at about 20 mm distance). 
Stimulation was directed to the snout. Pressure was adjusted to avoid 
a startle response.

Sensory deprivation
At p1–2, mice were briefly removed from the dam and anesthetized by 
hypothermia (10 min); all whiskers were plucked using sterile forceps. 
Pups were allowed to recover on a heating pad before returning to 
their dam.

Analysis of calcium dynamics
Cell and calcium transients detection. To remove possible confound-
ing due to light artifacts, we removed frames where the stimulation 
occurred and interpolated the values using the previous and consecu-
tive frame before motion correction and deconvolution. Movies were 
first motion corrected using a rigid registration method (NormCorre)56. 
The FOV was split into overlapping patches of 1/4th and then 1/8th of 
the spatial dimension. During registration, a rigid translation was esti-
mated for each frame for each patch by matching it to a template (ini-
tially the median image of the first 250 frames). Each registered frame 
was then used to update the running mean of previously registered 
frames. For each of the conditions, two iterations were run, decreas-
ing the maximum shift allowed for each patch. Next, using the same 
patch dividing scheme and method as above, an FFT-based algorithm 
was used57, which upsampled the signal after the initial registration 
and allowed for a smooth motion field that was applied to account for 
non-rigid movement between patches.

Contours and calcium transients were detected using the con-
strained non-negative matrix factorization framework (CaImAn)19. 
Calcium traces were extracted using the 20th percentile and using a 
window of 200 frames to de-trend the data. When imaging at 1.5 Hz, 
the data were rescaled between 0 and 5 and then deconvolved using 
CASCADE20, whereas no rescaling was used for recordings at 2.7 Hz. 
We then binarized the spiking probability, where a probability of larger 
than 0.8 was used to indicate spiking activity for a given frame.

Calcium onset detection. Calcium onsets were obtained as a 
coarse-grained representation of neuronal activity. A calcium onset 
was detected using the normalized calcium trace of each cell, guar-
anteeing that the calcium signal was contained within [0, 1] and then 
smoothed using a filter based on a Gaussian kernel (Cnorm). We then 
calculated ΔCnorm/Δt and detected positive peaks in the derivative 
separated by at least four frames using a minimum peak threshold of 
μ(Cnorm) + ¼ σ(Cnorm).





Functional connectivity. The relative delays of cell activation onsets 
were used to define the functional connectivity of the network (three 
frames when imaging at 1.5 Hz and four frames when imaging at 2.7 Hz). 
For each pair of cells, two statistical tests were made on the distribution 
of their onset time difference to assess whether or not they were con-
nected—first, a uniformity test (Kolmogorov–Smirnov, with a threshold 
at 5% significance level) to discard homogeneous distributions and, 
second, a t-test (with a threshold at 0.01) to discard distributions cen-
tered at 0. If the results of the two tests were significant, the two cells 
were functionally linked, and the sign of the mean delay was used to 
define the direction of the link.
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Network measures. All measures that we implemented used algorithms 
from the Brain Connectivity Toolbox (www.brain-connectivity-toolbox.
net)58.

Network topology
To determine the overall topology, we followed a strategy described 
in ref. 23 implemented using the powRlaw package59. We tested the 
continuous distribution of connectivity degrees in three steps after 
removing cells with zero connections for which the logarithm is not 
defined:

	 1)	 Estimation of the parameters of a power law given the data us-
ing a continuous distribution.

	 2)	 Generation of power law surrogate distributions with the pa-
rameters established in 1. We then compare the fit of the empiri-
cal data with the surrogate distributions using a log-likelihood 
test.

	 3a	 If the fits are indistinguishable, the power law fit is compared 
with a log-normal and an exponential distribution using 
Vuong’s closeness test.

	 3b	If there is a significant difference between the empirical data 
and the surrogate distributions, we reject the hypothesis that 
the underlying distribution is a power law, and we, instead, 
compare a log-normal and exponential distribution. We then 
choose the better fit using Vuong’s closeness test.

Network density
Density is the ratio between the number of observed connections 
and the number of all possible connections. For a directed graph, it is 
defined as follows:

C
N2

where C is the number of observed connections, and N is the total 
number of nodes.

Connected component
Two nodes belong to the same connected component if there is a 
path connecting them. We then found the largest set of nodes that 
are mutually reachable according to these criteria. Finally, we express 
the proportion of nodes belonging to this subgraph as a proportion 
of all cells.

Network synchronization. As a time-dependent synchronization 
measure of network activity, we computed the Kuramoto order param-
eter60. Starting from the binary representation obtained from cal-
cium onsets, we first computed the firing phase of each cell φi(t) using 
a linear interpolation between the points (tk, -п) and (tk+1,п), where  
tk represents the times of calcium onsets. Once the phase was computed 
for all cells, the Kuramoto order parameter can be defined as

KOP(t) = 1
N
||||

N
∑
i
exp( jφi(t))

||||

where j is the imaginary unit. The Kuramoto order parameter takes 
values in the interval [0, 1], where 1 indicates perfect synchrony and 0 
represents completely asynchronous dynamics. Intermediate values 
quantify the varying level of network synchronization.

Hub cell test. To assess whether the stimulation of a cell had an impact 
on network dynamics, we used the Kuramoto order parameter. A cell 
was defined as significantly modulating network dynamics when the 
following three conditions on the median values of the order parameter 

across epochs were met: (1) significantly different between stimulation 
period and baseline; (2) significantly different from stimulation period 
and post-stimulation; and (3) not significantly different between base-
line and post-stimulation. All tests were performed using a Wilcoxon 
rank-sum test (P < 0.0001).

Whisker modulation. To determine the effect of photoinhibition 
of single GABA cells during whisker stimulation, we computed the 
average PSTH of the calcium onsets across cells centered on the time 
of WS (±10 frames). This was done during regular WS (PSTHWS) and 
during WS with photoinhibition (PSTHWS+PI). We also computed the 
average Kuramoto order parameter centered at WS in both scenarios 
(KOPWS and KOPWS+PI) within the same ±10 frames. To quantify the effect 
that photoinhibition produced on the two metrics, we extracted the 
maximum of these two quantities both during WS and WS + PI. With 
this, we calculated the difference between the maxima as Δmax(PS
TH) = max(PSTHWS) − max(PSTHWS+PI) and Δmax(KOP) = max(KOPWS)  
− max(KOPWS+PI). Using the out-degree of the photo-inhibited cell, 
we computed the correlation coefficient between the difference of 
maxima described above and the degree of the cell. We also analyzed 
the relationship between whisker modulation and neuron’s degree as 
follows. For each one of the n = 37 FOVs, we computed the correlation 
coefficients of the in-degree and out-degree of the cell and the relative 
change in the frequency of calcium onsets during WS with respect to 
control (νCaOnset-WS/νCaOnset-CTRL).

Histology
Pups were were deeply anaesthetized with a mix of Domitor and 
Zoletil (0.6 mg kg−1 and 40 mg kg−1, respectively, GAD67Cre;Ai14 (n = 8),  
GAD67 Cre (n = 8) and Emx1Cre (n = 3)) and transcardially perfused with 
saline, followed by 4% paraformaldehyde (PFA) before brain extraction 
at p5 (n = 3), p8 (n = 14) or p11 (n = 2). Brains were post-fixed overnight 
at 4 °C and washed in PBS, and 70-µm-thick coronal sections were 
obtained using a vibratome (Leica). Coronal brain sections from fixed 
brains (70-µm-thick sections) were then processed to quantify the 
GCaMP6s expression among GABAergic population (Extended Data 
Fig. 1) or the co-expression of ST-ChroME and GCaMP6s expression 
in the Emx1Cre or the GAD67Cre pups at p8 (Extended Data Fig. 4). No 
additional labeling was performed on the brain slices. Quantification 
was performed after mounting the sections with a mounting medium 
(VECTASHIELD, Antifade Mounting Medium, Vector Labs).

Statistics and reproducibility
Data are given as mean ± s.e.m. or median and interquartile range. 
Sample sizes were chosen based on a previous study29 and took into 
consideration the three Rs principle. Data collection and analysis 
were not performed blinded to the conditions of the experiments. 
Instead, experiments were performed by two groups of independent 
researchers, converging toward the same results. Randomization in 
this study was performed using animals from different sex and lit-
ters. Additionally, in vivo experiments were performed at different 
day times. None of the mentioned randomization measures had an 
impact on the results obtained. Statistics and graphs were performed 
using Prism 7 and 9 (GraphPad Software), MATLAB (MathWorks) or R 
(R Foundation for Statistical Computing). All values obtained were 
included unless stated otherwise in the relevant Methods subsections. 
The respective statistical tests that were used are indicated in the figure 
legends. A t-test and one-way or two-way ANOVA were used in samples 
following a normal distribution. To correct for multiple comparisons, 
we performed Bonferroni’s or Tukey’s post hoc test when necessary. 
Non-parametric statistical analysis using Mann–Whitney, Wilcoxon 
(paired samples), Kruskal–Wallis or Kolmogorov–Smirnov tests were 
performed for datasets not following a normal distribution. Dunn’s 
post hoc test was applied when necessary. We have made the data used 
in this study available.
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Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available from  
https://gitlab.com/cossartlab/.  Source data are provided with  
this paper.





Code availability
All the codes used to extract and analyze the data illustrated in the 
figures are freely accessible at https://gitlab.com/cossartlab/.
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Extended Data Fig. 1 | a, Representative rasterplot of the onsets of calcium 
events onsets occurring in imaged neurons within an imaging session at p8; 
all cells are labeled using viral expression of GCaMP6s (AAV1-Syn-GCaMP6s); 
(b) the corresponding sum of active contours as a function of time is plotted 
in the histogram below; red dotted line indicates the number of coactive 
neurons above which synchronous activity exceeds chance level  
(99th percentile) and black triangles indicate detected Spontaneous 
Calcium Events. c, Box plot indicating number of imaged cells at different 
developmental stages. One-way ANOVA: F(2,40) = 2.29; p = n.s. n = 12 FOVs p5-6  
(3 females and 2 males); n = 23 FOVs p7-9 (4 females and 5 males); n = 8 FOVs 
p10-11 (4 females and 3 males). Each dot represents a FOV. d, Upper panels, z 
projection of in vivo GCaMP6s and tdTomato (Ai14 + GABAergic cells) expression. 
Scale bar 100 μm. Lower panels show viral expression at p8 of AAV1GCaMP6s in 

a coronal section (70 μm) of a pup injected at p0. e Left panel: Box and whiskers 
indicates the fraction of GABA neurons (expressing tdTomato) among the active 
cell population as a function of age. No differences were observed between ages: 
p5-6 = 18 ± 2.7 (n = 8 FOVs); p7-9 = 17 ± 3.2 (n = 14 FOVs); p10-11 = 17 ± 3.5 (n = 4 
FOVs). Each dot represent a FOV. Right panel: Bar plot show the percentage of 
interneurons expressing GCaMP6s (n = 8 pups, 5 females and 3 males). Each 
dot represents a pup. f, Distribution of the median % output (1) and input (2) 
connectivity degree as a function of inferred spikes. Correlation with the % of 
Output connectivity degree: y = 0.02797*x + 3.042; Correlation with the % of 
Input connectivity degree: y = 0.04952*x + 2.117. Data in panel c and e (left panel) 
is presented as Median and Interquartile range. Data in panel e (right panel) is 
given as mean ± SEM.
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Extended Data Fig. 2 | a, Comparison of three different methods for 
calculating functional connectivity. In the diagonal: Distribution of out-degree 
obtained via Functional Connectivity calculated using 1) binary representation of 
the connectivity matrix as in main text. 2) weighted connectivity matrix, i.e, same 
as 1) but the value (i,j) of the connectivity matrix is the strength of the connection 
extracted as the maximum value of normalized crosscorrelation within the 
+/−4 frames between spike train i and j. 3) Connectivity matrix with the entry 
(i,j) as the Maximum value of transfer entropy between spike train i and j in the 

same +/−4 frames. While we only expect to obtain heavy tail distributions when 
quantifying the degree of the binary connectivity matrix -only measure that uses 
whole numbers-, the degrees calculated with all methods follow a similar degree 
rank, as seen by the positively correlated scatter plots of the degree values using 
the three methods (off- diagonal plots). b, Heatmap representing the average 
correlation between the degrees calculated using the three methods described 
above across the n = 23 FOVs which corresponds to p7 up to p9.
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Extended Data Fig. 3 | a, Box plots indicate number of recorder GCaMP6s 
positive cells as a function of age. One-way ANOVA: F(2,25) = 0.68; p = .n.s. n = 9 
FOVs at p4-6 (3 females and 1 male); n = 12 FOVs at p7-9 (1 female and 2 males); 
n = 8 FOVs at p10-11 (2 females and 1). Each dot represents a FOV. Data are given as 
median and interquartile range. b, Distribution of the functional output (1) and 
input (2) connectivity (fraction of active) of all imaged GABA neurons (n = 4740) 
in the three age groups. The data is best fitted using a log normal distribution 
(see methods). Arrows and numbers in pink indicate the connectivity of HC cells 
(95th percentile) for OUTPUT (28.7%) and INPUT (30.4%). c, Violin plots showing 
differences in the anatomical distance between HCout_global(1) and HCin_global 
(2) GABAergic cells (pink), as well as HC cells and non-HC cells (purple) and bet 

non-HC cells (blue). (1) Output connectivity: One-way ANOVA: F(2, 2997) = 298.0; 
p < 0.0001. Tukey’s (two-sided) post hoc comparison indicates differences 
between the distance of HC to HC vs. Non- HC to no HC (p = 1.45e-90) and HC to 
HC vs HC to non-HC (p = 1.05e-97). (2) Input connectivity: One-way ANOVA:  
F(2, 2997) = 35.47; p < 0.0001. Tukey’s (two-sided) post hoc comparison indicates 
differences between the anatomical distance between HC cells vs HC and non-HC 
cells (p = 1361e-09), HC cells vs HC to non-HC cells (p = 396e-18), and between the 
distance of Non-HC (among themselves) and the distance of HC to Non-HC cells 
(p = 0.01). Data is panels a and c is presented as Median and interquartile range. 
Box and whiskers statistics correspond to the analysis performed with the mean 
value of each animal across all recorded FOVs. Each data point represent a FOV.
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Extended Data Fig. 4 | a, Representative photomicrograph showing AAV1.
hSyn.GCaMP6s and AAV9.CAG.DIO.ChroME-ST.mRuby3 injections  
spread at P8, in GAD67Cre/+ mice (sections at 70 μm). Scale bar: 1 mm.  
b, Representative example and detail of AAVs infection in a GAD67Cre/+ pup 
injected at birth (sections at 70 μm). Scale bar: 100 μm and 50 μm. Quantification 
of the fraction of cells expressing ChroME and GCaMP6s. Only 41 ± 5% of 
the cells expressing ChroME (mRuby3) also expressed GCaMP6s (n = 5 pups 

(3 females and 2 males), 17 FOVs). c, Representative example and detail of AAVs 
infection in a representative Emx1 Cre pup injected at birth (sections at 70 μm). 
Scale bar :100 μm and 50 μm. Quantification of the fraction of cells expressing 
ChroME and GCaMP6s. 80 ± 4% of the cells expressing ChroME (mRuby3) 
expressed GCaMP6s (n = 3 pups (2 females and 1 male), 8 FOVs). Each dot 
represents an imaging session. Data are given as mean ± SEM.

http://www.nature.com/natureneuroscience


Nature Neuroscience

Article https://doi.org/10.1038/s41593-023-01405-5

Extended data Fig. 5 | a, Schematic representation of the photostimulation 
protocol (blue light, 470 nm) used in slices of L2/3 barrel cortex (p7-9). Scale 
bar 20 μm b, Patched ChroME-expressing cell from a GAD67Cre mouse pup 
injected with AAV9.CAG.DIO.ChroME-ST.mRuby3 at birth (n = 10 cells, 4 pups, 
3 females and 1 male). c, Representative spikes evoked, in ChroME-expressing 
GABA cells, by trains of 0.1, 0.2, and 0.5 mW/mm2 light pulses delivered at 
10 (blue) and 40 Hz (pink). d, Number of action potentials (AP) in ChroME-
expressing GABA cells during 10 (blue) and 40 Hz (pink) light stimulation trains 
as a function of LED power. Two-sided Friedman test: p < 0.0001. Dunn’s post 
hoc comparison indicates differences at 10 Hz between 0.1 vs. 0.2 (p = 0.015) and 
0.1 vs. 0.5 (p = 0.0003) and differences at 40 Hz between 0.1 vs. 0.2 (p = 0.0304) 
and 0.1 vs. 0.5 (p = 0.0001) at 40 Hz. e, Delay measured in ChroME-expressing 
GABA cells for 10 (blue) and 40 Hz (pink) light stimulation trains at 0.2 and 
0.5 mW/mm2. Wilcoxon (two-sided) test (p = 0.015, p = 0.007). f, Spike amplitude 
measured in ChroME-expressing GABA cells for 10 and 40 Hz stimulation trains 

at 0.2 and 0.5 mW/mm2. g, Patched ChroME-expressing cell from a Emx1 Cre/+ 
mouse pup injected with AAV9.CAG.DIO.ChroME-ST.mRuby3 at birth (n = 8 cells, 
5 pups, 3 females and 2 males). Scale bar 20 μm. h, Representative spikes evoked, 
in ChroME-expressing glutamatergic cells, by trains of 0.1, 0.2, and 0.5 mW/mm2  
light pulses delivered 10 (blue traces) and 40 Hz (pink traces). i, Number of AP 
in ChroME-expressing glutamatergic cells during 10 (blue) and 40 Hz (pink) 
light stimulation trains as a function of LED density power. Two-sided Friedman 
test: p < 0.0001. Dunn’s post hoc comparison indicates differences at 10 and 
40 Hz between 0.1 vs. 0.5 (p = 0.0009) j, Delay measured in ChroME-expressing 
glutamatergic cells for 10 (blue) and 40 Hz (pink) light stimulation trains at 0.2 
and 0.5 mW/mm2. Wilcoxon test (10 Hz, p = 0.015, 40 Hz, p = 0.007). k, Spike 
amplitude measured in ChroME- expressing glutamatergic cells for 10 and 40 Hz 
stimulation trains at 0.2 and 0.5 mW/mm2. Each dot represents a cell. Data in 
panels d and I is given as mean and −/+SEM. Data in panels e, f, j, and k are given as 
median and interquartile range.
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Extended Data Fig. 6 | a, GABA cells response to holographic stimulation. 
DF/F cell responses to light pulses. Panels indicate the cell response to 
holographic stimulation (n = 26 GABAergic cells). Grey lines correspond to 
a single response and black lines correspond to the averaged cell response. 
Each panel correspond to a single GABA cell stimulated. Responses were 
normalized by the pooled mean and standard deviation of the baseline (10 frames 
before stimulation started). b, Glutamatergic cells response to holographic 

stimulation. DF/F cell responses to light pulses. Panels indicate the cell response 
to holographic stimulation (n = 28 Glutamatergic cells). Grey lines correspond 
to a single response and black lines correspond to the averaged cell response. 
Each panel correspond to a single glutamatergic cell stimulated. Responses were 
normalized by the pooled mean and standard deviation of the baseline (10 frames 
before stimulation started).

http://www.nature.com/natureneuroscience
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Extended Data Fig. 7 | Light pulses do not induce changes in network activity. 
a–d. Example of a HC GCaMP6s positive and ChroME-ST negative stimulated cell. 
a, Probability distribution of cells functional output links (%). Red arrow indicates 
the output link connectivity of the stimulated cell. b, Correlation image of an 
imaging session and functional output links of the stimulated cell. c, Averaged 
fluorescent calcium event triggered in response to photostimulation (10 pulses, 
10hz, 10 ms). Shadow indicates SEM. Data is given as Mean and −/+ SEM d, Raster 
plot of active cells and stimulation pulses. Grey stars indicate detected network 

events. Scale 5 cells. e & f, Changes in the median order parameter between 
Baseline, Stimulation (Stim) and Post-Stimulation (Post) for all stimulated GABA 
(e) (n = 11 pups, 7 females and 4 males, 26 stimulated cells) (two-sided t-test;  
Pre-Stim: p = 1.13e-4; Pre-Post: p = 8.21e-4; Stim-Post: p = 0.004) and 
glutamatergic (f) cells (n = 8 pups, 28 stimulated cells) (two-sided t-test;  
Pre-Stim: p = 0.01; Pre-Post: p = 0.002; Stim-Post: p = 0.71). Each dot represents a 
FOV. Data are given by Median and interquartile range.
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Extended Data Fig. 8 | a and e, Left: Schematic representation of P8–P10 
GtACR1-positive cells recorded during photostimulation (blue light, 
470 nm) in the L2/3 of S1BF (n = 10 cells, 3 pups, 2 females and 1 male). 
Right: Photocurrent measured during the stimulation protocol for different LED 
power (0, 0.1, 0.2, 0.3, 0.4 and 0.5 mW/mm2). b, Representative spikes evoked in 
GtACR1- expressing Lhx6 cells, with a single light pulse (1 s) delivered at  
0, 0.1, 0.2, and 0.5 mW/mm2. c, Number of AP in GtACR1-expressing Lhx6 cells 
during a single pulse (1 s) as a function of LED power. Two-sided Friedman test: 
p = 0.07. d, Delay measured from the onset of the light pulse to the following 
spike in GtACR1-expressing Lhx6 cells during the application of a 1 s light pulse at 
0, 0.1, 0.2 and 0.5 mW/mm2. Two-sided Friedman test: p = 0.001. Dunn’s post hoc 
comparison indicates differences between 0 vs. 0.2 (p < 0.05).  

f, Representative spikes evoked, in GtACR1-expressing Lhx6 cells, by 1 s trains of 
0, 0.1, 0.2, and 0.5 mW/mm2 light pulses (10 ms) delivered at 10 Hz. g, Number 
of AP in GtACR1-expressing Lhx6 cells during 10 Hz light stimulation trains as a 
function of LED power. Two-sided Friedman test: p < 0.0001. Dunn’s post hoc 
comparison indicates differences at 10 Hz between 0 vs. 0.2 (p = 0.0006);  
0 vs. 0.5 (p < 0.0001) and 0.1 vs. 0.5 (p = 0.014). h, Delay measured from the onset 
of the light pulse to the following spike in GtACR1-expressing Lhx6 cells during 
10 Hz light stimulation trains at 0, 0.1, 0.2 and 0.5 mW/mm2. Friedman test: 
p < 0.0001. Dunn’s post hoc comparison indicates differences at 10 Hz between 
0 vs. 0.2 (p = 0.0004) and 0 vs. 0.5 (p = 0.0002). In c, d, g and h, each light grey 
line represents a photoinhibited cell and dark lines represents median and 
interquartile range.
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Extended data Fig. 9 | DF/F cell responses to light pulses. Panels indicate 
the cell response to holographic stimulation (n = 37). Grey lines correspond 
to a single response and black lines correspond to the averaged cell response. 
Each panel correspond to a single cell stimulated. Responses were normalized 

by the pooled mean and standard deviation of the baseline (10 frames before 
stimulation started). Cells that did not had a time locked response to WS were 
excluded from the analysis (n = 6 cells).

http://www.nature.com/natureneuroscience


Nature Neuroscience

Article https://doi.org/10.1038/s41593-023-01405-5

Extended Data Fig. 10 | a, Distribution of the correlation coefficients per FOV 
of the cells firing activity during WS relative to control (no WS) and the In and 
Out degree of imaged cells. We used four different measures to characterize 
activity during calcium imaging (average df/f, spike frequency, average raw 
calcium traces and frequency of calcium onsets global activity). For all measures 
we found a significant relationship between differences in calcium activity 

during control and WS and the connectivity of the imaged cells. The amount of 
FOVs for which this relationship is significant is higher for In than Out degree. 
b, Correlation plot indicating that the cells with a high correlation coefficient 
between In degree and the cell firing within WS (Two-sided t-test: p < 0.001), 
display lower correlation with their Out degree.
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