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SUMMARY

Initial anatomical and physiological studies sug-
gested that sensory information relayed from the
periphery by the thalamus is serially processed in pri-
mary sensory cortical areas. It is thought to propa-
gate from layer 4 (L4) up to L2/3 and down to L5,
which constitutes the main output of the cortex.
However, more recent experiments point toward
the existence of a direct processing of thalamic input
by L5 neurons. Therefore, the role of L2/3 neurons in
the sensory processing operated by L5 neurons is
now highly debated. Using cell type-specific and
reversible optogenetic manipulations in the somato-
sensory cortex of both anesthetized and awake
mice, we demonstrate that L2/3 pyramidal neurons
play a major role in amplifying sensory-evoked re-
sponses in L5 neurons. The amplification effect
scales with the velocity of the sensory stimulus, indi-
cating that L2/3 pyramidal neurons implement gain
control in deep-layer neurons.
INTRODUCTION

Although a striking feature of primary sensory cortical areas is

their vertical division into six layers, the role of such laminar orga-

nization in sensory processing is not fully understood (Douglas

and Martin, 2007; Harris and Shepherd, 2015). Pioneering

anatomical reconstruction of physiologically identified neurons

suggested the existence of a canonical circuit model within

which sensory information is serially processed (Gilbert and

Wiesel, 1979). In this model, sensory information is first prepro-

cessed in layer 4 (L4), which constitutes the main thalamo-recip-

ient layer. Then preprocessed signals are sent up to L2/3, which

constitute the main output of L4 excitatory neurons. After

another processing step in L2/3 recurrent networks, signals

propagate down to L5 neurons, which drive subcortical struc-

tures involved in action such as the basal ganglia, the colliculus,

and the spinal cord (Douglas and Martin, 2004).

However, many anatomical and physiological experiments re-

vealed that thalamocortical axons also innervate deep-layer neu-

rons, which challenges the serial model (Bureau et al., 2006;
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Freund et al., 1985; Humphrey et al., 1985; Wimmer et al.,

2010). More important, several in vivo studies demonstrated

that sensory-evoked responses could be elicited in L5 neurons

in the absence of L2/3 activation (Constantinople and Bruno,

2013; Huang et al., 1998; Schwark et al., 1986). Therefore, the

role of L2/3 neurons in the sensory processing operated by L5

neurons remains to be established.

L2/3 pyramidal neurons are a direct source of excitatory input

to L5 pyramidal neurons (Lefort et al., 2009; Petreanu et al.,

2007), but they also indirectly inhibit them by activating

GABAergic neurons located in either L2/3 or L5 (Adesnik and

Scanziani, 2010). As a consequence, the scale and the sign of

the modulation of L5 firing by L2/3 pyramidal neurons ultimately

depend on the interactions and balance between di-synaptic

feedforward inhibition and monosynaptic excitation, which

might be activity dependent (Pouille and Scanziani, 2004).

In the present study, we used cell type-specific and reversible

optogenetic manipulations to investigate the activity-dependent

properties of L2/3-to-L5 pathway in vitro and its contribution to

the sensory processing operated by L5 neurons in the somato-

sensory cortex of both anesthetized and awake mice.
RESULTS

ChR2-Mediated Photostimulation of L2/3 Pyramidal
Neurons
To achieve temporally precise and reversible activation of L2/3

pyramidal neurons, we introduced the light-sensitive cation

channel channelrhodopsin-2 (ChR2-Venus) (Nagel et al., 2003)

together with GFP in a region that includes the left primary so-

matosensory cortex (S1) using in utero electroporation (IUE) (Fig-

ure 1A, left) (Saito and Nakatsuji, 2001). We histologically

confirmed that the expression of the opsin was restricted to

L2/3 pyramidal neurons and their axons, with no expression in

the somata of neurons located in other layers (Figure 1A,middle).

In L4, the density and path of the axons were such that gaps in

fluorescence shaping barrels were visible (Figure 1A, middle).

As expected, 99.2% of fluorescent neurons had pyramidal

morphology (Figure 1A, right; n = 3,185 cells from four animals),

and overall, 19.48 ± 0.03% of L2/3 neurons (identified by anti-

NeuN immuno-staining) also expressed fluorescence in the

GFP emission band (Figure 1B).

To confirm that ChR2 formed functional membrane channels,

we performed whole-cell recordings from GFP-positive neurons
s 24, 2799–2807, September 11, 2018 ª 2018 The Author(s). 2799
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Figure 1. ChR2 Expression in L2/3 Pyramidal Neurons following In Utero Electroporation

(A) Left: GFP fluorescence in a whole brain of an electroporated mouse with ChR2-Venus and GFP plasmids (scale bar, 1 mm). Arrows indicate S1 (left) and

callosal projections (right). Middle: GFP/Venus fluorescence in a coronal slice through the barrel cortex of an electroporated hemisphere showing somato-

dendritic labeling in L2/3 and axonal branches in L2/3 and L5 (scale bar, 100 mm). Right: labeled L2/3 pyramidal neuron (scale bar, 15 mm).

(B) Double immunostaining for ChR2-Venus and the neuronal marker NeuN (scale bar, 50 mm).

See also Figure S1.
in slices from P21–P43 mice that had undergone IUE (n = 8 neu-

rons from seven animals; Figure S1). Neurons were held at

�70 mV in the voltage-clamp configuration in the presence of

the glutamate receptor blocker CNQX (10 mM) to avoid contam-

inations from synaptically evoked activities. Brief (5 ms) pulses of

blue (470 nm) light (5–10 mW) at different frequencies (3–70 Hz)

were applied at the surface of the slice. Such stimulations eli-

cited inward currents (> 200 pA) in all GFP-positive neurons (Fig-

ure S1C). To evaluate the efficiency of these currents at evoking

action potentials, we recorded the neurons in the current-clamp

configuration (Figure S1D). For each stimulation frequency, we

calculated the probability of evoking action potentials as a func-

tion of the pulse number in the train (Figure S1E). Photostimula-

tions reliably evoked action potentials in electroporated neurons

only up to 30Hz. Therefore, we did not use higher stimulation fre-

quencies in subsequent experiments.

Activity-Dependent Modulation of L5 Neuron Firing by
L2/3 Pyramidal Neurons
A previous study demonstrated that photo-initiated gamma

band (around 30 Hz) oscillatory activity drives both excitatory

pos-synaptic currents (EPSCs) and inhibitory post-synaptic cur-

rents (IPSCs) in L5 pyramidal neurons (Adesnik and Scanziani,

2010). However, it is possible that excitatory and inhibitory syn-

apses exhibit different short-term plasticity. Therefore, the bal-
2800 Cell Reports 24, 2799–2807, September 11, 2018
ance between excitatory and inhibitory conductances evoked

in L5 pyramidal neurons might depend on the frequency of

L2/3 activity patterns. To address this point, we performed

whole-cell recordings from morphologically identified regular

spiking L5 pyramidal neurons while initiating synchronous activ-

ities at different frequencies in L2/3 pyramidal neurons with light

stimulations (n = 19 neurons from 13 animals; Figures 2A–2C).

We first recorded the neurons in the voltage-clamp configura-

tion at the IPSC reversal potential (around �70 mV) and at the

EPSC reversal potential (0 to +10 mV) to isolate EPSCs and

IPSCs, respectively (Figure 2D). Regardless of the stimulation

frequency of L2/3 pyramidal neurons, L5 pyramidal neurons

received both excitation and inhibition (Figure 2F). Furthermore,

the excitatory and inhibitory charges increased as a function of

stimulation frequency (Pearson correlation coefficients [R] of

0.97 and �0.95 for IPSC and EPSC charges, respectively).

Both excitation and inhibition were sensitive to bath applied

CNQX (10 mM) in all tested neurons (n = 4), which indicates their

synaptic origin (Figures S2A and S2B). IPSCs followed EPSCs by

1.8 ± 0.9 ms, which is consistent with a di-synaptic nature of the

inhibition (Figure 2D, right). Indeed, photostimulation of L2/3 py-

ramidal neurons strongly activated non-pyramidal fast-spiking

neurons in L5 (Figures S2C–S2F; n = 9 neurons from six animals),

which are the most prevalent cell type among neocortical

inhibitory interneurons (Steriade, 2004). However, while the
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Figure 2. Modulation of L5 Pyramidal Neuron Firing by L2/3 Input

(A) Schema of the experimental paradigm. Whole-cell recordings were performed in L5 pyramidal neurons while photo-stimulating L2/3 pyramidal neurons.

(B) High-resolution image showing the biocytin labeling (red) of an individual L5 pyramidal neuron (scale bar, 50 mm).

(C) Regular spiking adapting firing pattern in response to a current pulse for the neuron shown in (B).

(D). Examples of EPSCs (purple traces; recorded at �70 mV) and IPSCs (orange traces; recorded at +10 mV) evoked in the neuron shown in (B) by the pho-

tostimulation of L2/3 pyramidal neurons. Right: enlargement of the first evoked currents at 10 Hz.

(legend continued on next page)
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recruitment of these neurons might underlie the evoked IPSCs in

L5 pyramidal neurons, the involvement of other classes of inhib-

itory neurons cannot be ruled out.

To address how the combination of the two types of evoked

conductances affects the neuronal spiking of L5 pyramidal neu-

rons, we performed recordings in the current-clamp configura-

tion. Membrane potentials were held close to �65mV, a level

comparable with what has been observed in vivo (Constantino-

ple and Bruno, 2011). Regardless of the stimulation frequency,

light pulses invariably induced an increase in the spiking activity

that weakly adapted for the duration of the stimulus (Figures 2E

and 2G). This result demonstrates that L2/3 pyramidal neurons

can exert a powerful excitatory influence on L5 pyramidal neu-

rons at all tested stimulation frequencies (3–30 Hz).

Arch-Mediated Photo-Suppression of Sensory-Evoked
Responses in L2/3 Pyramidal Neurons
Next, we investigated whether L2/3 input is involved in the

sensory processing operated by L5 neurons. Therefore, we

designed an approach to specifically and reversibly inactivate

L2/3 pyramidal neurons while recording sensory-evoked re-

sponses in deep-layer neurons.

To achieve fast and reversible inactivation of L2/3 pyramidal

neurons, we transfected them with the light-sensitive proton

pump archaerhodopsin (ArchT-GFP) (Han et al., 2011). In close

similarity to what we observed for the ChR2, the expression of

ArchT was restricted to L2/3 pyramidal neurons and their axons

(Figure S3A), and overall, 20.3 ± 0.07% of L2/3 neurons (identi-

fied by anti-NeuN immuno-staining) also expressed fluores-

cence in the GFP emission band (Figure S3B).

To confirm that ArchT formed functional membrane pumps,

we performed whole-cell recordings from GFP-positive neurons

in slices from P20–P22 mice that had undergone IUE (Figures

S3C and S3D). Neurons were held at membrane potentials at

which they exhibit sustained discharges (6–12 Hz), and green

(530 nm) light pulses (2–5 mW) were flashed at the surface of

the slices via an optical fiber. In all neurons (n = 8 from three an-

imals), light pulses (1 s duration at 0.1 Hz) evoked large (33.23 ±

3.78 mV), reliable, and reversible hyperpolarizations associated

with a complete suppression of the spiking activity (Figures

S3E and S3F).

Toassess theefficiencyof light pulses at suppressingL2/3sen-

sory-evoked responses, electroporatedmice were anesthetized,

and a craniotomy was performed above the ArchT-expressing

barrel cortex. Then, tetrodes were lowered to depths between

200 and 350 mm, which corresponds to L2/3 (Figure S4B), and

using filtering procedures and cluster-cutting algorithms, we

isolated single-unit spiking activities (Figures S4C–SF4).

Somatosensory stimulations were elicited by mechanically

deflecting the principal whisker (PW) in the rostrocaudal direc-
(E) Examples of evoked spiking activity for the neuron shown in (B) in response

membrane potential fluctuations evoked at the onset of a stimulation at 10 Hz. F

(F) Plots of average excitatory (purple curve) and inhibitory (orange curve) charges

of L2/3 pyramidal neurons. Error bars indicate ±SEM.

(G) Plots of the average mean firing rate evoked in L5 pyramidal neurons as a fun

indicate ±SEM.

See also Figure S2.
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tion with 1 s cosine waves at 30 Hz (Figure S4A, bottom trace).

In the control condition, these stimulations elicited sustained

increases in firing rates that were not different in terms of magni-

tude and temporal profile from those observed in unelectropo-

rated animals (Figures S4F, S4H, and S4I; p = 0.27, Wilcoxon

rank-sum test).

To activate ArchT, we used 2 s green light pulses (starting 0.5 s

before the onset of sensory stimuli), as we wanted to avoid par-

adoxical vesicle release associated with prolonged illumination

of ArchT-expressing axon terminals (Mahn et al., 2016). As illus-

trated for the example recording in Figure S4F, the magnitude of

the evoked responses was lower when sensory stimuli were

paired with light pulses.

On a unit-by-unit basis, 63% of L2/3 units exhibited a signifi-

cant reduction in sensory-evoked mean firing rate (MFR) during

the photo-suppression condition (p < 0.05, Wilcoxon rank-sum

test; n = 22 of 35 units from four animals; Figure S4G). The re-

maining units showed no significant change (p > 0.05, Wilcoxon

rank-sum test), potentially reflecting the fact that only a fraction

of L2/3 pyramidal neurons was transfected. For suppressed

units, the average reduction was 35.7 ± 3.6%, demonstrating

the effectiveness of our optogenetic approach.

L2/3 Pyramidal Neuron Activity Amplifies Sensory-
Evoked Responses in L5 Neurons
Next, we investigated the functional impact of decreasing L2/3

neuronal spiking activity on the sensory processing operated

by deep-layer neurons. As shown in Figure 3, light-induced

decrease of L2/3 activity caused a significant reduction in the

firing rate of 72% of the recorded L5 neurons during sensory

stimulation (p < 0.05, Wilcoxon rank-sum test; n = 36 of 50 units

from ten animals; Figure 3F). The remaining units showed no sig-

nificant change (p > 0.05, Wilcoxon rank-sum test). For sup-

pressed units, the magnitude of the suppression was 30.2 ±

2.2%. The suppression effect was not due to direct light-emitting

diode (LED) illumination of the retina or the cortex, as it was ab-

sent in unelectroporated animals (p < 0.05, Wilcoxon rank-sum

test; n = 27 units from four animals; Figure 3G).

Anesthesia may change the impact of L2/3 pyramidal neurons

on sensory-evoked responses in L5 neurons. To address this

issue, we optogenetically suppressed sensory-evoked activity

in L2/3 pyramidal neurons of awake head-fixed mice habituated

to run on a free-spinning circular treadmill (Video S1). In this con-

dition, 55% of L5 units exhibited a significant light-induced

decrease in firing rate during sensory stimulation (p < 0.05, Wil-

coxon rank-sum test; n = 21 of 40 units from four animals; Fig-

ure 3H). Again, the remaining units showed no significant change

(p > 0.05,Wilcoxon rank-sum test). On average, themagnitude of

the suppression was 27.4 ± 2.8%, which is slightly lower than

what we observed in anesthetized animals. However, this
to the photostimulation of L2/3 pyramidal neurons. Right: enlargement of the

or clarity, the action potential was clipped.

evoked in L5 pyramidal neurons as a function of the photostimulation frequency

ction of the photostimulation frequency of L2/3 pyramidal neurons. Error bars
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difference was not statistically significant (p > 0.37, Wilcoxon

rank-sum test). Therefore, L2/3 pyramidal neurons amplify sen-

sory-evoked responses in L5 in both anesthetized and awake

conditions.

GainControl of Sensory-EvokedResponses in L5by L2/3
Pyramidal Neurons
The recruitment of L2/3 pyramidal neurons should also modify

the relationship between the firing of L5 neurons and stimulus in-

tensity (input-output function). To address this point, we first

characterized the response of L5 units to cosine waves stimula-

tions of increasing velocity in the control condition (n = 11). As

shown for the representative example in Figure 4A, the relation-

ships between the evoked spiking activity and the velocity of the

stimulation showed saturation and were well fitted by a

sigmoidal function (Figure 4B, black curve).

When decreasing L2/3 input with light pulses, we observed

stimulus-dependent suppression in response magnitude; that

is, it became larger at increasing stimulus velocity (Figure 4B,

green curve). The transformation between the spiking activity

in control and photo-suppression conditions was better

achieved by a multiplicative scaling model (blue dashed curve)

than an additive model (yellow dashed curve), indicating a gain

change (Haider and McCormick, 2009). The fact that scaled

multiplication qualitatively better fits L2/3 modulation of input-

output relations than addition was observed for every L5 unit

and also at the level of the normalized population response

(Figure 4C).

Furthermore, across all units, we found that light pulses signif-

icantly decreased the maximal response magnitude (Rmax) of

the sigmoidal fit (p = 0.00098, paired Wilcoxon signed rank

test; Figure 4D) without affecting half-saturation stimulus velocity

(C50) (p = 0.083, paired Wilcoxon signed rank test; Figure 4E).

This result is also consistent with a gain change, such that the

amplification of sensory-evoked responses in L5 by L2/3 input

scales multiplicatively with the stimulus velocity.

DISCUSSION

Our finding might seem inconsistent with a recent study indi-

cating that pharmacological inactivation of L2/3 activity has no

impact on the magnitude of sensory-evoked responses in L5

neurons of rat barrel cortex (Constantinople and Bruno, 2013).
Figure 3. Photo-Suppression of L2/3 Pyramidal Neurons Decreases th
(A) Schema of the experimental paradigm. Recordings were made in the barrel co

electric device. Top trace: stimulus waveform, as measured with photodiodes. B

(B) Example image of a DiI track left by a recording electrode inserted into the b

(C) Band-pass-filtered (0.6–6 kHz) signals from the four wires of a tetrode. Raster

the bottom.

(D) Example of a tetrode recording in which one unit was isolated. The scatterplot r

one unit are in purple (unassigned spikes are in black). The average waveforms f

(E) Inter-spike-interval (ISI) histograms of the clustered unit showing refractory p

(F–H) Peri-stimulus time raster plots and histograms of representative L5 units to 3

pulses (middle): anesthetized (F), unelectroporated (G), and awake (H) animals. S

plots, each line corresponds to one trial, and each dot corresponds to the occurre

stimulations are paired with green light pulses in electroporated animals. Right: plo

with light pulses (PW+Arch) versus the control condition (PW) for all the recorded

See also Figures S3 and S4.
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However, it is important to note that Constantinople and Bruno

(2013) studied cortical responses to transient ramp and hold

stimulations, whereas we used sustained tactile stimuli. There-

fore, one may hypothesize that the amplification effect of sen-

sory-evoked responses in L5 by L2/3 activity described here is

not relevant for isolated transient sensory stimulations. Indeed,

recent work in the mouse visual cortex highlighted the fact

that, at least in anesthetized animals, cortical recurrent networks

contribute to sensory-evoked activities only after the first 43 ms

of the responses (Reinhold et al., 2015). Therefore, it is likely that,

in freely behaving animals, the recruitment of the translaminar

connectivity is task dependent.

How might L2/3 pyramidal neurons control the gain of L5 neu-

rons? Although various combinations of cellular mechanisms

can lead to changes in the gain of a target neuron, our in vitro

intracellular recordings indicate that the major mechanism by

which L2/3 neurons influence L5 neurons firing is through the

generation of excitatory post-synaptic potentials, irrespective

of their activity patterns (Figure 2). In the absence of sponta-

neous membrane potential fluctuations, as is the case in vitro,

the membrane depolarization produced by such excitatory

post-synaptic potentials should affect the integration of thalamic

inputs in L5 neurons by shifting the threshold of the input-output

relationship leftward along the input axis and, therefore, does not

result in a purely multiplicative scaling of the gain curve. How-

ever, in vivo, cortical neurons are constantly bombarded by syn-

aptic inputs, which induces spontaneous large membrane po-

tential fluctuations (Destexhe et al., 2003). As a consequence,

the average firing rate as a function of the membrane potential

depolarization evoked by sensory stimulations follows a po-

wer-law function (Priebe and Ferster, 2012). Modeling and

experimental studies indicate that in such a condition, a simple

depolarization of cortical neurons by a fewmillivolts and its asso-

ciated drop in input resistance, as occurs in L5 neurons following

the stimulation of L2/3 input, can induce a multiplicative gain

modulation of the responses to sensory stimuli (Cardin et al.,

2008; Murphy and Miller, 2003).

Gain modulation is a widespread neuronal operation that is

found in many brain regions (Silver, 2010). In particular, sen-

sory-evoked responses in cortex can be gain modulated by

contextual information, such as body position, expectation, or

the state of vigilance (Salinas and Thier, 2000). Although this

modulation is thought to play a major role in the performance
e Magnitude of Sensory-Evoked Responses in L5 Neurons
rtex while stimulating the principal whisker of the recorded units using a piezo-

ottom traces: cutouts of the onset and offset of the stimulus waveform.

arrel cortex. Green, Arch-GFP; red, DiI. Scale bar, 200 mm.

plots for one isolated unit (purple) and unclustered spikes (black) are shown at

epresents the energy of spikes on two channels of a tetrode. Assigned spikes to

rom each of the recording sites for the sorted unit are shown on the right.

eriods. Red line indicates 1 ms.

0 Hz whisker stimulations presented either alone (left) or paired with green light

timulations of the principal whisker (PW) start at 0 and last 1 s. For the raster

nce of an action potential. Note the decrease in the spike count when whisker

ts of the evokedmean firing rates (MFRs) when the sensory stimuli were paired

units.
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Figure 4. Gain Modulation of Sensory-Evoked Re-

sponses in L5 by L2/3 Input

(A) Peri-stimulus time raster plots illustrate the spiking

response of a representative L5 unit to repeated 30 Hz whisker

stimulations of increasing velocity. Rasters in black corre-

spond to the control condition (PW). Rasters in green corre-

spond to the condition in which sensory stimuli were paired

with green light pulses (PW+Arch).

(B) Evoked mean firing rate (MFR) as a function of stimulus

velocity for the unit shown in (A). Black curve corresponds to

the sigmoidal fit in the control condition, and green curve

corresponds to the sigmoidal fit when sensory stimuli were

paired with light pulses. Error bars indicate ±SEM. Blue

dashed curve was obtained by dividing the control curve by a

constant to match the maximal response magnitude (Rmax) of

the photo-suppression condition curve. Yellow dashed curve

was obtained by subtracting the control curve by a constant to

match the Rmax of the photo-suppression condition.

(C) Same as in (B) for the whole recorded neuronal population.

Data from all units have been normalized to themaximum firing

rate obtained under the control conditions, averaged, and

fitted. Error bars indicate ±SEM.

(D) Effects of L2/3 suppression on the Rmax. Black lines indi-

cate the evolution of Rmax for individual units (n = 11). Red

lines correspond to the mean values. Raw Rmax values are

shown on the left, and normalized values are shown on the

right. **p < 0.001.

(E) Effects of L2/3 suppression on the half-saturation stimulus

velocity (C50). Black lines indicate the evolution of C50 for in-

dividual units (n = 11). Red lines correspond to the mean

values. Raw C50 values are shown on the left, and normalized

values are shown on the right. NS, not significant.
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of subjects to discriminate between different stimuli (McAdams

and Maunsell, 1999), little is known about the circuits underlying

its implementation. Our results indicate that the canonical L2/3-

to-L5 pathway may contribute to the implementation of this

major computational operation in cortical networks. Importantly,

L2/3 activity in barrel cortex is not only driven by input from L4

but also modulated by long-range connections from other

cortical areas, such as the secondary somatosensory cortex

(S2) or primary motor cortex (M1) (Ni and Chen, 2017). Although

M1 inputs provide S1 neurons with motor context during object

localization tasks (Petreanu et al., 2012), inputs from S2 carry

choice-related information during tactile detection tasks (Yang

et al., 2016). Furthermore, L2/3 neurons are extremely sensitive

to neuromodulatory cholinergic and adrenergic inputs (Polack

et al., 2013), whose activities vary with the level of arousal (Harris

and Thiele, 2011). Therefore, L2/3 pyramidal neurons constitute

a key target for controlling the gain of cortical output according

to contextual information.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-GFP Aves Labs, Inc Cat# GFP-1020; RRID: AB_10000240

Mouse anti-NeuN antibody Millipore Cat# MAB377; RRID: AB_2298772

Alexa 488 conjugated goat anti-chicken Invitrogen Cat# A-11039; RRID: AB_2534096

Alexa-594 conjugated goat anti-mouse Invitrogen Cat# A-11032; RRID: AB_2534091

Chemicals, Peptides, and Recombinant Proteins

Fast Green Sigma-Aldrich Cat# F7258; CAS: 2353-45-9

Tris-HCl (pH 8.0) Sigma-Aldrich Cat# 07066

Isoflurane Iso-Vet Cat# 3248850; GTIN: 18904026625157

Buprenorphine (Buprecare) Axience GTIN: 03760087151893

NaCl Sigma-Aldrich Cat# S6191; CAS: 7647-14-5

KCl Sigma-Aldrich Cat# 60128; CAS: 7447-40-7

CaCl2 Sigma-Aldrich Cat# C3881; CAS: 10035-04-8

MgCl2 Sigma-Aldrich Cat# M2670; CAS: 7791-18-6

NaH2PO4 Sigma-Aldrich Cat# S5011; CAS: 7558-80-7

NaHCO3 Sigma-Aldrich Cat# 31437; CAS: 144-55-8

Glucose Sigma-Aldrich Cat# 49159; CAS: 14431-43-7

Potassium gluconate Sigma-Aldrich Cat# G4500; CAS: 299-27-4

EGTA Sigma-Aldrich Cat# E3889; CAS: 67-42-5

HEPES Sigma-Aldrich Cat# H3375; CAS: 7365-45-9

D-APV Alomone Cat# D-140; CAS: 79055-68-8

D-mannitol Sigma-Aldrich Cat# M9647; CAS: 69-65-8

Disodium ATP Sigma-Aldrich Cat# A7699; CAS: 34369-07-8

Disodium GTP Roche Cat# 10106399001; CAS: 36051-31-7

Biocytin Sigma-Aldrich Cat# B4261; CAS: 576-19-2

Bupivacaine Henry Schein Cat# 054879

Fentanyl (Sufenta) Janssen GTIN: 7680524130440

Xylazine (Rompun) Bayer GTIN: 04007221032311

Baytril Bayer GTIN: 04007221031291

Paraformaldehyde in 0.1 M phosphate buffer saline Electron Microscopy Sciences Cat# 15710; CAS: 30525-89-4

Sodium azide Sigma-Aldrich Cat# S2002; CAS: 26628-22-8

Phosphate buffer saline Sigma-Aldrich Cat# D1408

Triton X-100 Sigma-Aldrich Cat# T8787; CAS: 9002-93-1

Bovine Serum Albumin Sigma-Aldrich Cat# A2153; CAS: 9048-46-8

Streptavidin-Rhodamine-RedX Jackson ImmunoResearch Europe Cat# 016-290-084

DiI, 10% in ethanol Invitrogen Cat# V22885

CNQX Sigma-Aldrich Cat# C127; CAS: 115066-14-3

Critical Commercial Assays

QIAGEN plasmid preparation kits QIAGEN Cat# 12362

Kwik-Cast World Precision Instruments Cat# KWIK-CAST

Fluoromount medium Sigma-Aldrich Cat# F4680

Experimental Models: Organisms/Strains

C57BL/6JRj mice Janvier labs Cat# SC-C57 J-M; RRID: MGI:2670020

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pCAGGS-ChR2-Venus Petreanu et al., 2007 Addgene plasmid # 15753

pAAV-CAG-ArchT-GFP Han et al., 2011 Addgene plasmid # 29777

pCAGGS-ArchT-Venus This paper N/A

pCAG-GFP Matsuda and Cepko, 2004 Addgene plasmid # 11150

Software and Algorithms

PClamp (version 9) Molecular Devices https://www.moleculardevices.com/products/

axon-patch-clamp-system/acquisition-and-

analysis-software/pclamp-software-suite

Cheetah (version 5) Neuralynx https://neuralynx.com/software/cheetah

Igor Pro (version 6) wavemetrics https://www.wavemetrics.com

SpikeSort3D (version 2) Neuralynx https://neuralynx.com/software/spikesort-3d

ImageJ (version 1) NIH https://imagej.nih.gov/ij/download.html

Other

Quartz-insulated platinum/tungsten (90%/10%)

tetrodes

Thomas Recording Gmbh Cat# AN000259

Piezoelectric bimorph stimulator Physik Instrumente Gmbh Cat# PL122.11
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Thomas

Bessaih (Thomas.bessaih@upmc.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All data were collected fromC57BL/6JRj mice of either sex from post-natal days 20 to 43. Animals were group housed (from 2 to 5 per

cage) with ad libitum access to food and water in a 12hr light / dark cycle in a pathogen-free facility maintained at 22–24�C. All ex-
periments were conducted in accordance with the ethical guidelines of the Federation for Laboratory Animal Science Associations

(FELASA) andwith the approval of the French National Consultative Ethics Committee for health and life sciences (authorization num-

ber: 02564.02)

METHOD DETAILS

In utero electroporation
DNA constructs coding for ChR2-Venus, GFP or ArchT3.0-GFP were inserted into pCAGGS vector modified for in utero electropo-

ration. DNAs were purified and concentrated using QIAGEN plasmid preparation kits and dissolved in 10 mM Tris-HCl (pH 8.0).

L2/3 progenitor cells were transfected via in utero electroporation. Embryonic day 15.5 timed-pregnant mice were anesthetized

using an isoflurane-oxygen mixture (2 to 3% of isoflurane in O2). The uterine horns were exposed, and 1 mL of DNA solution with

0.05% of Fast Green (Sigma) was pressure injected (Picospritzer, General Valve) through a pulled glass pipette (30–40 mm tip diam-

eter) into the left lateral ventricle of each embryo. The DNA solution contained either amixture of plasmids encoding ChR2-Venus and

GFP in a 3:1molar ratio or only the plasmid encoding ArchT3.0-GFP. In both cases, final DNA concentration was set to be 2 mg/ml. The

head of each embryo was placed between tweezer electrodes (NEPA GENE), with the positive plate contacting the left side of the

head. Electroporation was achieved with five square pulses (duration 50 ms, frequency 1 Hz, 45 V). The uterus was then returned

to the abdominal cavity, and the abdominal wall and skin were sutured. Buprenorphine was given post-operatively (0.05mg/kg, twice

at 8 hr interval). Pups were born by natural delivery.

GFP fluorescence was used to screen for positive animals under a fluorescent dissecting scope 1 day after birth. Only pups

showing strong fluorescence in the GFP emission band in the somatosensory cortex at postnatal day 1 were used in subsequent

experiments.

Slice preparation
Mice (3 to 6 weeks) were anesthetized with isoflurane before decapitation. The brain was carefully removed and placed for a few

minutes into a 4-8�C bicarbonate-buffered saline (BBS) solution containing (in mM) 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2,

1.25 NaH2PO4, 26 NaHCO3 and 25 glucose (osmolarity: 305 mOsm; pH 7.3 after equilibration with 95% O2 and 5% CO2). Coronal
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slices (300 mm) were then cut using a vibratome (Leica). The slicing procedure was performed in an ice-cold solution containing (in

mM): 130 potassium gluconate, 15 KCl, 2 EGTA, 20 HEPES, 25 glucose, 1 CaCl2 and 6 MgCl2, supplemented with 0.05 D-APV (304

mOsm, pH 7.4 after equilibration). Slices were then transferred for few minutes to a solution containing (in mM): 225 D-mannitol,

2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 25 glucose, 1 CaCl2 and 6 MgCl2 (310 mOsm, 4-8�C, oxygenated with 95% O2 / 5%CO2),

and finally stored for the rest of the experimental day at 32�C in oxygenated BBS. For all recordings, slices were continuously

perfused with oxygenated BBS at 32�C.

In vitro electrophysiological recordings
Brain slices were screened for electroporated neurons using a filter set that allowed us to detect GFP fluorescence. Neurons were

visualized and patched with borosilicate pipettes (resistance 3–5 MOhm). The intracellular solution contained (in mM) 140 potassium

gluconate, 3 MgCl2, 10 HEPES, 0.2 EGTA, 4 disodium ATP, 0.3 disodium GTP and 2mg/ml of biocytin (pH 7.3; 300 mOsm). For

photo-stimulation/photo-inhibition protocols, we used either a blue (470 nm) or a green LED (530 nm; Prizmatix) to deliver light

through a 200 mm optical fiber (0.4 NA) at the surface of the slice.

Patch-clamp electrodes were connected to a Cairn Optopatch amplifier. Protocols and acquisitions were controlled by PClamp

software (Molecular Devices). The membrane currents and potentials were filtered by a 4-pole Bessel filter set at a corner frequency

of 2 kHz, digitized on-line at a sampling rate of 20 kHz.

Surgery and preparation for in vivo electrophysiological recordings in anesthetized animals
Mice (4 to 6 weeks) were anesthetized with isoflurane vaporized in a mixture of oxygen and air (5% for induction, 2% during surgery).

Body temperature wasmaintained at 37�C via a servo-controlled heating blanket and a rectal thermometer (Harvard Apparatus, Hol-

liston, MA). Bupivacaine (subcutaneous) was administered in the regions to be incised 15 min prior to the first incision. Mice were

placed in a stereotaxic apparatus and a craniotomy was made directly above the barrel cortex (�1.0 to �2.0 mm A/P, 3.0 to

4.0 mm M/L). To minimize damage during electrode penetration, the dura was resected and the exposed surface was coated

with a layer of silicon oil.

After electrodes placement, isofluranewas replaced by fentanyl (10-40 mg/kg, IP) mixedwith xylazine (4mg/kg, IP) in order tomain-

tain the animal in a sedated state. Additional doses of fentanyl (5 mg/kg) were administered every approximately 2 hours. If the animals

presented any sign of discomfort, isoflurane (0.25 to 1 %) was added to supplement this anesthesia regime.

Electrodeswere inserted into the brain perpendicular to the surface and lowered to layers 2/3 or 5 under visual guidance and based

on readings from the micromanipulator (depths: 200 to 300 mm or 550 to 700 mm for layer 2/3 and layer 5 recordings, respectively).

Surgery and preparation for in vivo electrophysiological recordings in awake animals
Survival surgeries were performed 1 week before multiple recording sessions. During these surgeries, a headpost was permanently

implanted, and a craniotomy over the barrel cortex was performed. The exposed cortex was covered with silicon oil, and the opening

resealed using Kwik-Cast (World Precision Instruments). Mice were then injected with 0.05 mg/kg of buprenorphine subcutaneously

and monitored daily. They were also given a course of antibiotics through the water supply (BAYTRIL, Bayer) to prevent infection.

Animals were allowed to recover for 2 days following implant surgery before they were trained to run on a circular treadmill (Fast-

Trac, Bio-Serv). Mice were headposted in place for increasing intervals on each successive day. Mice were trained until they ex-

hibited robust bouts of running activity during each session (5 days on average).

On the day of recording, the seal over the barrel cortex was removed, and tetrodes were lowered as described above. Mice were

allowed to run freely and transitioned between passive and active behavioral states. At the end of a recording session, the craniotomy

was flushed with saline and sealed again. On subsequent recording days, the craniotomy was flushed with saline before placing the

electrode array in a new recording site.

In vivo electrophysiological recordings
Cortical recordings of units were obtained using quartz-insulated platinum/tungsten (90%/10%) tetrodes (�1–2 MOhm, Thomas

Recording). 1 to 2 tetrodes were guided independently at 1 mm resolution through a five-channel concentric microdrive head

(Head05-cube-305-305-b, Thomas Recording Gmbh) with 305 mm inter-electrode spacing.

Raw signals were filtered (600–6000 Hz; Neuralynx recording systems), amplified (5000x), digitized at 33,657 Hz, and stored with

stimulus markers (Cheetah 5 software; Neuralynx). Waveforms crossing set thresholds (250-500 mV) were captured via the A/D card

and analyzed offline. Potential single-units were first identified using automated clustering software utilizing peak and trough feature

sets (KlustaKwik). These clusters were then examined manually for waveform shape (SpikeSort3D, Neuralynx). Upon examination of

the interspike intervals, multi-units clusters were discarded.

For photo-inhibition protocols, we delivered green (530 nm) light pulses through a 1mmdiameter optical fiber (0.4 NA) coupled to a

LED (Prizmatix). The tip of the optical fiber was positioned 2 to 4 mm above the exposed surface.

Before recording, whiskers were trimmed to approximately 6-7 mm. Individual whiskers were mechanically deflected using a

ceramic piezoelectric bimorph stimulator (Physik Instrumente Gmbh). For each recording, a glass capillary glued to the end of the

stimulator was positioned so that a single whisker rested snugly inside it. The tip of the capillary was positioned approximately

4 to 5 mm from the skin. The whisker was mechanically deflected in the rostrocaudal direction (250 mm) by applying cosine waves
e3 Cell Reports 24, 2799–2807.e1–e4, September 11, 2018



(30 Hz) of 1 s duration to the stimulator. Stimuli were delivered at a rate of 0.2 Hz. The identity of the principal whisker was determined

for each animal based on the cortical multi-unit activities. The whisker that evoked the response with the shortest onset latency and

the largest number of action potentials was considered to be the principal whisker (PW). Depending on the recording session, we

applied 30 to 60 trials per stimulus condition. Single units were included in the analysis if their responses were > 1 Hz and had short

onset latency (< 25 ms).

Histology
Mice (3 to 6weeks) were deeply anesthetized, decapitated and the brain was removed. Brains were post-fixed for 2 to 3 dayswith 4%

paraformaldehyde in 0.1M phosphate buffer saline (PBS). Then, 60 mMcoronal sections were cut with a vibratome (Microm) and kept

in PBS solution containing 0.02% of sodium azide.

Sections were washed three times in phosphate buffer saline 0.1 M (PBS) and incubated with 0.2% Triton X-100 and 3% Bovine

Serum Albumin (BSA) for 1 hour at room temperature. Then, chicken anti-GFP primary antibody was incubated overnight at room

temperature (1:500; Aves Labs, Inc). To determine the fraction of electroporated cells, sections were also stained with mouse

anti-NeuN antibody (1:500, Millipore).

Sections were then washed another three times in PBS and incubated for 2 hours at room temperature with Alexa 488 conjugated

goat anti-chicken secondary antibody (1:500, Invitrogen) either alone or with Alexa-594 conjugated goat anti-mouse secondary anti-

body (1: 500, Invitrogen).

For the revelation of biocytin-filled neurons, slices were fixed in 4% paraformaldehyde in PBS (0.1 M), overnight at 4�C, directly
after in vitro recordings. They were kept in PBS with 0.02% azide to preserve them until immunostaining. Streptavidin-Rhoda-

mine-RedX (1:1000) was added during incubation with goat anti-chicken secondary antibody.

Sections were rinsed 3 times in PBS and mounted in Fluoromount medium. Images were obtained using confocal microscopy

(Leica TCS SP5).

In some of the in vivo electrophysiological recordings, before insertion, the rear of the tetrodes was painted with fluorescent

1,1’-dioctadecyl- 3,3,30,30-tetramethyl indocarbocyanine perchlorate (DiI, 10% in ethanol, Invitrogen). As this dye is a lipophilic

neuronal tracer, it allowed assessment of the recording depth. Immediately after euthanasia, the brain was removed, and 300 to

400 mm-thick coronal sections of the barrel cortex were cut with a vibratom in cold PBS. Sections were thenmounted in Fluoromount

medium.

QUANTIFICATION AND STATISTICAL ANALYSIS

Igor Pro software v6 (wavemetrics) was used for the quantification of all the recordings and the statistical analysis. To avoid making

assumptions about the distribution of the data, non-parametric statistics were used. Therefore, between conditions comparison was

based on aWilcoxon rank-sum test (Mann-Whitney U test) for unpaired data orWilcoxon signed-rank test for paired data. Differences

were considered significant if the P value was lower than 0.05. Exact P values of the statistical tests, the number of units and animals

can be found in the results sections. All error bars correspond to SEM. All the collected data were included for the quantification and

the statistical analysis.
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Figure S1. Photostimulation of ChR2-positive neocortical L2/3 pyramidal 
neurons. Related to Figure 1. 

 A. High-resolution image showing the biocytin labeling (orange) of an individual L2/3 GFP-positive 
pyramidal neuron. Scale bar: 50 µm.
B. Regular spiking adapting firing pattern in response to a current pulse for the neuron shown in A. 
C. Whole-cell voltage-clamp recording from the neuron shown in A. Light pulses (5ms duration) are 
indicated by blue ticks. 
D. Whole-cell current-clamp recording of the neuron shown in A, revealing its spiking activity in 
response to the light pulses.
E. Average firing probability in response to light pulses of different frequencies as a function of the 
pulse number for the population of recorded GFP-positive L2/3 neurons (n=8). Pulse numbers are on 
the x-axis; stimulation frequency is on the y-axis. Firing probability is color-coded on a linear scale. 
Photo-stimulations at 3, 5 and 8 Hz were delivered during 2 sec. Photo-stimulations at higher fre-
quencies were delivered during 1 sec.
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Figure S2. Synaptic origin of evoked currents in L5 by photo-stimulation of L2/3 
pyramidal neurons. Related to Figure 2.

A. High-resolution image showing the biocytin labeling (red) of an individual L5 pyramidal neuron. 
Scale bar: 50 µm.
B. Examples of EPSCs (purple traces) and IPSCs (orange traces) evoked in the neuron shown in A 
by the photostimulation of L2/3 pyramidal neurons at 10 Hz. Note their abolition by the bath applied 
CNQX (10 µM).
C. High-resolution image showing the biocytin labeling (red) of an individual L5 non-pyramidal neu-
ron. The arrow on the left image points toward the biocytin filled neuron. Right image represents an 
enlargement of the left one. Scale bars: 50 µm.
D. Fast-spiking non-adapting firing pattern in response to a current pulse for the neuron shown in C. 
E. Examples of evoked spiking activity in the neuron shown in C in response to the photostimulation 
of L2/3 pyramidal neurons.
F. Mean firing rates evoked in L5 fast-spiking neurons as a function of the photostimulation fre-
quency of L2/3 pyramidal neurons. Grey curves correspond to the evoked firing rates in individual 
neurons, and the black curve corresponds to the average (n=9 neurons). Error bars correspond to +/- 
SEM.
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Figure S3. Photo-inhibition of Arch-positive neocortical L2/3 pyramidal neurons. 
Related to Figure 3. 

A. Left panel: GFP fluorescence in a whole-brain of an electroporated mouse with ArchT-GFP plas-
mid (scale bar: 1 mm). Arrows indicate S1 (left) and callosal projections (right). Middle panel: GFP 
fluorescence in a coronal slice through the barrel cortex of an electroporated hemisphere showing 
somatodendritic labeling in L2/3 and axonal branches in L2/3 and L5 (scale bar: 100 µm). Right 
panel: labeled L2/3 pyramidal neuron (scale bar: 15 µm). 
B. Double immunostaining for ArchT-GFP and the neuronal marker NeuN. 
C. High-resolution image showing the biocytin labeling (orange) of an individual L2/3 GFP-positive 
pyramidal neuron. Scale bar: 50 µm.
D. Regular spiking adapting firing pattern in response to a current pulse for the neuron shown in C. 
E. Overlay of membrane potential fluctuations in response to 1-sec green light pulses when the neu-
ron shown in C was held at depolarized membrane potentials (10 trials). Horizontal bar indicates light 
pulses presentation.
F. Firing rates: before, during and after 1-sec green light pulses for each of the recorded GFP-positive 
neurons (n=8). Each neuron was held at depolarized membrane potentials before the occurrence of 
the light pulses. 
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Figure S4. Photo-suppression of sensory-evoked spiking activity in L2/3. Related 
to Figure 3. 

A. Schema of the experimental paradigm. Recordings were made in the barrel cortex while stimula-
ting the principal whisker of the recorded units using a piezo-electric device. Top trace represents the 
stimulus waveform, as measured with photodiodes. Bottom traces represent cutouts of the onset and 
offset of the stimulus waveform.
B. Example image of a DiI track left by a recording electrode inserted into the barrel cortex. Green: 
Arch-GFP, red: DiI. Scale bar: 200 µm.
C. Band-pass filtered (0.6–6 kHz) signal from the four wires of a tetrode. Raster plots for one isolated 
unit (purple) and unclustered spikes (black) are shown at the bottom.
D. Example of a tetrode recording where one unit was isolated. The scatter plots represent the peak 
amplitudes of spikes on two channels of a tetrode. Assigned spike to one unit are in purple (unassig-
ned spikes are in black). The average waveforms from each of the recording sites for the sorted unit 
are shown in the right panel.
E. Inter-spike-intervals histograms (ISI) of the clustered unit showing refractory periods. Red line 
indicates 1 msec ISI.
F. Peri-stimulus time raster plots and histograms of a representative L2/3 unit to 30 Hz whisker stimu-
lations presented either alone (left panel) or paired with green light pulses (middle panel). Stimula-
tions of the principal whisker (PW) start at 0 and last 1 sec. For the raster plots, each line corresponds 
to one trial and each dot corresponds to the occurrence of an action potential. Note the decrease in the 
spike count when whisker stimulations are paired with green light pulses.
G. Plot of the evoked mean firing rates (MFR) when sensory stimuli were paired with light pulses 
(PW+Arch) versus control conditions (PW) for all the recorded units.
H. Peri-stimulus raster plots and histograms of a representative L2/3 unit to 30 Hz whisker stimula-
tions from an unelectroporated animal. Stimulations of the principal whisker (PW) start at 0 and last 1 
sec. 
I. Scatter plots of the mean firing rates evoked by the stimulation of the principal whisker for the 
population of recorded single-units from unelectroporated animals (Cont) and electroporated animals 
(Arch). Horizontal red bars indicate the median values of each distribution.
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