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SUMMARY

The neonatal mammal faces an array of sensory stim-
uli when diverse neuronal types have yet to form sen-
sory maps. How these inputs interact with intrinsic
neuronal activity to facilitate circuit assembly is not
well understood. By using longitudinal calcium imag-
ing in unanesthetizedmouse pups,we show that layer
I (LI) interneurons, delineated by co-expression of the
5HT3a serotonin receptor (5HT3aR) and reelin (Re),
display spontaneous calcium transientswith the high-
est degree of synchrony among cell types present in
the superficial barrel cortex at postnatal day 6 (P6).
5HT3aR Re interneurons are activated by whisker
stimulation during this period, and sensory depriva-
tion induces decorrelation of their activity. Moreover,
attenuation of thalamic inputs through knockdown of
NMDA receptors (NMDARs) in these interneurons
results in expansion of whisker responses, aberrant
barrel map formation, and deficits in whisker-depen-
dent behavior. These results indicate that recruitment
of specific interneuron types during development is
critical for adult somatosensory function.

INTRODUCTION

Early neuronal networks are dominated by synchronous activity

that shapes the maturation of circuits at perinatal stages (Kirkby

et al., 2013; Leighton and Lohmann, 2016). Although different

patterns of activity have been identified in sensory areas, it is un-

clear how early experience interacts with intrinsic programs to

shape the topographic representations of the external world in

the brain.

Electrical recordings and imaging of neuronal populations

indicate that the emergence of topographic maps cannot be

solely explained by a spatial confinement of spontaneous activ-

ity. While intrinsically generated events can coexist with those

triggered by sensory experience (Burbridge et al., 2014; Chiu

and Weliky, 2001; Shen and Colonnese, 2016; Siegel et al.,
98 Neuron 99, 98–116, July 11, 2018 ª 2018 Elsevier Inc.
2012), these two types of synchronous events often reflect the

activation of different neuronal ensembles. In the barrel cortex,

a region of the somatosensory cortex that contains a topo-

graphic representation of the whiskers (barrels) (Petersen,

2007; Woolsey and Van der Loos, 1970), sensory inputs can

trigger barrel-specific activity from birth. These inputs consist

of passive whisker deflections, as well as sensory feedback

from spontaneous myoclonic twitches, and are present before

the onset of active whisking by the end of the second postnatal

week (Akhmetshina et al., 2016; Khazipov et al., 2004; Yang

et al., 2013). In contrast, intrinsically driven activity, which is

also prominent at these stages, can follow non-barrel-specific

patterns (Allène et al., 2008; Golshani et al., 2009; Yuste et al.,

1992). Thus, the somatosensory system provides an ideal

model to study how different activity-dependent programs are

selectively recruited to allow for the emergence of functional

topography.

Pharmacological evidence suggests that network activity dur-

ing the first postnatal week is likely coordinated by excitatory and

inhibitory neurons. Synchronous activity is predominately medi-

ated by excitatory transmission in the barrel cortex of newborn

pups, whereas inhibition regulates rhythmic activity by the end

of the first postnatal week (Minlebaev et al., 2007, 2011). Despite

its prominence, it is unclear how synchronous activity maps onto

genetically defined developing interneurons. In this study, we as-

sessed the intrinsic and sensory-driven responses of interneu-

rons and excitatory cells in vivo using the genetically encoded

calcium sensor GCaMP6s (Chen et al., 2013) and determined

how perturbation in these responses affects the development

of topographic maps from the first to the second postnatal

week. We show that the 5HT3aR Re interneurons display slow

calcium transients with significantly higher duration and correla-

tion compared to those observed in other populations at post-

natal day 6 (P6). These transients become decorrelated in the

second postnatal week alongside a prominent reduction in direct

thalamic inputs. We present evidence that whisker stimulation

evokes responses in 5HT3aR Re interneurons as early as P6.

Furthermore, sensory deprivation from birth causes a significant

reduction in the correlation of interneuron—but not excitatory

neuron—activity at P6. Similarly, disrupting thalamic inputs

onto 5HT3aR Re interneurons by genetically ablating NMDA re-

ceptors (NMDARs) leads to a decrease in synchrony at the same
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stage. 5HT3aR Re dysfunction results in the broadening

of cortical responses to whisker stimulation, a structural

enlargement of barrels, and in adult animals, impaired texture

discrimination.

Based on these results, we propose that 5HT3aR Re interneu-

rons coordinate the formation of topographicmaps by suppress-

ing ongoing spontaneous activity in superficial networks in

response to sensory stimulation. The dependence on sensory

experience for the proper function of inhibitory networks at

neonatal stages sharply contrasts with previously described ev-

idence of sensory-independent emergence of excitatory net-

works. Our results indicate that the interaction of both inhibitory

and excitatory activity patterns is fundamental for cortical circuit

assembly during the first postnatal week.

RESULTS

Cell-type-Specific Patterns of Neuronal Activity in
Neonatal Mice
To achieve selective GCaMP6s expression in developing inter-

neurons and excitatory neurons, we crossed cell-type-specific

Cre driver lines to RCL-GCaMP6s mice (Ai96) (Figure 1; also

see STAR Methods). Cortical interneurons arise almost entirely

from the medial and caudal ganglionic eminences (MGE and

CGE, respectively) (Batista-Brito and Fishell, 2009). CGE inter-

neurons, delineated by 5HT3aR expression, are the most abun-

dant population in supra-granular layers of the cortex and co-

express either Re or vasoactive intestinal peptide (VIP) (Lee

et al., 2010). In contrast, MGE-derived interneurons are delin-

eated by LIM homeobox 6 (Lhx6) expression at early stages

of development (Marı́n et al., 2000). We recorded chronically

the same genetically defined interneurons (5HT3aR Re, VIP,

Lhx6) and empty spiracles homeobox 1 (Emx1)-expressing py-

ramidal cells from P6 to P12 in the barrel cortex of unanesthe-

tized pups (Figures 1A and 1B; Figure S1). Due to the scarcity of

VIP interneurons in layer I (LI), the 5HT3aR.Cre mouse line al-
Figure 1. Cell-type-Specific Network Dynamics in the Developing Mou

(A) Schematic representation of the imaging setup and cranial window locatio

bar, 500 mm.

(B) Schematic representation of the timeline for imaging sessions.

(C) Representative raw DF/F traces for different neuronal types.

(D) Representative images averaged from 500 frames in a single movie and co

VIP.GCaMP6s, Lhx6.GCaMP6s, and Emx1.GCaMP6s mice. Movies were taken a

see Figure S2A). Each horizontal line in the rastergram represents a calcium eve

(E) Average event frequency in 5HT3aR.GCaMP6s (n = 14 movies, 5 mice), VIP.G

Emx1.GCaMP6s (n = 10 movies, 3 mice) mice. Event frequency was measured fo

followed by Tukey’s multiple comparisons test comparing between two genoty

versus Emx1.GCaMP6s: p = 0.0033.

(F) Average event duration. One-way ANOVA (p = 0.001) followed by Tukey’s mu

5HT3aR.GCaMP6s versus Lhx6.GCaMP6s: p = 0.0043; 5HT3aR.GCaMP6s versu

(G) Percentage of neuronal pairs that exhibit significantly correlated activity as det

Wallis test (p < 0.0001) followed by Dunn’s multiple comparisons test comparing b

5HT3aR.GCaMP6s versus Lhx6.GCaMP6s: p = 0.0016; 5HT3aR.GCaMP6s versu

(H) Average percentage of active neurons during network events. One-way AN

GCaMP6s versus VIP.GCaMP6s: p = 0.0002; 5HT3aR.GCaMP6s versus Lhx6.GC

(I) Average correlation coefficients of all cell pairs plotted against their binned dist

Preferred model compared by the extra-sum-of-squares F test, 5HT3aR.G

5HT3aR.GCaMP6s: n = 14 movies, 5 mice; Emx1.GCaMP6s: n = 10 movies, 3 m

indicate SEM. See also Figures S1–S4 and Videos S1 and S2.
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lows for the selective analysis of non-VIP, 5HT3aR interneurons

in this layer, approximately 81% of which express Re (Figures

S2A–S2E).

To compare calcium activity among genetically labeled popu-

lations, we quantified event frequency and duration (Figures 1C–

1F), as well as event synchrony, defined as the percentage of cell

pairs that displayed significantly correlated activity out of all

possible pairs (Figure 1G). We found that neurons in the somato-

sensory cortex showed prominent spontaneous calcium tran-

sients at P6, consistent with previous reports (Allène et al.,

2008; Golshani et al., 2009). 5HT3aR Re interneurons showed

infrequent events (Figures 1C–1E) that involved the majority of

the cells within the field of view (FOV) (Figure 1D; Video S1)

and exhibited significantly longer durations than other popula-

tions (Figure 1F). To ensure that our analysis reflected somatic

events, we re-analyzed a subset of themovies using a previously

described method for neuropil correction (Figures S2F and S2G;

also see STARMethods) (Peron et al., 2015). We found no signif-

icant differences in the frequency or correlation after applying the

correction.

Our analysis revealed that 5HT3aR Re interneurons show

significantly higher correlated activity than VIP and Lhx6 inter-

neurons (Figure 1G). To measure synchrony at the network level,

we quantified the percentage of neurons that participate in

network events (Figure 1H; also see STAR Methods for details).

Emx1 neurons exhibited more frequent calcium transients per

cell than 5HT3aR Re and VIP interneurons (Figure 1E), and their

activity was highly correlated between closely apposed cells

(Figure 1I; Video S2). However, fewer Emx1 neurons participated

in large-scale synchronous events, which led to lower overall

correlation (Figures 1G–1I). Thus, although pyramidal cells and

interneurons both exhibit early activity, 5HT3aR Re interneurons

show the highest degree of synchrony by the end of the first

postnatal week. Therefore, we focused our study on the contri-

bution of this activity pattern to the emergence of mature

connectivity.
se Somatosensory Cortex In Vivo

n. Dextran staining (red) indicates the location of the cranial window. Scale

rresponding rastergrams for detected calcium events in 5HT3aR.GCaMP6s,

t 50 mm, 140 mm, 130 mm, and 150 mm from the pial surface, respectively (also

nt from onset to offset. Scale bar, 100 mm.

CaMP6s (n = 14 movies, 4 mice), Lhx6.GCaMP6s (n = 6 movies, 3 mice), and

r each cell and averaged for all cells in a movie. One-way ANOVA (p = 0.0012)

pes; 5HT3aR.GCaMP6s versus Emx1.GCaMP6s: p = 0.0057; VIP.GCaMP6s

ltiple comparisons test; 5HT3aR.GCaMP6s versus VIP.GCaMP6s: p = 0.019;

s Emx1.GCaMP6s: p = 0.0055.

ermined byMonte Carlo simulation of the number of all possible pairs. Kruskal-

etween two genotypes; 5HT3aR.GCaMP6s versus VIP.GCaMP6s: p = 0.0001;

s Emx1.GCaMP6s: p = 0.0089.

OVA (p = 0.0004) followed by Tukey’s multiple comparisons test; 5HT3aR.

aMP6s: p = 0.066; 5HT3aR.GCaMP6s versus Emx1.GCaMP6s: p = 0.026.

ance in recordings from Emx1.GCaMP6s (red) and 5HT3aR.GCaMP6s (black).

CaMP6s: straight line; Emx1.GCaMP6s: exponential decay (p < 0.0001).

ice. ns: p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars
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Figure 2. Developmental Desynchronization of Spontaneous Activity in 5HT3aR Re Interneurons

(A) Raw DF/F traces of five 5HT3aR.GCaMP6s neurons from P6 and P12 movies.

(B) Cumulative probability plot of inter-event interval from all calcium events. Kolmogorov-Smirnov test, p < 0.0001.

(C) Mean event frequency in 5HT3aR.GCaMP6s neurons at P6 (n = 14 movies, 5 mice) and P12 (n = 11 movies, 3 mice). Unpaired t test, p < 0.0001.

(D) Mean event duration per neuron in 5HT3aR.GCaMP6s neurons at P6 and P12. Unpaired t test, p < 0.0001.

(E) Representative histograms of the percentage of active interneurons and corresponding event rastergrams for P6 (top) and P12 (bottom) recordings. Red lines

on the histograms indicate the detection threshold for network events.

(F) Visualization of networks corresponding to recordings in (E). Gray contours represent somas within which calcium signals were analyzed. Lines connect cell

pairs exhibiting significantly correlated activity. Line color indicates the magnitude of the correlation coefficient.

(G) Percentage of pairs exhibiting significantly correlated activity at P6 and P12. Unpaired t test, p = 0.0002.

(H) Average percentage of active cells during network events. The percentage of cells active per network event corresponds to the peak of that event above the

red threshold line (E). Unpaired t test, p = 0.044. *p < 0.05, ***p < 0.001, ****p < 0.0001. Error bars indicate SEM. See also Figures S3 and S5.
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Figure 3. Temporal Regulation of Thalamic Inputs to 5HT3aR Re Interneurons

(A) Schematic representation of the experimental strategy for rabies monosynaptic tracing.

(B) Representative example of a reelin-expressing (blue) starter cell labeled by eGFP (green) and mCherry (red) expression.

(C) Schematic representation of the experimental timeline.

(legend continued on next page)
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5HT3aR Re Interneuron Activity Becomes Decorrelated
during Development
Since spontaneous correlated activity is rarely observed in the

mature somatosensory cortex (Clancy et al., 2015; Peron et al.,

2015), we next determined whether 5HT3aR Re interneuron ac-

tivity changes as development proceeds. We focused our anal-

ysis on the transition from the first to the second postnatal

week, a period critical for the maturation of somatosensory cir-

cuits (Chittajallu and Isaac, 2010; Fox, 1995) (Figure 2). Although

we detected similar numbers of active 5HT3aR Re interneurons

at P6 and P12 (Figure S3E), we found significant differences in

their activity patterns. Despite an increase in the frequency of

calcium events per cell (Figures 2A–2C), fewer cell pairs ex-

hibited correlated activity at P12 (Figures 2E–2G). In addition,

event duration decreased with age (Figure 2D). At a network

level, significantly fewer cells were involved in co-active events

at P12 (Figure 2H). These results indicate that 5HT3aR Re inter-

neurons go through robust developmental desynchronization

from the first to the second postnatal week. Whereas such de-

correlation (Figure S5) has been shown to be independent of

sensory inputs in pyramidal cell development (Golshani et al.,

2009), it is unclear whether extrinsic inputs or intrinsic cellular

processes mediate desynchronization in interneurons. Since

we have previously shown that superficial 5HT3aR Re interneu-

rons receive both local and long-range connectivity in the first

postnatal week (De Marco Garcı́a et al., 2015), we assessed

whether changes in their connectivity pattern may underlie

developmental desynchronization.

Thalamic Innervation to Superficial Interneurons Is
Dynamically Remodeled at Neonatal Stages
To identify developmental changes in connectivity, we mapped

monosynaptic inputs onto 5HT3aR Re interneurons during two

consecutive postnatal periods. To this end, we first electropo-

rated 5HT3aR Re interneurons with a Dlx5/6-hGFP-TVA-B19G

plasmid at embryonic day 15.5 (E15.5), a stage when CGE inter-

neuron production ismaximal (DeMarcoGarcı́a et al., 2011) (Fig-

ure 3). Next, we injected a recombinant rabies virus (SADDG_

mCherry(EnvA)) into the somatosensory barrel field 1 area

(SSBF1) at P0–P1 or P7–P8 and analyzed presynaptic inputs at

P7 or P14, respectively (Figures 3A–3C). Similar to our previous

findings, a significant proportion of inputs to 5HT3aR Re inter-

neurons originate in the ventroposteromedial thalamic nucleus

(VPM) at P7 despite the superficial position of their somata (Fig-

ures 3D–3F; also see De Marco Garcı́a et al., 2015). Although

neither the number of starter cells nor the number of inputs per
(D) Representative example of presynaptic partners to 5HT3aR Re interneurons in

and second (right) postnatal weeks.

(E) Schematic representation of presynaptic connectivity to 5HT3aR Re interneu

(F) Proportion of presynaptic inputs to 5HT3aR Re interneurons across brain reg

(SPW) (n = 7 mice). Two-way ANOVA after arcsine transformation followed by B

thalamic p < 0.0001.

(G) Schematic representation of experimental procedures used to trace 5HT3aR

(H) VPM monosynaptic connectivity originating from 5HT3aR Re interneurons (le

(I) Proportion of VPM inputs over the total number of inputs to superficial neuron

5HT3aR Re versus VIP: p = 0.48; 5HT3aR Re versus Emx1: p = 0.043. *p < 0.05, **

Figure S6 and Table S3.
cell was significantly different between P7 and P14 (Figures

S6A and S6B), thalamic inputs decreased from 42.96% ±

5.05% to 9.46% ± 2.42%, while cortical inputs increased from

41.80% ± 3.31% to 88.54% ± 2.60% (Figures 3E and 3F).

Together, these results indicate that superficial 5HT3aRRe inter-

neurons receive substantial functional inputs from the thalamus

during the first postnatal week. These inputs are significantly

reduced by the second postnatal week.

To determine whether VPM innervation is also prominent

among other superficial neurons in the first postnatal week, we

selectively mapped the afferent connectivity of VIP and Emx1

neurons in layers II/III. We electroporated a pAAV-EF1a-FLEX-

GTB construct at E15.5 in VIPCre or Emx1Cre mice (Figure 3G;

Table S3). Rabies virus was injected at P3, and brains were

analyzed at P9 for VIPCre mice to ensure a sufficient level of

Cre recombinase at the time of injection (Figure 3G). We found

that the proportion of inputs originating in the VPM was signifi-

cantly larger for 5HT3aR Re interneurons compared to VIP inter-

neurons and pyramidal cells (Figures 3H and 3I). Altogether,

these results indicate that within superficial cortical layers,

5HT3aR Re interneurons are the preferred targets of VPM input

at P7–P9 (Figure S6I).

5HT3aR Re Interneurons Are Recruited by Whisker
Stimulation at Neonatal Stages
As the decrease in thalamic innervation parallels the time course

of network desynchronization, and our previous work indicates

that these inputs are fundamental for interneuron maturation

(De Marco Garcı́a et al., 2015), we focused our study on the

contribution of thalamo-cortical connectivity to the emergence

of interneuron-specific activity patterns. To do this, we selec-

tively targeted expression of GCaMP6s to thalamic neurons

using SERTCre mice (Figure 4). The serotonin transporter is tran-

siently expressed in thalamic neurons during development, and

thus, the SERTCre driver line allows for the targeting of these neu-

rons and their terminals (Narboux-Nême et al., 2008; Pouchelon

et al., 2014). Activity patterns in thalamic axonal arbors were

analyzed as regions of interest (ROIs) by applying a grid over

the images obtained from calcium recordings (Ackman et al.,

2012; Peron et al., 2015). We found that terminals present in LI

exhibited similar inter-event intervals (Figures 4A–4D) and event

frequency (Figure 4E) as those of 5HT3aR Re interneurons at P6.

These events became decorrelated at P11 (Figure 4B).

The similar temporal dynamics of calcium transients in

thalamic terminals and interneurons, as well as the presence of

functional monosynaptic contacts between these circuit
the somatosensory barrel field (SSBF1) and the thalamus during the first (left)

rons. Each dot represents a traced presynaptic neuron.

ions in the first postnatal week (FPW) (n = 5 mice) and second postnatal week

onferroni’s multiple comparisons test. FPW versus SPW: cortical, p < 0.0001;

Re, VIP, and pyramidal cells (PCs) (also see Table S3).

ft), VIP interneurons (middle), and pyramidal neurons (right).

s (5HT3aR Re: n = 5 mice, VIP: n = 5 mice, Emx1: n = 3 mice). Unpaired t test,

**p < 0.0001, ns: p > 0.05. Error bars indicate SEM. Scale bar, 100 mm. See also
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Figure 4. Whisker Stimulation Activates 5HT3aR Re Interneurons at P6

(A) Sample image and corresponding onset rastergram of calcium events in 5HT3aR.GCaMP6s mice at P6. Each black square indicates event onset. Imaging

depth was 50 mm from pial surface.

(legend continued on next page)
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components (Figure S6), led us to ask whether sensory stimula-

tion activated superficial interneurons at this stage. To test this,

we applied air puffs to stimulate all whiskers unilaterally and

imaged the contralateral barrel cortex in 5HT3aR.GCaMP6s

mice at P6 (Figure 4F). Air puffs (100 ms) were triggered by the

onset of the laser scan every 50 frames. We quantified the num-

ber of network events initiated immediately after each stimula-

tion (event peak within 5 s after stimulation) and the percentage

of cells involved in these network events (Figures 4G–4I). For

comparison, we quantified network events in equivalent frames

during recordings while the same animal was resting and no air

puff was applied. We observed significantly more network

events after whisker stimulation than during quiet resting (Fig-

ure 4H). In addition, the percentage of cells participating in these

network events was significantly higher in the stimulated condi-

tion (Figure 4I). These results indicate that 5HT3aR Re interneu-

rons are activated by sensory stimulation at neonatal stages.

Sensory Deprivation Decorrelates Interneuron but Not
Excitatory Network Activity
Given that sensory inputs effectively activate 5HT3aR Re inter-

neurons in the first postnatal week, we assessed whether they

contribute to the correlated activity observed.Weperformed cal-

cium imaging in 5HT3aR.GCaMP6s mice subjected to chronic

whisker plucking (Figure 5). We found that sensory deprivation

led to a significant decrease in the percentage of correlated pairs

(Figures 5A, 5B, and 5D) as well as the percentage of interneu-

rons participating in network events by P6 (Figure 5E). Consis-

tent with previous observations (Golshani et al., 2009), we

show that event frequency and duration, as well as network cor-

relation, in genetically defined excitatory neurons are not altered

by sensory deprivation (Figures 5C–5G). Thus, perturbation

of sensory inputs leads to loss of synchrony selectively in

5HT3aR Re interneurons at P6. These defects are long lasting,

as both network synchrony and event frequency are not signifi-

cantly different from P6 to P12 in sensory-deprivedmice (Figures

5H and 5I). These results suggest that thalamic inputs contribute

to the emergence of synchronous activity in developing

interneurons.

Despite inducing a reduction in interneuron synchronization,

sensory deprivation led to a significant increase in the frequency

of calcium transients (Figure 5F) but no change in event duration

at P6 (Figure 5G). The increase in event frequency in 5HT3aR Re

interneurons may be a network effect resulting from weakened

thalamic inputs to all cell types across cortical layers after sen-
(B) Sample image and corresponding rastergrams of calcium events in thalamic a

50 mm from pial surface.

(C) Cumulative probability plot of inter-event intervals in 5HT3aR.GCaMP6s (blac

(D) Average inter-event interval in 5HT3aR.GCaMP6s (n = 14 movies, 5 mice) an

(E) Average frequency of calcium events. Mann-Whitney test, p = 0.28.

(F) Schematic representation of air puff stimulation setup. 100ms air puffs were ap

the contralateral side.

(G) Representative rastergrams after whisker stimulation (w. stim, top) and quiet re

(WS), and evoked events were quantified during the windows depicted by red s

event analysis in the quiet resting condition with no stimulation applied. Each lin

(H) Number of network events that occurred in the 5 s windows immediately afte

4 mice) or in the same windows without stimulation (quiet resting control: n = 6 m

(I) Percentage of active neurons in each network event. Unpaired t test, p = 0.041
sory deprivation. As sensory deprivation could impact both

monosynaptic and polysynaptic inputs onto developing inter-

neurons, we next performed imaging experiments on mice in

which thalamocortical inputs onto 5HT3aR Re interneurons

were genetically altered.

Developmental Attenuation of NMDAR Signaling
Perturbs the Co-activation of 5HT3aR Re Interneurons
To determine the circuit mechanism underlying interneuron syn-

chronization, we carried out a genetic ablation of NMDARs by

crossing 5HT3aR.Cre with NR1fl/fl mice (Figure 6). Our

previous work indicates that NMDARs are enriched in thalamo-

cortical synapses onto 5HT3aR Re interneurons whereas intra-

cortical synapses display a large AMPA component (De Marco

Garcı́a et al., 2015). Although NMDAR-mediated currents were

not eliminated, we found a significant reduction in the NMDA/

AMPA ratio in NMDAR-ablated interneurons (Figures 6A and

6B). Despite a significant knockdown of NMDAR-dependent

currents, 5HT3aR Re interneurons showed late spiking patterns

and synaptic properties characteristic for these cells (Figures 6C

and 6D; Table S4). In contrast to the effects of early NR1 removal

by in utero electroporation (De Marco Garcı́a et al., 2015), this

strategy did not cause morphological defects in 5HT3aR Re in-

terneurons (Figures 6E–6I). This apparent discrepancy in the ef-

fect of NMDAR loss of function on morphological development

may be due to differences in the timing of ablation and/or the

presence of residual NMDAR currents in 5HT3aR.Cre, NR1fl/fl

mice. In addition, neither the migration nor the survival of

5HT3aR Re interneurons is affected by this manipulation (Fig-

ures S7A–S7C).

To assess whether NMDAR knockdown impacts the emer-

gence of 5HT3aR Re interneuron network activity, we analyzed

calcium dynamics in 5HT3aR.Cre, NR1fl/fl.GCaMP6s mice. We

used 5HT3aR.Cre, NR1fl/+.GCaMP6s littermates as controls,

since these mice showed activity dynamics indistinguishable

from those of 5HT3aR.GCaMP6s mice (% pairs correlated,

Mann-Whitney test, p = 0.32; 5HT3aR.Cre, NR1fl/+.GCaMP6s:

n = 7 movies; 5HT3aR.GCaMP6s: n = 14 movies). Similar to

the effect of sensory deprivation on network synchrony, NMDAR

knockdown in 5HT3aR Re interneurons led to a significant

reduction in the percentage of correlated pairs (Figures 6J and

6K) as well as in the proportion of cells participating in network

events at P6 (Figure 6L). In contrast, event frequency and dura-

tion (Figures 6M and 6N) remained unaffected after NMDAR

knockdown. These experiments show that sufficient activation
xons of SERT.GCaMP6smice at P6 (top) and P11 (bottom). Imaging depth was

k) and SERT.GCaMP6s (orange) mice at P6.

d SERT.GCaMP6s (n = 6 movies, 3 mice) mice. Mann-Whitney test, p = 0.21.

plied to stimulate whiskers on one side of the snout. Imaging was performed on

sting (q. rest, bottom). Red vertical lines mark the onsets of whisker stimulation

haded areas. Blue shaded areas indicate matching time windows for network

e in rastergram represents the time course of a calcium event.

r each whisker stimulation in 9-min movies (whisker stimulated: n = 6 movies,

ovies, 5 mice). Unpaired t test, p = 0.0094.

. *p < 0.05, **p < 0.01, ns: p > 0.05. Error bars indicate SEM. Scale bar, 100 mm.
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Figure 5. Sensory Deprivation Causes Persistent Desynchronization of 5HT3aR Re, but Not Emx1 Neurons

(A) Schematic representation of the experimental strategy for sensory deprivation.

(B and C) Representative rastergrams showing the onset of calcium events for control (B, top) and sensory-deprived (B, bottom) neurons recorded in

5HT3aR.GCaMP6s at P6 and Emx1.GCaMP6s mice at P6 (C).

(legend continued on next page)
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of NMDARs is fundamental for the emergence of synchronous

network patterns in 5HT3aR Re interneurons.

Dampening of Thalamic Inputs to 5HT3aR Re
Interneurons Causes Aberrant Activation of Superficial
Pyramidal Cells
Since superficial 5HT3aR Re interneurons innervate layer II/III

pyramidal cells in mature animals (Cruikshank et al., 2012;

Jiang et al., 2015, 2013; Lee et al., 2015; Wozny and Williams,

2011) and can inhibit a large number of neurons via volume

transmission (Oláh et al., 2007; Overstreet-Wadiche and

McBain, 2015), we hypothesized that they could contribute to

sensory map formation by inhibiting spontaneous activity in

pyramidal cells. To test this hypothesis, we first determined

whether 5HT3aR Re interneurons synapse onto layer II/III pyra-

midal cells by the end of first postnatal week (Figure 7). Rabies

tracing of layer II Emx1 neurons revealed the presence of

anatomical connectivity from LI interneurons (Figures 7A and

7B), and optogenetic activation of LI interneurons elicited

detectable monosynaptic inhibitory responses in these cells

(Figures 7C and 7D).

We then surveyed pyramidal cell activity in 5HT3aR.Cre,

NR1fl/fl mice, in which superficial interneuron networks are

dysfunctional. To target possible postsynaptic partners of

5HT3aR Re interneurons, we injected an AAV1.syn.

GCaMP6s.WPRE.SV40 virus in control NR1fl/fl and 5HT3aR.Cre,

NR1fl/fl mice at P0 and analyzed calcium responses to whisker

stimulation at P7 (Figures 7E and 7F). Previous reports suggest

that this viral approach largely targets excitatory cells (96%) in

layer II/III and only a small fraction of GABAergic interneurons

(4%) (Peron et al., 2015). In both 5HT3aR.Cre, NR1fl/fl and control

mice, we detected similar numbers of active neurons per FOV,

suggesting that the viral infection was consistent across experi-

ments and genotypes (Figure S7D).

To evoke sensory responses, we applied air puffs onto the

whiskers as described before (Figures 4F and 7E). We found

that sensory stimulation evoked a higher rate of network events

(Figures 7G and 7H) and a larger number of participating neurons

per event in 5HT3aR.Cre, NR1fl/fl mice compared to controls

without affecting spontaneous events (Figure 7I; Figures S8A–

S8C). Moreover, the correlation between distant cell pairs was

consistently higher in 5HT3aR.Cre, NR1fl/fl as compared to con-

trol mice, suggesting that co-active neurons occupy larger areas

in mutant mice (Figure 7J). In addition, the small fraction of LI in-

terneurons that were also labeled by viral infection of the same

mice showed a markedly lower number of network events
(D) Percentage of correlated pairs in 5HT3aR.GCaMP6s and Emx1.GCaMP6s m

3mice; deprived: n = 6 movies, 3 mice. Emx1 control: n = 5 movies, 3 mice; depriv

Emx1.GCaMP6s control versus deprived: p > 0.99.

(E) Percentage of neurons in network events at P6. 5HT3aR.GCaMP6s control ve

(F and G) Average event frequency (F, 5HT3aR.GCaMP6s control versus depriv

duration (G, 5HT3aR.GCaMP6s control versus deprived: p = 0.86; Emx1.GCaMP

(H) Quantification of event frequency in 5HT3aR.GCaMP6s mice from P6 to P12.

n = 7movies, 3mice; deprived n = 7movies, 2mice). P6 versus P12: control, p = 0.

deprived condition is indicated on the graph.

(I) Percentage of neuronal pairs undergoing correlated activity in sensory-depri

control, p = 0.05; sensory deprived, p > 0.99. Significance of P6 versus P12 com

Two-way ANOVA followed by Bonferroni’s multiple comparisons test for all compa
evoked by whisker stimulation (Figures S8D–S8F), indicating

that the thalamic recruitment of 5HT3aR Re interneurons was

impaired in 5HT3aR.Cre, NR1fl/fl mice. These results suggest

that the co-activation of 5HT3aR Re interneurons restricts pyra-

midal cell activation during sensory stimulation.

NMDAR Ablation in 5HT3aR Re Interneurons Leads to
Enlarged Barrels and Impaired Whisker-Dependent
Texture Discrimination
To assess whether aberrant activation of pyramidal cells leads

to anatomical defects, we analyzed the barrel map in the so-

matosensory cortex (Figures 8A–8I). We found a 14% expan-

sion in the total barrel area, defined as the sum of all individual

barrels (Figures 8A and 8B). Specifically, rows A, B, D, and E

were significantly larger in 5HT3aR.Cre, NR1fl/fl mice (Fig-

ure 8C). To further determine whether the expansion of

thalamic terminals is accompanied by changes in cell numbers

in barrels or septa, we quantified cell density, septal width, and

barrel/septal boundary in row D of control and 5HT3aR.Cre,

NR1fl/fl mice at P8 (Miceli et al., 2013) (Figures 8D–8H).

5HT3aR.Cre, NR1fl/fl mice had significantly smaller septa and

sharper barrel/septal boundaries than controls (Figures 8G–

8I). In contrast, cell density was unchanged in mutant mice

(Figure 8F). These results indicate that barrel enlargement in

5HT3aR.Cre, NR1fl/fl mice may reflect denser thalamic projec-

tions in the septal wall and/or ectopic axonal invasion of the

septal space. These results are consistent with an inhibitory

role of 5HT3aR Re interneurons in sharpening columnar orga-

nization in the barrel cortex.

To determine whether deletion of NMDARs in 5HT3aR Re

interneurons has a long-lasting impact on behavior, we evalu-

ated the performance of 5HT3aR.Cre, NR1fl/fl mice in a

whisker-dependent texture discrimination task at P40–P50

(Che et al., 2016; Chen et al., 2017; Wu et al., 2013) (Figure 8J).

We found that NR1 knockdown in 5HT3aR Re interneurons

leads to an impairment in tactile discrimination but not in

exploratory behavior (Figures 8K and 8L). Although VIP inter-

neurons are also targeted by the 5HT3aR.Cre driver line, we

hypothesize that these neurons likely do not significantly

contribute to the observed effects, since they have a signifi-

cantly lower NMDAR/AMPAR ratio (Figure S7E) and receive

significantly fewer VPM inputs compared to the 5HT3aR Re

population (Figures 3H and 3I). Together, these results indicate

that early dysfunction of 5HT3aR Re interneurons leads to def-

icits in barrel map formation and long-lasting behavioral

defects.
ice in control and deprived conditions at P6 (5HT3aR control: n = 5 movies,

ed n = 8movies, 3 mice). 5HT3aR.GCaMP6s control versus deprived: p = 0.03;

rsus deprived: p = 0.0017; Emx1.GCaMP6s control versus deprived: p > 0.99.

ed: p = 0.0007; Emx1.GCaMP6s control versus deprived: p > 0.99) and event

6s control versus deprived: p > 0.99) at P6.

(P6 control: n = 5 movies, 3 mice; deprived: n = 6 movies, 3 mice. P12 control:

0008, deprived: p = 0.46. Significance of P6 versus P12 comparison in sensory-

ved and control 5HT3aR.GCaMP6s neurons from P6 to P12. P6 versus P12:

parison in sensory-deprived condition is indicated on the graph.

risons. *p < 0.05, **p < 0.01, ***p < 0.001, ns: p > 0.05. Error bars indicate SEM.
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Figure 6. NMDAR Knockdown in 5HT3aR Re Interneurons Disrupts Network Synchrony

(A) Average evoked EPSCs mediated by NMDARs (red) and AMPARs (black) in 5HT3aR Re interneurons in control NR1fl/fl (left) and 5HT3aR.Cre, NR1fl/fl (right)

neurons.

(B) NMDA-to-AMPA ratios for 5HT3aR Re interneurons in control (n = 9 neurons) and 5HT3aR.Cre, NR1fl/fl (n = 9 neurons) mice. Black squares indicate average

ratios, and open circles indicate individual values. Mann-Whitney test, p = 0.014.

(legend continued on next page)
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DISCUSSION

Despite a growing recognition of the prominent role that inter-

neurons play in the processing of sensory information in the

adolescent and mature brain (Batista-Brito et al., 2017; Cardin

et al., 2009; Isaacson and Scanziani, 2011; Karnani et al.,

2016), it is unclear whether networks of select interneuron types

are recruited during early development. Progress in the study of

maturing networks has been hampered, in part, by technical dif-

ficulties in tracking neuronal activity longitudinally at neonatal

stages. Pioneering approaches in the study of neonatal cortical

rhythms focused on short-termmultiunit recordings and imaging

using voltage-sensitive or calcium affinity dyes (Garaschuk et al.,

2000; Golshani et al., 2009; Minlebaev et al., 2011; Yang et al.,

2013). Although these approaches provided great insight to

our understanding of global patterns of brain activity and activ-

ity-dependent development, they have limited cell-type resolu-

tion. This limitation has disproportionally affected the study of

interneurons, which represent only 20%–30% of the total

neuronal population yet exhibit prominent diversity (Markram

et al., 2004; Ascoli et al., 2008). Our chronic cranial window prep-

aration in combination with genetically targeted GCaMP6s

expression to interneuron cell types enabled us to image the

activity of neuronal populations as they mature.

Our results indicate that the somatosensory thalamus is a ma-

jor source of long-range inputs to 5HT3aR Re interneurons in the

barrel cortex during the first postnatal week. In contrast, neuro-

modulatory inputs to this population, such as those from the dor-

sal raphe and the nucleus basalis are not prominent at this age

and mature later. Furthermore, the extent of VPM innervation

onto superficial layers varies across cell types as VIP interneu-

rons and pyramidal cells receive significantly fewer VPM inputs

than 5HT3aR Re interneurons at P7–P9. Previous evidence indi-

cates that 5HT3aR Re interneurons rely on NMDARs for inte-

grating long-range inputs (Chittajallu et al., 2017; De Marco

Garcı́a et al., 2015). We showed that NMDARs are enriched in

thalamocortical synapses onto 5HT3aR Re interneurons and

that thalamic inputs constitute the most significant source of

glutamatergic inputs to these neurons early in development. In

agreement with these observations, attenuation of thalamic

drive through removal of NMDARs desynchronizes 5HT3aR Re

neuronal activity. In NMDAR-ablated 5HT3aR Re interneurons,
(C) Representative traces of voltage responses to 500 ms step current injection in

5HT3aR.Cre, NR1fl/fl (right) mice. The intrinsic firing properties of 5HT3aR Re in

pattern.

(D) Input-output relationship between current inputs and spike frequencies. Two

current step comparisons between control (n = 6 cells) and 5HT3aR.Cre, NR1fl/fl

(E) Neurolucida reconstructions for control (left) and 5HT3aR.Cre, NR1fl/fl (right) LI

bar, 100 mm.

(F) Axonal length of LI 5HT3aR Re interneurons. Unpaired t test, p = 0.86, 5HT3a

(G) Quantification of axonal nodes in LI 5HT3aR Re interneurons. Unpaired t test

(H) Dendritic length of 5HT3aR Re interneurons. Mann-Whitney test, p = 0.18.

(I) Quantification of dendritic nodes in LI 5HT3aR Re interneurons. Mann-Whitne

(J) Representative rastergrams from control 5HT3aR.Cre, NR1fl/+ (left) and 5HT3

(K) Percentages of correlated pairs in control (n = 7 movies, 4 mice) and 5HT3aR.C

(L) Active cells in network events. Unpaired t test, p = 0.039.

(M) Quantification of event frequency. Unpaired t test, p = 0.27.

(N) Quantification of event duration. Unpaired t test, p = 0.25. ns, p > 0.05. *p < 0
the lack of synchronization persists until P12, suggesting that

synchrony in this population is disrupted and not delayed. Given

the requirement of NMDARs for early synchronization, the re-

ported network patterns in the 5HT3aR Re population cannot

be explained solely by the presence of gap junctions. In support

of this notion, less than 14% of interneurons in LI are connected

via gap junctions at P6 (Yao et al., 2016). In addition, the propor-

tion of electrically coupled interneurons increases to about 50%

by P14 (Yao et al., 2016) during the same period in which 5HT3aR

Re interneurons drastically desynchronize (Figure 2).

Could the desynchronization of thalamic-mediated inter-

neuron activity be explained by a secondary effect from the

deregulation of other synaptic inputs? One possibility is that

changes in GABA signaling could be responsible for desynchro-

nization. Since GABA-mediated synaptic events are present in

NMDAR-ablated 5HT3aR Re interneurons (De Marco Garcı́a

et al., 2015), we think this possibility is unlikely. Another possibil-

ity is that inputs originating in the subplate may contribute to the

de-synchronization of 5HT3aR Re interneurons. Indeed, sub-

plate neurons exert significant influence on the maturation of

inhibitory circuits in deep layers of sensory cortices (Kanold

and Shatz, 2006; Tolner et al., 2012). Although our rabies virus

tracing experiments revealed subplate innervation onto superfi-

cial 5HT3aR Re interneurons at P7 (Figure 3E), optogenetic

mapping showed a significantly lower NMDA/AMPA ratio in in-

tracortical compared to thalamocortical synapses. In addition,

a similar number of subplate inputs is observed after NMDAR

ablation in 5HT3aR Re interneurons (De Marco Garcı́a et al.,

2015). Thus, it is unlikely that the desynchronization of inter-

neuron activity in 5HT3aR.Cre, NR1fl/fl mice is a consequence

of abnormal subplate inputs onto these interneurons.

Our data show that activation of 5HT3aR Re neurons restricts

the activation of upper layer excitatory neurons during sensory

stimulation and refines the barrel map. These results point to

an inhibitory role of GABA in the functional and structural estab-

lishment of developing somatosensory circuits. Although GABA

acts as a depolarizing neurotransmitter at the single-cell level

during early postnatal development in slice preparations (Ben-

Ari, 2002; Chen and Kriegstein, 2015; Valeeva et al., 2016), its

action on network activity in the intact brain appears to be inhib-

itory during the first postnatal week (Kirmse et al., 2015; Valeeva

et al., 2016). At these early stages, endogenous GABA exerts a
current-clamp configuration of LI 5HT3aR Re interneuron from control (left) and

terneurons in 5HT3aR.Cre, NR1fl/fl mice showed a stereotypical late spiking

-way ANOVA followed by Tukey’s multiple comparisons test, p > 0.05 for all

(n = 6 cells).

5HT3aR Re interneurons. Axons are shown in red and dendrites in blue. Scale

R.Cre, NR1fl/fl: n = 6 neurons; control: n = 9 neurons.

, p = 0.44.

y test, p = 0.26.

aR.Cre, NR1fl/fl. GCaMP6s (right) mice at P6.

re, NR1fl/fl.GCaMP6s (n = 10 movies, 4 mice) mice. Unpaired t test, p < 0.0001.

.05, ****p < 0.0001, Error bars indicate SEM. See also Figure S7 and Table S4.
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powerful inhibitory effect on the spread of population activity in

the neocortex (Kirmse et al., 2015; Minlebaev et al., 2007).

Although the effects of GABA are complex and may vary within

brain regions, cell compartment, and developmental stages

(Fishell and Rudy, 2011; Oh et al., 2016), our observations sup-

port an inhibitory network function and provide mechanistic

insight into the role of specific interneurons in the assembly of

somatosensory circuits.

We show that activation of 5HT3aR Re interneurons in LI is

necessary to refine the somatosensory receptive fields through

an inhibitory effect gated by sensory inputs during the first

postnatal week. This circuit mechanism provides an early

source of inhibition that may operate before the functional

maturation of parvalbumin-expressing interneurons, which oc-

curs in the second through fourth postnatal weeks (Cruikshank

et al., 2007; Okaty et al., 2009). In agreement with this notion,

fewer Lhx6 interneurons participate in network events, and

their activity is less correlated compared to that of the

5HT3aR population at P6 (Figures 1F and 1G). In addition, pre-

vious studies revealed that efferent connections from deep

layer somatostatin-expressing interneurons to superficial

layers are also weak in the first postnatal week (Anastasiades

et al., 2016).

Previous evidence indicates that spindle bursts are the most

prominent pattern of network activity in the somatosensory

cortex during the first postnatal week. These patterns can be

generated by intrinsic cortical oscillations as well as by rhythmic

inputs initiated in thalamic neurons (Minlebaev et al., 2011; Yang

et al., 2013). While sensory- and thalamic-evoked inputs trigger

activity in whisker-related cortical columns, spontaneous cal-

cium events in layer II/III form neuronal microdomains that are

not contained within barrel boundaries (Golshani et al., 2009;

Yuste et al., 1992). Moreover, the synchronization within these

spontaneous microdomains is not affected by sensory depriva-

tion, suggesting that they are generated by an intrinsic mecha-

nism (Golshani et al., 2009). Based on our data, we propose a

model in which 5HT3aR Re interneurons, activated by thalamic

inputs, suppress spontaneous microdomains and promote the

formation of barrel columns tuned to individual whiskers. The

local inhibitory role of 5HT3aR Re interneurons is crucial, since
Figure 7. Increased Activation of Pyramidal Cells after NR1 Knockdow

(A) Representative Emx1-expressing starter cells (yellow) and presynaptic partner

Scale bar, 100 mm.

(B) Percentages of LI inputs to LII pyramidal cells over all cortical inputs (excitator

(13.5% ± 5.4%, n = 2 mice).

(C) Schematics for optogenetic probing of LII pyramidal neurons after stimulat

stimulated with LED 488 light in LI only. PC, pyramidal cell.

(D) Representative average IPSC recorded from a LII PC upon light stimulatio

responses.

(E) Schematic representation for the imaging of LII/III PCs.

(F) Schematic representation of targeted GCaMP6s expression in PCs.

(G) Representative event histograms and rastergrams for control NR1fl/fl (top) a

whisker stimulation (WS) by air puff and vertical red shaded areas depict the timew

indicate the threshold for network events. Each line in the rastergram represents

(H) Number of network events after whisker stimulation in 9-min movies in contro

Mann-Whitney test, p = 0.02.

(I) Percentage of activated neurons during network events. Mann-Whitney test, p

(J) Plot of average correlation coefficients as a function of distance between all

F test, p < 0.0001 (different curves for each dataset). *p < 0.05, ****p < 0.0001. E
their recruitment occurs at a developmental stage when connec-

tivity from deep to superficial layers has yet to mature (Stern

et al., 2001).

How does early developmental impairment of 5HT3aR Re

interneurons affect the long-term organization of the somatosen-

sory system? Columnar refinement of LIV-LII/III connections

begins at the end of the first postnatal week, and sensory depri-

vation weakens this connection through long-term depression

(Bender et al., 2006; Shepherd et al., 2003). Therefore, reduced

inhibition at P6 could affect columnar refinement and thus

weaken LIV-LII/III connections. Indeed, we show that fewer

pyramidal cells responded to whisker stimulation in 5HT3aR.

Cre, NR1fl/flmice at P12 (Figures S8G–S8I). In addition, we found

that NMDAR knockdown leads to an impairment in somatosen-

sory performance in adult mice. Although NMDAR removal in our

experiments is not restricted to developing 5HT3aR Re interneu-

rons within the somatosensory cortex, we provide several pieces

of complementary evidence that point to a somatosensory

defect, including a loss of thalamic inputs from the VPM, barrel

enlargement, and functional expansion of pyramidal cell re-

sponses at neonatal stages. In addition, no significant differ-

ences in exploratory activity or overt motor defects are observed

in 5HT3aR.Cre, NR1fl/fl compared to control mice. These behav-

iors involve the amygdala and motor nuclei (Bailey and Crawley,

2009) areas, which also contain 5HT3aR Re interneurons (Allen

Developing Mouse Brain Atlas, 2008; Nery et al., 2002). Alto-

gether, these data indicate that behavioral defects are likely a

consequence of impaired maturation of somatosensory circuits.

Our results complement recent findings indicating that other

neuronal types may contribute to the maturation of deep layer

circuits at neonatal stages (Marques-Smith et al., 2016; Tuncde-

mir et al., 2016) and provide a circuit mechanism for inhibition in

superficial cortical layers. More generally, these findings indicate

that the maturation of inhibitory networks in response to early

experience may be a general rule in the development of sensory

maps (Quast et al., 2017; Takesian et al., 2018).

In summary, our results indicate that the recruitment of select

interneuron cell types by early experience is fundamental for the

formation of topographic sensory maps that underlie mature

brain function. Elevated network synchrony during critical
n in 5HT3aR Re Interneurons

s (red) in the somatosensory cortex at P8. Mice were injected with rabies at P1.

y neurons and interneurons, 9.0% ± 2.7%) and all cortical interneuronal inputs

ion of LI 5HT3aR Re interneurons. ChR2-expressing 5HT3aR neurons were

n before (black) and after TTX and 4-AP (red) application for monosynaptic

nd 5HT3aR.Cre, NR1fl/fl (bottom) mice. Red vertical lines mark the onsets of

indows (5 s) during which network events were quantified. Blue horizontal lines

a calcium event from onset to offset.

l (n = 5 movies, 3 mice) and 5HT3aR.Cre, NR1fl/fl (n = 7 movies, 3 mice) mice.

= 0.01.

cell pairs. Datasets were fitted with exponential decay. Extra-sum-of-squares

rror bars indicate SEM. See also Figures S7 and S8.
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periods for experience-dependent circuit development is

observed in mouse models of neurodevelopmental disorders

(Gonçalves et al., 2013) and may underlie the cognitive and sen-

sory deficits observed in patients (Marı́n, 2012). As such, results

from this study may be particularly relevant for our understand-

ing of cell-type-specific network dysfunctions in these disorders.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCES SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-GFP VRW Cat No:600-101-215; RRID: AB_218182

Rat polyclonal anti-GFP Nacalai USA GF090R; RRID: AB_10013361

Chicken polyclonal anti-RFP VRW 600-901-379; RRID: AB_10704808

Mouse monoclonal anti-Reelin MBL D223-3; RRID: AB_843523

Rabbit polyclonal anti-VIP Immunostar 20077; RRID: AB_10730725

Guinea pig anti-VGlut2 EMD Millipore AB2251; RRID: AB_2665454

Streptavidin-488 Thermo Fisher Scientific S11223; RRID: AB_2336881

Streptavidin-Pacific Blue Thermo Fisher Scientific S11222

Rabbit anti-5HTT Immunostar 24330; RRID: AB_10718084

Rabbit anti-Satb2 Abcam ab34735; RRID: AB_2301417

Bacterial and Virus Strains

AAV1.syn.GCaMP6s.WPRE.SV40 UPenn viral core AV-1-PV2824

SADDG mCherry (EnVA) Made in house N/A

AAV1.EF1a.dflox.hChR2.mcherry.WPRE.hGH UPenn viral core plasmid #37082

Chemicals, Peptides and Recombinant Proteins

TTX Abcam ab120055

4-AP Abcam ab120003

SR-95531 Abcam ab120042

NBQX Abcam ab120046

Experimental Models: Organisms/Strains

Swiss Webster Taconic SW-F, SW-M

VIPCre Jackson Laboratories 010908

Lhx6.Cre Jackson Laboratories 026555

Emx1Cre Jackson Laboratories 005628

SERTCre Jackson Laboratories 014554

Wnt3aCre a gift from Ulrich M€uller N/A

RCL-GCaMP6s (Ai96) Jackson Laboratories 024106

RCL-ChR2 (Ai32) Jackson Laboratories 024109

NR1fl Jackson Laboratories 005246

5HT3aR.Cre a gift from N. Heintz, Rockefeller

University

N/A

Recombinant DNA

Dlx5/6-hGFP-TVA-B19G De Marco Garcı́a et al., 2015 N/A

pAAV-EF1a-FLEX-GTB Callaway Lab; Haubensak et al., 2010 Addgene Plasmid #26197

Software and Algorithms

CalciumDX Ackman et al., 2012 https://github.com/ackman678/

CalciumDX

Image Stabilizer Kang, Li, "The Image Stablizer plugin for Image J",

February 2008. Copyright 2008–2009.

http://www.cs.cmu.edu/�kangli/code/

Image_Stabilizer.html
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Natalia De

Marco Garcia (nad2018@med.cornell.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal handling and experimentation were performed in accordance with US National Institute of Health and Weill Cornell Medical

College Institutional Animal Care and Use Commission. Animals of both sexes were used and housed in a controlled environment on

a 12 h light/dark cycle with food and water ad libitum. Swiss Webster (Taconic), VIPCre (Jackson Laboratories, 010908), Lhx6.Cre

(Jackson Laboratories, 026555), Emx1Cre (Jackson Laboratories, 005628), SERTCre (Jackson Laboratories, 014554), Wnt3aCre

(a gift from Ulrich M€uller), RCL-GCaMP6s (Ai96, Jackson Laboratories, 024106), RCL-ChR2 (Ai32, Jackson Laboratories, 024109),

NR1fl (Jackson Laboratories, 005246), and 5HT3aR.Cre (a gift from N. Heintz, Rockefeller University), were used for the studies.

5HT3aR.Cre, VIPCre, Lhx6.Cre, Emx1Cre and SertCre were crossed with RCL-GCaMP6s (denoted as 5HT3aR.GCaMP6s, VIP.

GCaMP6s, Lhx6.GCaMP6s, Emx1.GCaMP6s, Sert.GCaMP6s). 5HT3aR.Cre animals were crossed with NR1fl/fl (denoted as 5HT3aR.

Cre,NRfl/fl). Information about mouse strains including genotyping protocols can be found at https://www.jax.org/ and elsewhere

(Gorski et al., 2002; Louvi et al., 2007; Narboux-Nême et al., 2008; Taniguchi et al., 2011).

METHOD DETAILS

Viral Injections
Stereotactic injections for calcium imaging or optogenetic stimulation were performed at P0. For rabies tracing experiments, stereo-

tactic injections were performed at P0-P2 or P7-P9. GCaMP6s viral injections (AAV1.syn.GCaMP6s.WPRE.SV40, UPenn viral core)

were performed on 5HT3aR.NR1fl/fl or NR1fl/fl mice. ChR2 viral injections (AAV1.Ef1a.DIO.hChR2.mCherry, UPenn viral core) were

performed on SERTCre or SERTCre, Ai32 mice. Modified rabies virus, SADDG (SAD-deltaG_mCherry (EnvA)) was produced in the

lab), was injected in electroporated mice for rabies tracing experiments (See Rabies Viral Tracing section for more information).

Mice were anesthetized by hypothermia at P7 or younger stages, and isoflurane was used if they were older. Precise stereotactic

coordinates and volume of virus injected in each animal were kept constant. In AAV.GCaMP6s imaging experiments, location of in-

jections sites was confirmed by performing immunohistochemistry against GFP to reveal GCaMP6s expression after the imaging

sessions. Glass micropipettes with a tip diameter of �20 mm attached to a Nanoject (Drummond) injector were used for injections.

For AAV viral injections, we injected 50 nL per animal.

In Utero Electroporations
In utero electroporation was performed as previously described (De Marco Garcı́a et al., 2015, 2011). Briefly, pregnant mice were

electroporated at embryonic day (E) E15.5 (De Marco Garcı́a and Fishell, 2014). To target 5HT3aR Re populations, a Dlx5/6-

hGFP-TVA-B19G plasmid (De Marco Garcı́a et al., 2015) was electroporated into Swiss Webster mice. The Distal-less 5/6 (Dlx5/6)

enhancer element in this construct restricts expression of the Histone2B.GFP reporter, TVA800 receptor and B19G glycoprotein

to a small number of 5HT3aR Re interneurons (De Marco Garcı́a et al., 2015). To target upper layer VIP-interneurons or Emx1-ex-

pressing excitatory neurons, an AAV-EF1a-FLEX-GTB plasmid (Addgene, Plasmid #26197) was electroporated into VIPCre or

Emx1Cre mice at E15.5. Animals were sacrificed 1 week after postnatal rabies injection: P7 for first postnatal week analyses and

P14 for second postnatal week analyses.

Rabies Viral Tracing
Modified rabies viral injections on electroporated pups were carried out at either P0-P2 or P7-P9 using a Drummond Nanoject II

(100 nL for Swiss Webster mice, 200 nL for VIPCre mice, and 2 nL for Emx1Cre mice). Pups were then returned to the dam, and

perfused for immunohistochemistry analysis 1 week later. Processing and analysis of rabies-infected brains were performed as pre-

viously described (DeMarco Garcı́a et al., 2015). In brief, consecutive 20 mm sections were collected on a cryostat (Leica CM3050S).

Sections were immunostained for eGFP and RFP, and were examined under a Leica M165FC fluorescent microscope for double

fluorescence to identify starter neurons. All infected neurons from sections including the frontal cortex through the dorsal hippocam-

pus were then counted by region on the microscope. Representative confocal images of the somatosensory cortex, thalamus, and

starter neurons were taken using an Olympus IX81 confocal microscope with the Fluoview FV1000 software.

Results of rabies tracing experiments were quantified by region as the percentage of inputs from that region over the total inputs

received by the starter population. For the quantification of Layer I (LI) inputs to Emx1 cells, the percentage of total cortical inputs

(excitatory neurons and interneurons) over total inputs, or of the percentage of cortical interneurons alone over total inputs were

quantified (Figure 7B). We were able to target a small population of starter cells (2-253 starter cells; Figure S6A) due to the focality

of the rabies injection combined with very sparse electroporation of interneurons, which was further diluted by their dispersion during

tangential migration to the cortex. The identities of starter cells and their presynaptic partners were confirmed by analyses ofmorpho-

logical features and laminar location (Figure 3B). The numbers of starter cells were not significantly different between P6 and P12

(Figures S6A and S6B), and were not correlated with the percentage of thalamic inputs received (Figure S6C). The number of pre-

synaptic connections received by different cell types (5HT3aR Re, VIP, PC), however, were significantly different and, therefore,

the comparison between cell types was done with regards to their respective percentage of thalamic inputs (Figure S6J). To assess

whether the variability in the number of starter cells between the first and the second postnatal weeks could explain differences in

thalamic contribution, we calculated the correlation between starter cell number and the proportion of thalamic inputs for each
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week. We found that the percentage of thalamic inputs was not significantly correlated to the number of starter cells (FPW: R2 = 0.01;

SPW: R2 = 0.002. Figure S6C). The functional status of these synapses was assessed by stimulating thalamic afferents optogeneti-

cally or electrically using slice electrophysiology (Figures S6D–S6H).

Immunohistochemistry
Immunohistochemistry on brain slices was performed as previously described (De Marco Garcı́a et al., 2011). Electroporated neu-

rons were identified by expression of eGFP (1:1000, Goat Anti-GFP, VRW). Identity of presynaptic partners illuminated by rabies

tracing was determined by co-expression of mCherry (1:2000, chicken anti-RFP, VRW). In addition, immunohistochemistry against

interneuron markers including reelin (1:500, mouse anti-reelin, VWR) and VIP (1:500, rabbit anti-VIP, Immunostar) was used to deter-

mine the identity of starter cells. GCaMP6s expression was evaluated using goat anti-eGFP (1:1000). Guinea pig anti-VGlut2 (1:1000,

EMD Millipore) and Rabbit anti-SERT (1:10000, Immunostar) were used in barrel field analysis. Neurons filled with biocytin during

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

anti-reelin (1:1000). Neurons were imaged at 60X with an oil immersion objective (NA 1.4) at 0.5-1 um steps and traced using Neuro-

lucida 360 (2.70.5, 64 bit, MBF Bioscience). Morphological analysis was carried out on NeuroExplorer (Nex Technologies) as previ-

ously described (DeMarcoGarcı́a et al., 2011; DeMarcoGarcı́a and Fishell, 2014). Images in Figures 1A, 3D, 3H, 7A, 8A, 8D, 8E, S2A,

S3A, S3F, and S7A are composite images.

Barrel Field Analysis
5HT3aR.NR1fl/fl andNR1fl/fl littermates were perfused at P8, and brains were hemisected after post-fixation in 4% paraformaldehyde

overnight. Hemispheres were flattened between two glass slides with glass spacers, fixed again overnight, then processed for

sectioning and immunohistochemistry. All 36 posteromedial barrel subfield (PMBSF) principal barrels (A1-5, B1-4, C1-7, D1-8,

E1-8, a-d) were identified across sections (Woolsey and Wann, 1976). Sections in which barrels A1-4, B1-4, C1-5, D1-5, and E1-5

were identifiable and complete were chosen for barrel fieldmorphology analysis (Miceli et al., 2013). The PMBSF and individual barrel

areas were outlined manually with Fiji (ImageJ) software, and corresponding areas were measured. The summed areas of individual

barrels were used for measurement of total barrel area and summed areas of individual barrels in rows A-E were used for row surface

area measurements. DAPI was used to quantify cell density.

For septal width and barrel/septa boundary analyses, a custom written MATLAB (Mathworks) program was used to generate

average fluorescence intensity curves for a row D. A 45-pixel width box spanning barrel centers and inter-barrel septa was drawn

along the row, average fluorescence intensity was calculated along the length of the box, and an intensity curve was generated.

A straight line was drawn to demarcate the septal wall. The slope (intensity units/distance) was calculated and used as a measure

of axonal density in the barrel/septal boundary (Figure 8G). Slopes were measured on both sides of a given septa (D row) and aver-

aged together (Miceli et al., 2013). Septa width was calculated as the distance across the intensity nadir. TheMATLAB program used

for these analyses is available upon request.

Cranial Window Surgery
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 (Raja-

sethupathy et al., 2015). 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 stereo-

taxic 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 im-

plantation, the mouse was placed back on ice for 2-3 min if tail-pinch reflex had returned. A craniotomy (2-4 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 haemostasis, a cranial window (3mm round #0, 0.1mm,Warner instruments) was lowered on top of the brain,

and warm (37�C) 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.

In Vivo Two-Photon Calcium Imaging
Mouse pups were allowed to recover on a heating pad for a minimum of 1 hr after surgery was completed. Recordings were per-

formed on unanaesthetized mouse pups in which the head was stabilized by attaching the head plate to a fixed fork positioned

beneath the objective using two set screws. The pupwas kept on a 37�C 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 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. To ensure that LI was
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consistently imaged in 5HT3aR.Cre, GCaMP6s; Wnt3aCre, GCaMP6s; and SertCre, GCaMP6s mice, we performed recordings at

40-60 mm below pia surface. Due to the absence of Emx1, Lhx6, and largely VIP somata in LI, VIP.GCaMP6s, Lhx6.GCaMP6s,

Emx1.GCaMP6s mice and GCaMP6s driven by viral expression were imaged between 100-200 mm below pia surface, unless other-

wise specified. Despite the position of their somata, all these populations project dendrites to LI (Lee et al., 2013; Staiger et al., 2015;

Muñoz et al., 2017) and therefore have the potential to sample the same information as LI 5HT3aR interneurons. Despite the presence

of a small number of Re-negative, non-VIP, 5HT3aR interneurons in our functional analyses (Figure S2C), 5HT3aR interneurons

exhibit coherent activity patterns in layer I (Figure 1), pointing to a similar function at early developmental stages. Further cell-

type-specific differences are likely to arise later in development (Tremblay et al., 2016). Image frames of 509 3 509 mm (512 3

512 pixels) were recorded using a Galvano scanner at a rate of 1 Hz. The large field of view (FOV) was used in order to capture as

many interneurons as possible in a recording (one FOV typically contains 40-80 5HT3aR.GCaMP6s neurons). For a subset of exper-

iments, we also imaged using a resonance scanner at 5 Hz (66 ms per frame, averaged every three frames) to achieve faster frame

rate. Results using different scanning rates were comparable due to the slow kinetics of developmental calcium transients and of

GCaMP6s. The laminar boundary between LI and LII was first determined by imaging Emx1.GCaMP6s mice and locating the depth

at which pyramidal neurons first appeared. Each recording consisted of a single, continuous 9-min movie. Movies taken from non-

overlapping FOVs were used for analysis. The system was controlled by FV30S-SW software (Olympus).

For chronic imaging, mice were returned to their home cage with the dam at the end of the initial imaging session on the day of the

surgery or were imaged starting from the day after the implantation. The condition of the animal, head plate, and cranial windows

were monitored daily. Subsequent imaging sessions took place every 24 hr, until the animal was sacrificed (typically between

P12-P15). During each imaging session, the same FOV was located using blood vessels and the borders of the cranial window as

landmarks. Imaging depths were adjusted as the animal matured to ensure that the same cohort of neurons was imaged. In some

cases, the same neurons could be tracked daily during the entire span of the experiment (about 1 week, Figure S1). 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. By

the time they were sacrificed, body size in head-implanted animals did not differ from that of their littermates, nor did these animals

display any gross developmental impairment. A cohort of pups was allowed to survive until well into adulthood, and no long-term

impact of chronic head plate implantation was observed in this cohort (Figure S1).

After the last imaging session, the mice were sacrificed and the location of the cranial window was confirmed by topically placing

Dextran (ThermoFisher) or DAPI (1:1000, ThermoFisher) over the window after removing the circular glass. Immunohistochemistry

was also performed for anti-eGFP to check for expression of GCaMP6s (Figure 1A). The density of GCaMP6s-expressing neurons

captured in post hoc staining was comparable to numbers observed in in vivo imaging (Figure S2). Since excitatory Cajal-Retzius (CR)

cells also express 5HT3aR (Inta et al., 2008; Lee et al., 2010), we excluded from our analysis small neurons with elongated somata

(10.9% ± 3.9% of 5HT3aR neurons), a morphology typical of these cells (Schwartz et al., 1998; Chowdhury et al., 2010), and only

scored calcium transients in interneurons characterized by large somata (Figure S2H). In addition, we determined CR cell activity

by targeting GCaMP6s expression to this population with aWnt3aCre driver line (Figures S2J–S2L). CR cells identified both morpho-

logically and genetically showed very few calcium transients at P6 (Figures S2I, S2K, and S2L).

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 = 70 mice x �10 generations, 700+ mice) in agreement with a recent report indicating that epileptiform

activity was not observed in Emx1Cre.Ai96 mice (Steinmetz et al., 2017). Furthermore, in support for a lack of cellular pathology,

GCaMP6s-expressing cells show no signs of toxicity or developmental defects. Cell migration and survival, as well as intrinsic elec-

trophysiological properties of GCaMP6s-expressing neurons were not significantly different from those of controls (Figure S3; Tables

S1 and S2). In particular, nuclear inclusions, which are frequently associated with cytotoxicity, were not observed in these cells at the

stages analyzed (Figures S3C and S3D). Finally, we have compared spontaneous calcium activity in pyramidal cell populations that

either expressed GCaMP6s from the Ai96 transgene since the progenitor stage (Emx1Cre.GCaMP6s) (Stirman et al., 2016) or after

AAV viral infection starting at P0 (AAV.SynGCaMP6s) (He et al., 2017). Our P6 in vivo recordings revealed no significant differences in

event frequency or correlation (Figures S3I–S3L). In addition, the sensor was able to detect single action potentials (APs), and spon-

taneous events recorded electrophysiologically show perfect correspondence with calcium transients, consistent with previous re-

ports in the adult brain (Chen et al., 2013) (Figure S4). Altogether, these observations indicate that GCaMP6s expression does not

cause pathological phenotypes.

Whisker Stimulation
Whisker stimulation was performed by air puff given through a 1mmdiameter tube placed anterior and perpendicular to thewhiskers,

approximately 1 cm away. Stimulation was directed to the snout. Each air puff was about 100 ms, 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 at the onset of the frame scan every 50 frames for recordings with a 1 Hz frame

rate, or every 250 frames for recordings with a 5 Hz frame rate. This strategy allowed for inter-stimulus intervals of approximately

50 s to allow sufficient baseline recordings after each stimulation.
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Imaging Data Processing and Transient Detection
Image processing and calcium-signal detection were carried out using CalciumDX software routines written in MATLAB (Mathworks)

(Ackman et al., 2012), available open source in GitHub repository (https://github.com/ackman678/CalciumDX). Movies were first mo-

tion corrected to account for small xy displacement using the Image Stabilizer plugin for NIH ImageJ, which uses the Lucus-Kanade

algorithm to estimate the geometrical transformation needed to best align each frame to a reference frame (http://www.cs.cmu.edu/

�kangli/code/Image_Stabilizer.html). To ensure imaging data were collected from un-anaesthetized neonatal mice that are quietly

resting with only cardiopulmonary or myoclonic twitch movements, recordings containing segments of large motion artifacts were

excluded from the analysis. For eachmovie, cell contours were semi-automatically detected 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 con-

tour (Allène et al., 2008; Crépel et al., 2007; Ackman et al., 2012). Activity patterns in thalamic axonal arbors as labeled in SERT.

GCaMP6s mice were analyzed as regions of interest (ROIs) by applying a grid over the images obtained from calcium recordings

(Ackman et al., 2012; Peron et al., 2015).TheDF/F signal was then calculated for every contour/grid in each frame. Calcium transients

were identified using automatic detection algorithms. Briefly, baseline de-trendingwas performed by applying a high pass filter, and a

temporal sliding window with a length of 3 frames was used to determine baseline average (Dombeck et al., 2007). The threshold of

detection was set as 2 standard deviations above the baseline average plus 2 standard deviations above the derivative of the signal

(local maxima). The onset of calcium events was set as the first frame in the rising phase of the calcium transient, and the offset was

set as the half-amplitude of the decay time. Active cells are neurons with at least one detected calcium event during the entire movie.

Neuropil signals were measured for neuropil correction in a subset of neurons (n = 10movies) by drawing a shell around the detected

soma. The radius of the shell was calculated by keeping the area of the shell (the area between the neuropil outline and the soma

outline) to be the same as the soma area. The corrected signal was determined by subtracting the neuropil signal measured in

the shell from the soma signal. This was performed on P6 and P12 5HT3aR Re interneurons and P6 VIP interneurons. The differences

between frequency and correlation comparisons still held after correction.

In this study, we aimed to assess the influence of activity patterns in the establishment of circuit formation. Calcium imaging an-

alyses in developing neurons are frequently used to compare network activities of neuronal populations at different developmental

stages (Allène et al., 2008; Golshani et al., 2009; Burbridge et al., 2014). In sensory cortices, spontaneous APs appear in bursts and

may be required for efficient activity-dependent transcription and synapse stabilization during development (Garaschuk et al., 2000;

Rochefort et al., 2009; Egorov and Draguhn, 2013). Indeed, due to the prominence of NR2B-containing NMDAR receptors and the

longer duration of EPSCs in development, temporal summation and large amplitude calcium events are frequently generated in

response to spontaneous activity containing bursts of APs (for review, see Moody and Bosma, 2005). Based on its high sensitivity

and slow kinetics, GCaMP6s is well suited to detect this type of calcium event. Although burst firing is prominent in development,

it is formally possible that some neurons would fire isolated spikes. If GCaMP6s fails to detect single APs, these events would be

missed and could artificially increase the degree of synchrony in our analyses. To address this possibility, we performed simulta-

neous patch clamp recordings and calcium imaging. In agreement with previous observations (Allène et al., 2008), we found that

spontaneous activity in interneurons and pyramidal cells largely consists of AP bursts with long intervals of silence at P6 and P12

(Figure S4). In addition, single APs invariably produced calcium events, indicating that AP underestimation due to detectability dif-

ferences among cell types or developmental stages is unlikely (Figures S4A and S4B). Since calcium events were always associated

with APs in our observations, it is also unlikely that our analysis represents an overestimation of neuronal activity (Figure S4). Since we

used event onset to quantify cell pairs with correlated activity and all spikes we observed are detected by GCaMP6s, and given that

the purpose of our current study is not to decode firing rate or precise timing, any nonlinearity of transfer functions, if existent, would

not affect our results. In addition, the linearity of the transfer functions for GCaMPs in adults has been shown in selected subtypes,

and its sensitivity and consistency are well-recognized in many recent studies using GCaMP calcium imaging in different subtypes of

adult interneurons (Kwan and Dan, 2012; Chen et al., 2013; Pinto and Dan, 2015; Karnani et al., 2016; Batista-Brito et al., 2017).

Imaging Data Analysis
Data were analyzed using custom routines written in MATLAB as previously described (Allène et al., 2008). 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 over 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 (inter-event interval of 24 – 500 s), we think this method is an appropriate method for quantifying

synchronous calcium activity at this stage. The significance of the correlation was determined via permutation testing by comparing

the correlation value to a distribution of correlation values from 1000 randomized datasets where events were reshuffled. We used a

threshold significance level p < 0.01 for stringency. Percentage of cell pairs that were significantly correlated was reported for each

recording. In some cases, for demonstration purposes, Pearson’s correlation coefficients were also reported. Synchronicity of

network activity was quantified as previously described (Allène et al., 2008; Golshani et al., 2009; Schwartz et al., 1998). Event

histograms that plotted the percentage of cells active for each frame were first constructed. In order to determine the percentage

of cells that must be simultaneously active to represent a statistically significant network event, surrogate activity histograms
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were constructed by reshuffling events in each cell, and were repeated 1000 times to create a distribution of event sizes. The

threshold significance for network events was then set at p < 0.01. 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 amovie. For movies recorded during whisker stimulation, network events

were first identified as described above, and events with peak time within 5 s after the trigger of air puff were deemed as evoked by

stimulation. The number and magnitude of evoked network events was 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.We used either unpaired Student’s t tests (orMann-Whit-

ney test) or ANOVA followed by Bonferroni multiple comparisons test (or Kruskal-Wallis test followed byDunn’smultiple comparisons

test), as indicated in the Results section and figure legends. The sample sizes used were comparable to previous publications (Ack-

man et al., 2012; Kirmse et al., 2015; Karnani et al., 2016).

Sensory Deprivation
Sensory deprivation by whisker plucking was performed as previously described (De Marco Garcı́a et al., 2015). In brief, newborn

pups were subjected to whisker plucking daily from P0 to P6 or P12. Pups from the same litter were randomly divided into deprived

and control groups. Pups from both groups were briefly removed from the dam and anesthetized by hypothermia (3-5min) before P6,

or by isoflurane after P6. In the sensory deprived group, all whiskers and most of the facial hair on the whisker pads were plucked

bilaterally using sterile forceps, whereas in the control group whiskers were spared (see also De Marco Garcı́a et al., 2015). Subse-

quently pups were allowed to recover on a heating pad before returning them to their dam.

Electrophysiology
Whole-cell patch-clamp recordings were performed on 5HT3aR Re neurons within layer I in acute brain slices. Neuronal identity was

confirmed by post hoc morphological analysis and by immunohistochemistry against Reelin in filled cells. P5-P6 mice were used for

recordings of NMDA/AMPA ratio, while P6-P8 and P12-P15 mice were used in experiments recording thalamocortical responses in

5HT3aR Re interneurons. Mice were deeply anaesthetized on ice (if P6 or younger) or by isoflurane (if P7 or older) and then decap-

itated. 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 MgCl2. Coronal slices (300 mm)

were cut using a vibratome (VT1200S, Leica) and incubated in dissection buffer for 40 min at 34�C. Slices were stored at room tem-

perature for reminder of the recording day. All slice recordings were performed at 34�C unless otherwise specified. Slices were visu-

alized using IR differential interferencemicroscopy (DIC) (BX51WI, Olympus) and a CMOS camera (ORCA-Flash4.0 LT, Hamamatsu).

Regions of interest on the slice (i.e., barrel cortex, VPM.) were visualized and identified using a 10X Olympus objective (0.3 NA), and

individual cells were visualized with a 60x Olympus water immersion (1.0 NA) objective.

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 MU. Signals were amplified with a Multiclamp 700A amplifier (Molecular Devices),

digitized with an ITC-18 digitizer (HEKA Instruments) and filtered at 2 KHz. Data were monitored, acquired and, in some cases,

analyzed using Axograph X software. Series resistance was monitored throughout the experiments by applying a small test voltage

step andmeasuring the capacitive current. Series resistance was 5�25MU 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 NMDA/AMPA ratio, recordings were performed on LI neurons that expressed Re, confirmed by post

hoc immunohistochemistry. Pipettes were filled with an internal solution containing (in mM): 110 CsMeSO4, 10 CsCl, 10 HEPES, 10

Cs4-BAPTA, 5 QX-314,Br, 0.1 spermine, 4Mg-ATP, 0.4 Na-ATP, 10 phosphocreatine, 0.05%biocytin, adjusted to pH 7.3 with CsOH

and to 278 mOsm with double-distilled H2O. Recordings began at least 10 min after initial whole-cell patch was achieved to allow

dialysis of Cs+ internal solution. EPSCswere evoked using an isolated pulse stimulator unit (ISO-Flex, A.M.P.I) with a tungsten bipolar

stimulator (Harvard apparatus), placed 150-200 mm ventro-laterally to the recording pipette. A single extracellular stimulation was

delivered every 15 s, and 30-50 responses were averaged. All recordings were performed in the presence of the GABAA receptor

blocker SR-95531 (Gabazine, 5 mM, Abcam Biochemicals). AMPAR-mediated currents were recorded at �70 mV, whereas

NMDAR-mediated currents were recorded at +40 mV in the presence of NBQX (10 mM).

For experiments measuring thalamocortical responses using optogenetic or electric stimulation, pipettes were filled with an inter-

nal solution containing (in mM): 125 CsMeSO4, 10 TEA Cl, 10 HEPES, 0.1 EGTA, 4 Mg-ATP, 0.3 Na-ATP, 10 phosphocreatine, 0.05%

biocytin, adjusted to pH 7.3 with CsOH and to 278 mOsm with double-distilled H2O Thalamocortical slices were prepared following

methods described previously (Agmon and Connors, 1991; Porter et al., 2001). For electric stimulation, the stimulating electrode was

placed in the VPM or the border of VPM and internal capsule, while recordings were made in LI 5HT3aR Re interneurons. For opto-

genetic stimulation experiments, TTX (1 mM) and 4-aminopyridine (1.2 mM) were present in the bath (De Marco Garcı́a et al., 2015).

The Blue light source (470 nm, Polygon 400) was mounted on the microscope between the camera and the objective, reaching the

slice by means of a dichroic mirror through the 60X objective. The intensity was set to 100% and the duration was adjusted to obtain
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optimal monosynaptic responses (0.2-2 ms long). For stimulation of LI only, the stimulation region was drawn on the FOV with the

patched cell in the center, limited to LI, with the Polygon 400 software.

For experiments evaluating the sensitivity and reliability of GCaMP6s, 5HT3aR.GCaMP6s mice between P6 – P12 and Emx1.

GCaMP6s between P6 – P7 were used for slices. Horizontal sections were cut in order to promote spontaneous activity (Allène

et al., 2008). Regions and cells with detectable spontaneous activity were first identified with the 4X and 60X objective. Once

whole-cell patch clampwas achieved on the cell of interest (usually with low or no visible baseline fluorescence), 180 s current-clamp

charts were recorded while wide-field images were captured simultaneously using a CMOS camera (ORCA-Flash4.0 LT, Hama-

matsu). Movies were analyzed using the same method as 2-photon imaging.

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, 0.05% biocytin, adjusted to pH 7.3 with KOH and to 278 mOsm

with double-distilled H2O. Data analysis was performed using Axograph X built-in analysis and IGORPro software (Wavemetrics) on a

Macintosh computer.

Tactile Discrimination Task
Fourteenmale controlNR1fl/fl and 8male 5HT3aR.Cre, NR1fl/flmutant mice were tested on an adapted tactile discrimination task (Wu

et al., 2013), based on the general principles of a novel object recognition task (using vibrissal rather than visual input). The test appa-

ratus was a (30 cm3 30 cm3 18 cm) plexiglass arena with opaque walls. The target ‘‘objects’’ were 5 cm3 9 cm sheets of aluminum

oxide sandpaper (3M, St. Paul, MN) affixed to the lateral walls of the test chamber (right and left sides), at the bottom of the far back

corner. Two different grades of sandpaper were used for the texture discrimination task; 80- and 180-grit (average particle width of

190 mm and 82 mm, respectively).

For the tactile discrimination task, the following experimental protocol was used (Figure 8): One day prior to testing, subjects were

habituated to the testing chamber for 10 min. On testing day, subjects were given one additional habituation period for 5 min, imme-

diately followed by a 5-min ‘‘familiarization’’ period where they were exposed to two identical sheets of either 80- or 180-grit sand-

paper (this ‘‘familiar’’ grit was randomized so that half of each group experienced 80-grit as the familiar texture while the other half

experienced 180-grit as familiar), each located opposite from one another on the lateral walls. During the familiarization phase, sub-

jects were placed in the center of the testing chamber, equidistant and facing away from the identical textured sandpaper. Following

the familiarization phase, subjects were returned to their home cage for a 5-min resting period. During the resting period, the textured

sheets used during the familiarization phase were removed and replaced with one identical ‘‘familiar’’ sheet and one ‘‘novel’’ sheet of

the alternative grit. The side with the novel texture was chosen for each animal as the less preferred side during the familiarization

period. Following the resting period, subjects were placed back into the testing chamber for a final 3-min testing period. Behavioral

video tracking and quantification was performed using Ethovision XT (Noldus Information Technology) to automatically determine

when subjects were investigating the sandpaper objects. Interaction was considered any time in which the subject’s nose point

entered a 3 cm x 9 cm zone in front of the sandpaper on either side of the chamber.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics were performed using Prism 7 software (Graphpad), and graphs were generated in Prism 7, IGOR Pro software, or

MATLAB. For analyses on imaging experiments, n refers to the number of movies unless otherwise specified; for immunohistochem-

istry 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 was indicated once in the figure legend in the first quantification panel for the particular

comparison. Frequency (Figure 1E) and duration (Figure 1F) data fromP6 5HT3aRRe videos are also shown in Figures 2C, 2D, and 4E

to facilitate comparison with P12 and thalamic events. Normality tests were first performed to determine if datasets were normally

distributed. For datasets that follow normal distribution, statistical significance was determined using either Student’s t tests (indi-

cated on graphs with asterisks, *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001; ns, p > 0.05) or ANOVA (indicated by p values

in legends as well as results). For multiple comparisons tests following ANOVA, multiplicity adjusted p values were reported (indi-

cated 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 datasets that did

not have normal distributions or were too small to merit a normality test, Mann-Whitney test or Kruskal-Wallis test followed by Dunn’s

multiple comparisons test were used. Significance was based on p values < 0.05. Means and standard errors were reported for all

results unless otherwise specified.
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