
Article
A latent pool of neurons si
lenced by sensory-evoked
inhibition can be recruited to enhance perception
Graphical abstract
Highlights
d All-optical interrogation of barrel cortex during bilateral

whisker discrimination

d Sparse coding of contralateral and ipsilateral whisker

information

d Selective sensory-evoked inhibition helps ensure sparse

coding

d Optogenetic recruitment of stimulus non-coding neurons can

aid perception
Gauld et al., 2024, Neuron 112, 2386–2403
July 17, 2024 ª 2024 The Author(s). Published by Elsevier Inc.
https://doi.org/10.1016/j.neuron.2024.04.015
Authors

Oliver M. Gauld, Adam M. Packer,

Lloyd E. Russell, ..., Arnd Roth,

Beverley A. Clark, Michael H€ausser

Correspondence
o.gauld@ucl.ac.uk (O.M.G.),
m.hausser@ucl.ac.uk (M.H.)

In brief

Gauld et al. use all-optical interrogation to

probe sparse coding in the barrel cortex.

They find that targeted photostimulation

of task-silent neurons evokes perceptual

choice bias and that these neurons are

selectively suppressed by inhibition

during whisker processing. Their findings

show that silent neurons can be recruited

to enhance behavior.
ll

mailto:o.gauld@ucl.ac.�uk
mailto:m.hausser@ucl.ac.�uk
https://doi.org/10.1016/j.neuron.2024.04.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuron.2024.04.015&domain=pdf


OPEN ACCESS

ll
Article

A latent pool of neurons silenced by sensory-evoked
inhibition can be recruited to enhance perception
Oliver M. Gauld,1,2,* Adam M. Packer,1,3 Lloyd E. Russell,1 Henry W.P. Dalgleish,1 Maya Iuga,1 Francisco Sacadura,1

Arnd Roth,1 Beverley A. Clark,1 and Michael H€ausser1,4,*
1Wolfson Institute for Biomedical Research, University College London, London WC1E 6BT, UK
2Sainsbury Wellcome Centre, University College London, London W1T 4JG, UK
3Department of Physiology, Anatomy and Genetics, University of Oxford, Oxford OX1 3PT, UK
4Lead contact

*Correspondence: o.gauld@ucl.ac.uk (O.M.G.), m.hausser@ucl.ac.uk (M.H.)

https://doi.org/10.1016/j.neuron.2024.04.015
SUMMARY
To investigate which activity patterns in sensory cortex are relevant for perceptual decision-making, we com-
bined two-photon calcium imaging and targeted two-photon optogenetics to interrogate barrel cortex activ-
ity during perceptual discrimination. We trained mice to discriminate bilateral whisker deflections and report
decisions by licking left or right. Two-photon calcium imaging revealed sparse coding of contralateral and
ipsilateral whisker input in layer 2/3, with most neurons remaining silent during the task. Activating pyramidal
neurons using two-photon holographic photostimulation evoked a perceptual bias that scaled with the num-
ber of neurons photostimulated. This effect was dominated by optogenetic activation of non-coding neurons,
which did not show sensory or motor-related activity during task performance. Photostimulation also re-
vealed potent recruitment of cortical inhibition during sensory processing, which strongly and preferentially
suppressed non-coding neurons. Our results suggest that a pool of non-coding neurons, selectively sup-
pressed by network inhibition during sensory processing, can be recruited to enhance perception.
INTRODUCTION

Understanding how sensory inputs are transformed into percep-

tual outputs requires functional dissection of cortical circuits

during behavior.1,2 Neural circuits in the superficial layers of the

sensory cortex are largely composed of excitatory neurons that

show heterogenous stimulus tuning,3 structured patterns of con-

nectivity,4–8 and lowspike rates.9GABAergic interneurons,which

are densely connected with local excitatory neurons10,11 and

havehighbaseline firing rates12 andbroad receptive fields,13 pro-

vide inhibition that patterns spatiotemporal excitation.14–18

Accordingly, sensory processing in the superficial cortex is typi-

cally dominated by subsets of highly tuned neurons,19–21 with

most excitatory neurons remaining ‘‘silent’’ during behavior.22,23

The observation that few neurons are engaged during sensory

processing and that their activity correlates with perceptual

decisions24–27 suggests the cortex uses a sparse neural code

to generate stimulus percepts.25,28,29 Sparse coding is an effi-

cient mechanism for encoding information,30–32 and has been

observed experimentally across a range of neural systems.33,34

In causal support of the sparse coding hypothesis, experimental

stimulation of small groups of cortical neurons, and even single

neurons, can elicit perceptual responses.26,35–41 Moreover,

functionally targeted microstimulation can also influence deci-

sions in favor of the tuning of the manipulated neurons.42–46
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As these findings indicate that perception is driven by small

stimulus-tuned ‘‘ensembles,’’ the functional significance of the

large proportion of non-responsive neurons in the sensory cortex

has remained enigmatic.23,47,48 Neurons may appear silent if

they have selective receptive fields that are not explored by stan-

dard experimental sensory stimulation paradigms.33 Alterna-

tively, non-responsive neurons may be reserved for implement-

ing circuit plasticity.22,49 Understanding why so few neurons

respond strongly to sensory stimuli and how such sparse activity

can drive reliable sensorimotor behavior is fundamental for un-

derstanding cortical circuit function.21,50–52

Here, we used simultaneous two-photon (2P) calcium imag-

ing and holographic 2P photostimulation (PS)53–56 to interro-

gate sparse coding in the barrel cortex while head-fixed

mice performed a bilateral whisker discrimination task. We

opted to probe barrel cortex under bilateral sensory condi-

tions as bilateral processing is an ethological aspect of tactile

sensation for subterranean rodents.57–60 Moreover, perturbing

barrel cortex impairs bilateral whisker tasks,57,59,61 suggesting

that bilateral somatosensation is barrel cortex-dependent. By

characterizing the circuit response to paired whisker stimula-

tion and patterned 2P PS, we provide new insights into the

mechanistic basis of sparse coding and show that intrahemi-

spheric perceptual signals can be enhanced by releasing

‘‘non-coding’’ L2/3 neurons from inhibition, consistent with
blished by Elsevier Inc.
eativecommons.org/licenses/by/4.0/).
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Figure 1. A whisker-guided task for graded

bilateral intensity discrimination

(A) Whisker discrimination task setup. The inset

shows an image of cortex through a 3 mm cranial

window implanted over S1.

(B) Schematic of trial structure and trial outcome.

(C) ‘‘Cross-fading’’ bilateral whisker deflection stim-

ulus design.

(D) Overview of symmetric (green) and asymmetric

(orange) stimulus-reward contingencies.

(E) Example session performance from a symmet-

ric-trained mouse (left) and an asymmetric-trained

mouse (right). Trials were delivered in a randomized

order but were sorted along the y axis according to

stimulus difference as in (C). Each row corresponds

to a trial, and eachmarker corresponds to a lick. The

first lick is colored red/blue for contra/ipsi choice.

The inset shows the session psychometric curve.

(F) Average psychometric performance for sym-

metric (green; n = 31mice) and asymmetric (orange;

n = 30 mice) trained mice. The left and right plots

show spatial choice and perceptual choice ten-

dency, respectively.

(G) Average performance during matrix stimulus sessions. Left: average P(Report contra whisker) is shown across trial types with each square in the 5 3 5 grid

representing a different combination of contra and ipsi input. Middle: behavioral data are replotted such that each row in the left behavioral matrix (corresponding

to a different ipsi stimulus level) is now shown as a psychometric curve. Right: average miss rate is shown across stimuli. Group data in Figure 1 are shown as the

mean across mice, with error bars representing SEM.
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work implicating silent cortical neurons in sensorimotor

plasticity.22,49

RESULTS

A bilateral discrimination task for probing whisker
perception
To probe the relationship between barrel cortex activity and

stimulus perception, we developed a whisker discrimination

task for head-fixed mice. First, we co-expressed the calcium in-

dicator GCaMP6s and excitatory opsin C1V1 in barrel cortex

neurons using a viral expression strategy (Figures S1A and

S1B). During the task, the contralateral and ipsilateral C2 whis-

kers were simultaneously deflected, and mice discriminated

the larger amplitude side and reported their choice with direc-

tional licking (Figures 1A–1C). We counterbalanced the stim-

ulus-response contingency across mice (Figure 1D). Mice

trained on the symmetric contingency learned a congruent

spatial mapping between the stronger stimulus side and the

target ‘‘lick’’ response (e.g., stim left / lick left), while mice

trained on the asymmetric contingency learned the inverse

rule (e.g., stim left / lick right). Mice learned the task structure

through training on unilateral trials (Figures S2A and S2B). Per-

formancewas comparable across sides (Figure S2C) and contin-

gencies (Figure S2D), although reaction times (RTs) were faster

for symmetric-trained mice (Figure S2E). When using weaker

stimuli, miss rate and RT increased (Figures S2F and S2G),

andwhisker-trimming abolished stimulus detection (Figure S2H).

Unilateral muscimol infusion in barrel cortex selectively impaired

contralateral trials (Figure S2I), indicating that performance re-

quires both whisker input and barrel cortex.

Discrimination training yielded high-quality psychometric

curves with large numbers of trials per session (309.1 ± 93.7 tri-
als; mean ± SD; Figure 1E). Average psychometric curves from

symmetric and asymmetric-trained cohorts of mice were in-

verted when we quantified spatial choice tendency as a function

of stimulus difference (Figure 1F left), but comparable when we

quantified the tendency mice would report the contralateral

whisker stimulus (Figure 1F right). As the comparison between

contingencies was not the primary focus of our study, we pooled

data across contingencies unless otherwise stated. We trained

some mice on an extended stimulus set comprising a larger

combination of trial types (5 3 5 stimulus ‘‘matrix’’; n = 83 ses-

sions in 21 mice). Performance during these sessions demon-

strates that mice solve the task by integrating stimuli bilaterally

(Figure 1G). We also probed the temporal limits of bilateral

discrimination (Figure S3A; n = 58 sessions in 25mice). Temporal

intervals led to strong choice biases that aligned with the leading

stimulus side and saturated at 100 ms (Figures S3B and S3C).

Temporal sensitivity appeared stronger in symmetric-trained

mice (Figure S3D) and correlated with average RTs on whisker

trials (Figure S3E). Together, our results demonstrate that the

whisker system supports fine-scale discrimination of bilateral

tactile input and that barrel cortex can generate stable sensory

percepts within 100 ms of stimulus input to guide behavior.

Bulk optogenetic activation of the barrel cortex evokes a
contralateral percept
Following learning, we photostimulated C1V1-expressing pyra-

midal neurons using an LED and measured whether a single op-

togenetic stimulus could ‘‘fool’’ mice into reporting a contralat-

eral whisker deflection (Figure 2A). We calculated a ‘‘fooling

index’’ as the difference in probability that optogenetic stimula-

tion would evoke a contralateral vs. an ipsilateral whisker choice.

Optogenetic stimulation of barrel cortex evoked illusory percep-

tual responses that increased with stimulation power (fooling
Neuron 112, 2386–2403, July 17, 2024 2387
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Figure 2. Optogenetic manipulation of barrel

cortex during task performance

(A)Optogenetic ‘‘substitution’’ experiment schematic.

(B) Perceptual fooling index on optogenetic stimu-

lation trials.

(C) Correlation between average reaction times on

optogenetic stimulation trials (mean across 30 and

50 mW trials) and whisker trials. Each data point

shows an individual session.

(D) Schematic of photostimulation (red) and pho-

toinhibition (blue) perceptual biasing experiments.

(E) Optogenetic stimuli were paired with the bilateral

whisker threshold stimulus (TS).

(F) Behavioral performance during photostimulation

biasing experiments.

(G) Behavioral performance during photoinhibition

biasing experiments.

(H) Miss rate is shown across trial types during

photostimulation (red) and photoinhibition (blue)

experiments.

(I) Optogenetic biasing of TS trial reaction time for

photostimulation (left) and photoinhibition (right)

experiments. The mean difference in RT on trials

where mice reported the contralateral whisker

choice vs. the ipsilateral whisker choice is shown as

red and blue bars, respectively. Data in Figure 2

show the average across sessions as circular

markers and SEM (shaded error bars). Data from

individual sessions are shown as thin gray lines. All

statistical tests were two-tailed Wilcoxon signed-

rank tests * p < 0.05; ** p < 0.01; *** p < 0.001.
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index: 0 mW = 0.02 ± 0.04; 10 mW = 0.11 ± 0.16; * p = 0.047;

30 mW = 0.23 ± 0.2; ** p = 0.002; 50 mW = 0.21 ± 0.17; *** p =

6.1 3 10�5; n = 16 sessions in 12 mice; Figure 2B). Optogenetic

stimulation evoked contralateral licking in symmetric-trained

mice but ipsilateral licking in asymmetric-trained mice (Fig-

ure S4A). Mean RT on whisker and LED trials were highly corre-

lated (Pearson’s correlation (r) = 0.82, *** p = 0.0002; Figure 2C),

with faster LED-evoked RT measured in symmetric-trained mice

(Figure S4B). LED-triggered licking was absent in control mice

(Figure S4C). Our results therefore confirm that large-scale opto-

genetic activation of barrel cortex is sufficient to evoke contralat-

eral whisker perception and initiate a goal-directed ‘‘action’’ spe-

cific to the learned sensorimotor context.26,40

Bidirectional optogenetic biasing of whisker choice
Next, we assessed whether optogenetically manipulating barrel

cortex biased perceptual choice at the whisker discrimination

threshold (Figure 2D). We first performed PS experiments using

a low LED power estimated to have negligible de novo percep-

tual saliency (1 mW; Figure S4D). At the start of each experiment,

we calibrated thewhisker threshold stimulus (TS; Figure 2E). LED

stimulation biased psychophysical reports on TS trials toward

the contralateral whisker (DP[Report contra whisker] = 0.17 ±

0.13; *** p = 1.1 3 10�4; Wilcoxon signed-rank test; n = 21 ses-

sions in 19 mice; Figure 2F), increasing contralateral lickport

choices in symmetric-trained mice while increasing ipsilateral
2388 Neuron 112, 2386–2403, July 17, 2024
lickport choices in asymmetric-trainedmice (Figure S4E). The ef-

fect was strongest when LED stimulation was delivered with a

short delay relative to the TS (Figure S4F), which could reflect

greater temporal coincidence between optogenetic and sen-

sory-driven activity in cortex due to the short sensory signaling

latency.

We then examined the effect of suppressing barrel cortex

activity on choice tendency. We silenced barrel cortex by opto-

genetically activating (PV) interneurons expressing C1V1. Stimu-

lation of PV interneurons simultaneously with TS input biased

choice toward the ipsilateral whisker (DP[Report contra

whisker] = �0.2 ± 0.11; *** p = 2.7 3 10�5; Wilcoxon signed-

rank test; n = 23 sessions in 4 mice; Figure 2G). This effect

decreased as a function of photoinhibition latency and was ab-

sent 100ms after the TS (Figure S4G). During both PS and photo-

inhibition experiments, LED presentation did not change miss

rate on TS trials (PS TS vs. TS+LED DP[Miss] = �0.034 ± 0.13,

n.s. p = 0.64; photoinhibition DP[Miss] = 0.05 ± 0.13, n.s.

p = 0.09) and did not evoke reliable licking responses when pre-

sented alone (P[Miss] on LED trials; PS = 0.94 ± 0.06; photoinhi-

bition = 0.93 ± 0.08; Figure 2H).

Optogenetic manipulations also influenced RT (Figure 2I). PS of

excitatory neuronsdecreasedRT for contralateralwhisker choices

(DRT contra whisker choice = �26.4 ± 36.6 ms; ** p = 0.004; Wil-

coxon signed-rank test), while also tending to increase RT for ipsi-

lateral whisker choices (DRT ipsi whisker choice = 30.3 ± 72.1 ms;
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n.s.p=0.08; Figure 2I left). Photoinhibition of barrel cortex via acti-

vation of PV interneurons resulted in the inverse effect, increasing

RT for contralateral whisker choices (DRT contra whisker choice =

42.3 ± 85.2 ms; * p = 0.02) while decreasing RT for ipsilateral

whisker choices (DRT ipsi whisker choice = �33.6 ± 45.7 ms; **

p = 0.004; Figure 2I right). RT effects also decreased as a function

of LED onset latency (Figure S4H). Together, our experiments

show that unilateral PS and photoinhibition exert inverse and

timing-dependent biases in perceptual decisions and perceptual

speed within 100 ms from whisker deflection onset, indicating

that barrel cortex plays a causal, but transient, role in perceptual

processing during task performance.

2P imaging of the barrel cortex during delayed
discrimination
To characterize task-related neural activity, we used 2P calcium

imaging to record from GCaMP6s-expressing L2/3 neurons. As

our initial experiments indicated that mice execute rapid deci-

sions following whisker input, we developed a delayed-response

version of the task to separate ‘‘sensation’’ and ‘‘action’’ epochs.

To circumvent the requirement to trim the surrounding whiskers,

we changed the stimulus effector from a glass capillary to a

‘‘paddle,’’ which engagedmultiple whiskers simultaneously (Fig-

ure 3A) and should also drive a larger stimulus-responsive

neuronal population. To further increase stimulus saliency to

aid performance in this more demanding task, the whiskers

were deflected using sinusoidal waveforms that were fixed in fre-

quency (20 Hz) but varied in amplitude bilaterally across trials.

Thus, mice solved the task by discriminating deflection ampli-

tude bilaterally, analogous to the single-whisker task (Figure 1).

Following stimulus presentation (500 ms), mice withheld licking

across a 1 s delay until cued to respond with an auditory cue.

A motorized lickport was then translated into position to initiate

the response window (Figure 3B).

We trained two groups of naı̈ve mice on the symmetric and

asymmetric version of this delayed-response task (Figures

S5A–S5F). Moving the stimulus paddles out of reach of the whis-

kers reduced performance to chance (Figure S5G), confirming

that mice do not use audio-visual cues to solve the task.

Following learning, mice were trained on the 5 3 5 matrix

stimulus set (Figure S5H). Discrimination performance was com-

parable to the cohort of mice trained on the non-delay task (Fig-

ure 1G), indicating that the underlying perceptual discrimination

task is similar between the single-whisker non-delay and multi-

whisker delay tasks. We then imaged L2/3 during task perfor-

mance (Figure 3C) while using simultaneous videography to

quantify task-evoked movement and licking (Figure S6; STAR

Methods). The 2P imaging field-of-view (FOV) was targeted to

the stimulus paddle-responsive region of barrel cortex based

on widefield fluorescence maps (Figures S1C and S1D). As we

did not find clear differences in neural responses across sym-

metric and asymmetric-trained mice (Figure S7), we pooled

both datasets unless otherwise stated.

Sparse coding of whisker information in L2/3
To isolate sensory-evoked signals prior to licking, we analyzed

stimulus-evoked fluorescence (DF/F) responses during the delay

epoch (Figure 3B green shading; 500–1,000 ms post-stimulus).
We first assessed whether neurons showed a preference for

contra vs. ipsi unilateral input by using receiver operating charac-

teristic (ROC) analysis to compute stimulus selectivity (area under

the curve; AUC). This revealed a broad distribution of selectivity

across the L2/3 population, with some neurons preferring contra

trials (red neurons in Figure 3D; neurons 1 and 2 in Figure 3E), and

others preferring ipsi trials (blue neurons in Figure 3D; neurons 3

and 4 in Figure 3E). Surprisingly, a comparable proportion of neu-

rons were significantly selective for contra (fraction of all cells:

0.14 ± 0.05 (SD); mean selectivity AUC 0.72 ± 0.04) and ipsi (frac-

tion of all cells: 0.14 ± 0.07; mean selectivity AUC 0.31 ± 0.04)

whisker stimulation (Figures 3F and S7A). We refer to neurons

with significant selectivity as ‘‘stimulus-coding’’ and groups of

stimulus-coding neurons in the FOV as ensembles.

Increases in stimulus information in stimulus-coding ensem-

bles were time-locked to stimulus onset (Figures 3G and S8A),

and stimulus selectivity was similar irrespective of trial outcome

(Figure S8B). Outside of the stimulus presentation window,

quantification of whisking did not predict contra vs. ipsi whisker

stimulation (Figure S8D bottom), suggesting that active orofacial

movements are similar across trial types. Unilateral response

amplitude was larger in contra-coding ensembles (preferred-

stimulus response (DF/F): contra-coding ensembles = 0.18 ±

0.11; ipsi-coding ensembles = 0.12 ± 0.06; ** p = 0.003;Wilcoxon

signed-rank test; 52 sessions), consistent with an intrahemi-

spheric bias for contralateral input. Across bilateral trials, re-

sponses in stimulus-coding ensembles increased as a function

of preferred-stimulus intensity (Figures 3G and S7C). Most neu-

rons did not have a statistically significant stimulus preference

(fraction of all cells: 0.72 ± 0.09; 183 ± 37.9 cells per FOV;

mean AUC 0.5 ± 0.02; Figures 3H and S7B) and did not show reli-

able responses on average across the stimulus set (Figure 3I).

We refer to these neurons as non-coding; however, they could

code for variables not explored in the task. Our results therefore

indicate that only a sparse subset of L2/3 neurons provide reli-

able stimulus-coding during task performance.

L2/3 neurons do not predict categorical choice
During imaging sessions, we also included TS trials. As contra-

coding ensembles showed stronger responses on bilateral trials,

we assessed if contra-coding ensembles predicted choices on

TS trials. Average activity patterns were similar on TS trials where

mice reported different perceptual choices (Figure 3J top) and

different spatial choices (Figure 3J bottom). To quantify this

further, we calculated choice probability24 (CP). CP within stim-

ulus-coding and non-coding ensembles remained at chance

across the trial (Figure 3K top and S8E), with no clear correlation

between stimulus selectivity and CP across the L2/3 population

(Figure S8C top). We also did not find clear evidence of neuronal

choice-coding in either symmetric or asymmetric-trained cohorts

of mice (Figures S7A and S7D) and did not detect statistically sig-

nificant choice neurons above the expected false positive rate

(5%; Figure S8E). We then calculated a complementary metric

we refer to as action probability (AP), with AP scores > 0.5 predict-

ing contralateral lickport choices. Average AP scores also re-

mained at chance (Figures 3K bottom and S8C bottom). We

also did not detect significant spatial choice-predictive neurons

above chance (Figure S8F).
Neuron 112, 2386–2403, July 17, 2024 2389
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Figure 3. Characterization of task-evoked activity using two-photon calcium imaging

(A) Schematic of the delayed-response discrimination task.

(B) Delay-task trial structure. The green shading denotes the window used to analyze neural activity.

(C) Average psychometric performance during imaging sessions for symmetric (green) and asymmetric (orange) trained mice.

(D) Regions of interest (ROIs) corresponding to neuronal somata in an example FOV colored by stimulus selectivity.

(E) Heat-maps showing sorted single-trial fluorescence responses on unilateral contra (red) and ipsi (blue) whisker trials for 4 example neurons numbered in (D).

(F) Quantification of the mean fraction of significant contra-coding (red) and ipsi-coding (blue) neurons per FOV.

(G) Average trial-evoked fluorescence traces for contra-coding neuron ensembles (red) and ipsi-coding neuronal ensembles (blue) across stimulus trial types

in (C).

(H) Histogram showing the average distribution of stimulus-selectivity scores for contra-coding (red), ipsi-coding (blue), and stimulus-non-coding (gray) neurons.

(I) Evoked response amplitude across trial types shown as a function of stimulus selectivity. Colors correspond to different trial types as in (C) and (G).

(J) Average fluorescence traces in contra-coding ensembles on TS trials split by perceptual choice (top) and spatial choice (bottom).

(K) Average choice probability (CP; top) and action probability (AP; bottom) scores in contra (red), ipsi (blue), and non-coding (gray) ensembles across the trial.

Data in Figure 3 are from 52 sessions across 13 mice (30 sessions in 7 symmetric-trained mice; 4.3 ± 2.0 (mean ± SD) sessions per mouse, and 22 sessions in 6

asymmetric-trainedmice; 3.7 ± 1.8 (mean ± SD) sessions per mouse). Neural ensemble data were first averaged within session and then presented as themean ±

SEM across sessions.
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However, a small proportion of neurons predicted if mice

would report a decision vs. miss the trial (proportion of neurons:

0.07 ± 0.04 (mean ± SD); Figure S8G left). We summarized ‘‘lick’’

vs. ‘‘no lick’’ discrimination by calculating detect probability62

(DP). DP was significantly above chance in stimulus-coding en-

sembles (DP: contra-coding ensembles; 0.53 ± 0.11; ** p =
2390 Neuron 112, 2386–2403, July 17, 2024
0.002; ipsi-coding ensembles 0.52 ± 0.1; ** p = 0.009) but not

in non-coding ensembles (DP in non-coding ensembles; 0.5 ±

0.09; n.s. p = 0.32). However, performing the same ROC analysis

on videography-extracted movement traces revealed that lick

trials could also be predicted from increases in whisking (Fig-

ure S8G bottom). Thus, it is possible that neural DP signals are



100 μm

SLM

Obj

Two target 
groups

Targeted photostim (PS)

+100

1

P(
R

ep
or

t c
on

tra
 

w
hi

sk
er

)

0
0
-100

Whisker threshold 
stimulus (TS) 

Contra - Ipsi (%)
0.

1 
∆F

/F

1 s

Laser on
10 spirals, 20 Hz

Contra target group
Ipsi target group

Go cue

0 0.5
Photostim response 

(∆F/F)

Perceptual biasing 
experiment 

A D

Target activation
E

PS Contra group PS Ipsi group 

B

20

40

0
Contra group

Ipsi group

Contra group

Ipsi group

Target tuning
Contra Ipsi

Stimulate

Ip
si

C
on

tra
R

ea
do

ut

0.150
20 μm

HF

+PS

0.5

0.7

St
im

. s
el

ec
tiv

ity

0.3

***
ns

Aligned to PS location

# 
Ac

tiv
at

ed
 ta

rg
et

s

Mean target PS activity traces

PS Contra group PS Ipsi group

0 0.5 1.5 3.5
Time from stim (s)

PS
TS
LP

Stim Delay Response
C

G

Contra biased
Ipsi biased

Trial structure

I

# Activated followers

# 
Su

pp
re

ss
ed

 fo
llo

w
er

s

Effect of PS on network 
neurons

25

50

0
25 500

***

Example photostimulation response maps

Figure 4. Two-photon photostimulation of L2/3 neurons during whisker discrimination
(A) SLM-targeted two-photon photostimulation (PS) of contra vs. ipsi-biased L2/3 ensembles.

(B) Photostimulation was delivered simultaneously with the whisker threshold stimulus (TS).

(C) Trial structure for paired sensory and photostimulation (TS + PS) trials. The green-shaded region shows the 2P imaging analysis window.

(D) Photostimulation response maps showing the mean response 500–1,000 ms post-stimulus from an example session. Stimulation of the contra and ipsi target

groups is shown on the left and right, respectively, with lightning bolts indicating the targeted locations.

(E) Average pixel-wise PS response maps centered on all PS spiral sites for contra (top row) and ipsi (bottom row) SLM targets, on contra group stimulation trials

(left column) and ipsi group stimulation trials (right column; average across 1,560 target sites across 52 session).

(F) Average fluorescence traces from contra (red) and ipsi (blue) target neurons on photostimulation trials. The orange bar indicates the photostimulation duration,

and the green bar shows the response analysis window. Data are averaged across 52 sets of target groups from 52 sessions across 13 mice; 1,992 activated

target neurons in total.

(G) Quantification of the number of target neurons activated by photostimulation during TS + PS trials. The colored marker shows the mean, and gray lines show

individual session data.

(H) Same as in (G), but showing quantification of the average stimulus selectivity across activated target groups.

(I) Quantification of the number of suppressed vs. activated network followers during TS + PS trials. 52 sets of followers in 52 sessions; 13 mice; 1,299 activated

and 2,078 suppressed follower neurons in total. Statistical comparisons were made across sessions with Wilcoxon signed-rank tests. * p < 0.05, ** p < 0.01;

*** p < 0.001.
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caused by non-instructed preparatory movements prior to

licking. In comparison, whisking did not predict contralateral

perceptual choice (Figure S8E bottom) or contralateral lickport

choice (Figure S8F bottom). However, lateralized whisking did

align with spatial choice during the choice window, consistent

with an increase in ipsilateral orofacial movement during direc-

tional licking (Figure S8F bottom). Thus, although barrel cortex

showed sparse coding of stimulus information, we did not find

a consistent predictive relationship between neural responses,

or task-evoked movements, and categorical choice.

Targeted 2P PS of L2/3 neurons during behavior
Our experiments in the non-delay task show that manipulating

barrel cortex drives lateralized biases in psychophysical perfor-

mance (Figure 2). However, the number, functional identity,

and layer-specificity of neurons ‘‘activated’’ by one-photon op-

togenetic stimulation are poorly controlled, making it unclear

which neurons are involved in driving the behavioral effect. We

therefore designed amore powerful all-optical experiment37,53,54

using 2P targeted PS to test how targeted stimulation of different
L2/3 ensembles impacts perceptual choice (Figures 4A–4C).

Following task imaging (Figure 3), we selected two groups of

30 pyramidal neurons in the FOV co-expressing GCaMP6s and

soma-targeted C1V1 (st-C1V1, Figure S1D) for holographic PS

(Figure 4D). We designed target groups with the intention that

one would have a contra whisker-selectivity bias, while the other

an ipsi bias, by selecting the 30 PS-responsive neurons with the

highest and lowest stimulus-selectivity scores, respectively

(Figures S9A–S9C). However, as neurons with strong responses

to both PS and sensory input were rare (Figures S9D and S9E),

this approach likely includes a large number of neurons with

weak selectivity. PS was performed using a spatial light modu-

lator (SLM63–66; Figure 4A) and a galvanometer-based spiral

scanning strategy53 (STAR Methods). PS-evoked responses

were quantified using simultaneous 2P calcium imaging. We

paired PS with the whisker TS (TS + PS; Figure 4C) and random-

ized PS across contra and ipsi-biased target groups across

trials.

We parsed neurons into ‘‘target’’ and ‘‘network’’ categories

based on lateral somatic proximity to the nearest PS spiral site
Neuron 112, 2386–2403, July 17, 2024 2391
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Figure 5. The number of activated target neurons predicts perceptual bias

(A) Quantification of average perceptual choice tendency during the targeted photostimulation experiment.

(B) Comparison of perceptual bias and target group whisker selectivity.

(C) Comparison of perceptual bias and the number of activated target neurons.

(D) Comparison of perceptual bias and the net change in population activity.

(E) Within-session differences across photostimulation conditions were compared by ‘‘mean-centering’’ the data points from each session. This procedure is

shown with a single example session. The dashed lines on the left plot indicate the mean P(Report contra whisker) (horizontal) and target response (vertical)

across the two conditions.

(F) Correlation between within-session difference in the number of activated targets and perceptual bias across all mean-centered data points. Data points

corresponding to the same session are joined with a thin line that passes through the origin.

(G) The same as in (F) but split by sessions from symmetric (green; top) and asymmetric (orange; bottom) trained mice.

(H) Amultiple linear regression (MLR) model summarizing the relationship between target and network photostimulation predictors and within-session perceptual

bias. Statistically significant predictors are shown with black markers, with error bars indicating 95% coefficient confidence intervals. Data in Figure 5 are from 52

sessions across 13 mice. Each data point represents an individual photostimulation condition (one for TS + PS contra trials and one for TS + PS ipsi trials), with a

total of 104 data points. Total number of control TS trials = 2,374, total number of TS trials with PS = 2,403. In correlation plots, shaded error bars denote the 95%

confidence bounds of a linear regression fit to the data (black line).
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(Figures S10A–S10D). PS evoked soma-shaped increases in

fluorescence at the intended spatial locations in the FOV (Figures

4D and 4E) and stimulation-locked fluorescence increases in the

corresponding target groups (Figure 4F). We refer to neurons in

target ‘‘zones’’ with significant activity increases on PS trials as

activated targets. Although we targeted 30 neurons in each

experiment, not all of them responded with significant increases

in activity (# activated targets in TS + PS contra group 19.3 ± 6.5;

mean ± SD; # activated targets in TS + PS ipsi group = 19.1 ± 6.8;

n.s. p = 0.72; Wilcoxon signed-rank test; n = 52 sessions; Fig-

ure 4G). The number of activated targets on PS and TS + PS trials

was highly correlated (Figure S10E) and was also correlated with

the number of PS-responsive neurons in the FOV, as expected

(Figure S10F). The number of activated targets was also closely

related to the total number of neurons located within target

zones’ (Figure S10G), which we did not control for experimen-

tally. The activated target groups had a weak, but consistent,

whisker stimulus-selectivity bias (mean selectivity difference

across groups = 0.083 ± 0.063, p = 5.3 3 10�9; Figure 4H). We

also quantified the impact of targeted PS on non-targeted ‘‘fol-

lower’’ network neurons. Across experiments, we found that a

larger number of followers were suppressed on TS + PS trials
2392 Neuron 112, 2386–2403, July 17, 2024
(# activated followers: 12.5 ± 5.6; # suppressed followers: 20 ±

11.5; *** p = 8.9 3 10�8; Wilcoxon signed-rank test; n = 104 PS

conditions; 52 sessions; Figure 4I). Thus, patterned 2P PS re-

sulted in the activation of neurons within target zones while pre-

dominantly suppressing neurons in the local L2/3 network.

Perceptual bias scales with the number of
photostimulated L2/3 neurons
PS of small ensembles did not result in average changes in

choice tendency on TS trials (P[Report contra whisker] on TS tri-

als: 0.56 ± 0.2; 45.7 ± 21.7 trials; mean ± SD; on TS + PS contra

trials: 0.56 ± 0.24; 22.8 ± 10.5 trials; n.s. p = 0.68; on TS + PS ipsi

trials: 0.58 ± 0.24; 23.4 ± 10.8 trials; n.s. p = 0.33; Wilcoxon

signed-rank test; n = 52 sessions; Figure 5A). Across sessions,

target group whisker selectivity also did not predict perceptual

bias (Pearson’s corr (r) = 0.05; n.s. p = 0.06; Figure 5B). Instead,

we found that perceptual bias significantly correlated with the

number of activated target neurons (Pearson’s corr (r) = 0.3;

** p = 0.002; Figure 5C). This correlation was maintained when

using different statistical thresholds for defining activated targets

(Figure S11A) and was absent when we repeated our analysis on

resampled control TS trials (Figure S11B). Moreover, target
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groups did not show CP on control trials that differed from

chance (Figure S11C), and target group CP did not predict the

impact of PS on behavior or the number of activated targets

across sessions (Figure S11D).

Intriguingly, activating low numbers of targets appeared to

bias choice toward the ipsilateral whisker (Figure 5C). By quan-

tifying the number of activated vs. suppressed neurons across

both targets and followers, we found that perceptual bias also

correlated with net change in population activity (Pearson’s

corr (r) = 0.23; * p = 0.02; Figure 5D). This suggests that ipsilateral

biases tended to occur in sessions where PS was comparatively

weak, and thus the net effect on the L2/3 circuit was slightly sup-

pressive (Figure 5D). However, quantification of follower neurons

alone was not sufficient to predict changes in behavior (Fig-

ure S11E), suggesting that the impact of PS on perceptual bias

cannot be wholly explained by differences in network state.

Within-session perceptual bias correlates with the
number of activated target neurons
As we stimulated two target groups per session, we then

analyzed whether differences in the number of activated target

neurons explained variability in within-session perceptual bias.

To examine this effect, we mean-centered the data points from

the two PS conditions from each session (Figure 5E). Across

themean-centered dataset, variability in the number of activated

targets also significantly correlated with relative perceptual bias

(Pearson’s corr (r) = 0.33; *** p = 0.0007; Figure 5F). This correla-

tion was present in both symmetric (Pearson’s corr (r) = 0.33;

* p = 0.011; n = 30 sessions, 7 mice; Figure 5G Top) and asym-

metric-trained cohorts of mice (Pearson’s corr (r) = 0.34; * p =

0.025; n = 22 sessions, 6 mice; Figure 5G bottom). We used a

multiple linear regression model to summarize within-session ef-

fects of PS on perceptual choice bias (Figure 5H). Perceptual

bias was significantly predicted by the number of activated tar-

gets (estimated coefficient = 0.31; t-stat = 3.3; ** p = 0.001) but

not the number of activated (estimated coefficient = 0.03;

t-stat = 0.32; n.s.p = 0.74) or suppressed (estimated coefficient =

�0.01; t-stat = �0.5; n.s. p = 0.96) follower neurons. Perceptual

bias was also not correlated with target group whisker stimulus

selectivity (estimated coefficient = �0.16; t-stat = �1.6; n.s.

p = 0.1). Additional analysis confirmed that neither perceptual

bias nor the number of activated target neurons correlated with

differences in pre-stimulus network fluorescence or peri-stim-

ulus whisking or body movement across PS trial types (Fig-

ure S11F). Thus, our results indicate that sparse unilateral manip-

ulation of the L2/3 circuit during bilateral discrimination causally

drives a lateralized perceptual bias that scales with the number

of neurons activated.

Activation of task-silent target neurons predicts
perceptual bias
Our findings indicate that the perceptual effect of L2/3 PS during

our task is predicted by the number, and not tuning, of activated

target neurons (Figures 5B and 5H). However, although the

target groups did show an average stimulus-selectivity bias (Fig-

ure 4H), additional analysis revealed that the majority of acti-

vated targets did not have a statistically significant whisker stim-

ulus preference (Figure 6A). As stimulation predominantly
activated non-coding target neurons in the circuit, we assessed

whether this was sufficient to predict the perceptual effect of tar-

geted PS. A multiple linear regression analysis (Figure 6B)

confirmed that the number of activated non-coding target neu-

rons significantly predicted perceptual bias (estimated coeffi-

cient = 0.3; t-stat = 3.14; ** p = 0.002). In comparison, neither

the number of activated contra-coding targets (estimated coeffi-

cient = 0.05; t-stat = 0.46; n.s. p = 0.64) nor the number of ipsi-

coding targets (estimated coefficient = 0.03; t-stat = 0.32; n.s.

p = 0.75) predicted the behavioral effect. The correlation be-

tween non-coding target neuron activation and perceptual bias

was present across sessions (Pearson’s corr (r) = 0.31; ** p =

0.001; Figure S12A) and within a session (Pearson’s corr (r) =

0.21; * p = 0.03; Figure S12B).

Non-coding target neurons showed reliable PS-evoked re-

sponses but did not show whisker-evoked activity (Figure 6C).

This was consistent for non-coding target neurons in the

contra-biased and the ipsi-biased target groups (Figure S13).

Analysis of behavioral videography also revealed that trials

with whisker stimulation evoked sustained increases in active

whisking, body movement, and licking (Figures 6D and S6C).

As fluorescence in non-coding target neurons remained at pre-

stimulus levels throughout the trial epoch, this indicates that

the non-coding target neurons are also not significantly activated

by task-evoked movements. Our findings therefore indicate that

small numbers of ‘‘task-silent’’ L2/3 neurons, which show no

clear functional relationship to sensory, motor, or reward vari-

ables during task performance, can influence perceptual deci-

sions if recruited into the active population through targeted op-

togenetic manipulation.

Patterned stimulation reveals the specificity of L2/3
inhibition during whisker processing
Comparing target responses across trial types revealed that PS

responses were notably larger in the absence of concurrent

whisker stimulation, particularly in ipsi-coding and non-coding

target neurons (Figure 6C). This prompted us to examine the

interaction between sensory and PS-triggered activity patterns

(Figure 7A). For some targets, PS responses were near abolished

on TS + PS trials, and all PS target locations showed a reduction

in fluorescencewhen comparing PS trials with TS + PS trials (Fig-

ure 7B). To assess the relationship between the decrease in PS

response and the TS-evoked sensory response, we quantified

the average difference in the target group response on PS and

TS + PS trials and compared this with the average response to

TS input in the TS-responsive non-targeted network neurons

(Figure 7C). Across sessions, the change in target group PS

response was negatively correlated with the network response

to sensory input (Pearson’s corr (r) = �0.49; *** p = 1.3 3 10�7;

Figure 7D). This indicates that the stronger the whisker-evoked

response in the network, the stronger the suppressive effect

on PS-evoked activity in the target neurons.

To examine whether this effect showed specificity at the single

neuron level, we quantified fluorescence responses across trial

types in all activated targets as a function of whisker responsive-

ness (Figure 7E).We definedwhisker responsiveness as the AUC

score from an ROC analysis comparing TS with catch trial re-

sponses and adjusted scores between �1 and 1 such that the
Neuron 112, 2386–2403, July 17, 2024 2393
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Figure 6. Photostimulation of non-coding

neurons predicts perceptual bias

(A) Quantification of the number of contra-coding

(red), ipsi-coding (blue), and whisker non-coding

(gray) activated target neurons that made up the two

photostimulation target groups. Individual lines

show individual sessions. The inset circle charts

indicate the average proportional group summary.

(B) A multiple linear regression (MLR) model sum-

marized the relationship between the number of

photostimulated stimulus-coding and non-coding

neurons and perceptual bias. Marker points shown

the estimated coefficients with error bars indicating

the 95% confidence intervals.

(C) Trial-evoked activity traces from contra-coding

(red), ipsi-coding (blue), and non-coding (gray)

photostimulation target neurons are shown across

different trial types.

(D) The time course of average trial-evoked contra-

lateral whisking (top), body movement (middle), and

licking (bottom) behavioral measures are shown

across trial types. Themagenta histogram shows the

distribution of mean reaction times assessed using

videography. Note that during whisker stimulation

(gray shading), we do not plot whisking traces as it is

unclear which whisker movements are driven by the

stimulus and which are the result of active move-

ment. Data in Figure 6 are from 52 sessions in 13

mice. Total number of neurons analyzed: 274 contra-

coding targets; 329 ipsi-coding targets; and 1,381

non-coding targets. Data are shown as themean and

SEM across sessions.
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sign denoted negative vs. positive modulation by TS input. We

then calculated the difference between measured TS + PS re-

sponses and the expected linear sum of separate TS and PS

trial-evoked responses as an approximation for sensory-

induced suppression of PS activity (Figure 7F). Target neurons

with high whisker responsiveness scores appeared largely unaf-

fected by sensory-induced network suppression. By contrast,

neurons with lower whisker responsiveness scores and those

with negative scores showed a large difference. When quanti-

fying this effect with respect to stimulus-coding groups, we

found that contra-coding targets groups showed no difference

between measured and expected response (0.004 ± 0.01; n.s.

p = 0.78), whereas both ipsi-coding target groups (�0.11 ±

0.11; *** p = 2.6 3 10�8) and non-coding target groups (�0.1 ±

0.07; *** p = 6.33 10�10) showed a strong suppression of PS ac-

tivity on TS trials (Figure 7F inset). Thus, patterned PS revealed

recruitment of potent cortical inhibition in L2/3 during whisker

processing that appeared to preferentially impact ipsi-coding

and non-coding neurons in the L2/3 circuit.

Patterned stimulation suppresses local whisker-evoked
signals
We next investigated the impact of patterned PS on whisker-

evoked responses in the local circuit by analyzing TS-responsive
2394 Neuron 112, 2386–2403, July 17, 2024
neurons that were not targeted for PS. On

average, targeted PS reduced the ampli-

tudeof the TS-response in network neurons
(DTS response =�0.02 ± 0.015DF/F; *** p = 9.73 10�18,�19.4 ±

13.6% proportional change; n = 104 PS conditions, 52 sessions).

This reductionwascorrelatedwith theamplitudeofPSresponse in

the target groups (Pearson’s corr (r) =�0.21; *p=0.04;Figure7G).

Themagnitude of sensory response suppressionwas stronger for

network neurons in close proximity to large numbers of PS-acti-

vated target neurons (Figure 7H), suggesting that the suppressive

effect of PS on the local circuit decreases with distance. All non-

targeted TS-responsive neurons showed reduced TS responses

on TS + PS trials on average (Figure 7I), with those that were

part of contra-coding ensembles tending to show larger absolute

changes in DF/F (Figure 7I inset). However, neurons with larger

whisker responsiveness scores showed smaller proportional

changes relative to the baseline amplitude of the TS-evoked

response (Figure 7J). As strongly whisker-responsive neurons

were relatively less inhibited by network-evoked suppression,

this indicates that global inhibition may serve an important role in

selectively eliminating weak responses in the circuit.

Competitive interactions between contralateral and
ipsilateral whisker signals in L2/3
Finally, we performed additional experiments to examine inter-

actions between contra and ipsi-evoked signals in L2/3. After

the targeted PS experiment, we mapped passive neuronal
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Figure 7. Patterned photostimulation reveals potent inhibitory pressure in L2/3 during task performance

(A) Response maps for threshold stimulus (TS; gray), photostimulation (PS; cyan), and combined TS and PS (magenta) trials for an example session.

(B) Close up of the orange-bounded region shown in (A). Lightning bolts indicate the location of PS targets. Bottom right shows the average pixel-wise fluo-

rescence difference across TS + PS and PS trials center-aligned on all photostimulation target locations.

(C) Extracted fluorescence traces from target neurons (top; n = 23 neurons) and TS-responsive network neurons (bottom; n = 57 neurons) across trial types from

the example session in (A).

(D) Suppression of photostimulation responses in the target neuron group on PS vs. TS + PS trials is correlated with themean response to TSwhisker trials in non-

targeted network cell group. Each data point represents a single photostimulation condition.

(E) Responses in photostimulation target neurons across different trial types are plotted as a function of whisker responsiveness.

(F) The difference between themeasured (magenta in E) and expected (black in E) response to combined TS and PS stimuli in target neurons is plotted as function

of whisker responsiveness. The inset shows quantification of this difference averaged across contra-coding (red), ipsi-coding (blue), and non-coding (gray) target

neuron ensembles.

(G) Suppression of TS responses in network neuron groups on TS + PS trials is plotted against average PS-evoked responses in target neuron groups.

(H) Average PS-evoked suppression of TS responses in network neurons is binned as a function of the number of nearby activated target neurons (countedwithin

a 200 mm radius). The inset shows the average Pearson’s correlation coefficient between sensory suppression and number of nearby targets across sessions

(r = �0.21 ± 0.47; mean ± SD; ** p = 0.002 Wilcoxon signed-rank test tested against 0).

(I) Responses in TS-responsive network neurons across trial types are plotted as a function of whisker responsiveness. The inset shows quantification of the

change across TS and TS + PS trials with respect to ensemble groups as in (F).

(J) The difference in network neuron response on TS and TS + PS is shown as a function of whisker responsiveness. The absolute change is shown in black, and

the proportional change relative to TS baseline is shown in orange. Data in Figure 7 come from 104 photostimulation conditions across 52 sessions in 13 mice.

Total number of target neurons analyzed = 1,992; total number of network neurons analyzed = 2,429. Total number of trials analyzed: 3,466 TS, 3,568 PS; 3,447

TS +PS trials. Data are shown as themean and SEMacross sessions. Statistical comparisons wereWilcoxon signed-rank test. n.s. p> 0.05; * p< 0.05; ** p< 0.01;

*** p < 0.001.
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responses to a ‘‘3 3 3’’ stimulus set of unilateral and bilateral

stimuli (Figures 8A and 8B). Contra-coding ensembles, defined

based on activity during the behavioral experiment, showed
large responses to contralateral stimulation that appeared

robust to concurrent ipsilateral whisker stimulation (Figure 8B

top). By contrast, ipsilateral-evoked signals in ipsi-coding
Neuron 112, 2386–2403, July 17, 2024 2395
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Figure 8. Antagonistic interactions between contra and ipsi-coding neurons in L2/3

(A) Fluorescence traces in contra-coding (left; red) and ipsi-coding (right; blue) ensembles across unilateral (top) and bilateral (bottom) whisker deflection in-

tensities (%).

(B) Quantification of the mean fluorescence responses across a 3 3 3 matrix stimulus set in contra-coding (top) and ipsi-coding (bottom) ensembles (average

ensemble response across 52 sessions).

(C) Comparison of responses to preferred unilateral whisker stimulation (green; 100% unilateral stimulation) and matched bilateral whisker stimulation (black;

100% bilateral stimulation) plotted as a function of stimulus selectivity.

(D) The difference in unilateral and bilateral responses (shown in C) is plotted as a function of stimulus selectivity. The inset shows quantification of this difference

in contra and ipsi-coding ensembles (n = 52 sessions; Wilcoxon signed-rank test; *** p < 0.001; thin gray lines show individual sessions).

(E) Comparison of response suppression in one ensemble group on bilateral trials with the unilateral response in the other ensemble group. Each marker point

represents an individual session, 52 sessions in total. Total number of contra-coding neurons analyzed 1,907; ipsi-coding neurons 1,925.

(F) Probing functional connectivity in the circuit using targeted photostimulation of whisker-biased target groups.

(G) Comparing average whisker selectivity of network followers in response to targeted photostimulation. Correlations are measured across 104 mean-centered

data points (2 photostimulation conditions per session, 52 sessions in total). Shaded error bars denote the 95% confidence bounds of a linear regression fit to

the data.
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ensembles were weaker and appeared strongly suppressed by

concurrent contralateral stimuli (Figure 8B bottom). We

compared responses to the preferred unilateral stimulus (100%

intensity) to bilateral stimulation (100% intensity on both sides)

as a function of stimulus selectivity (Figure 8C) and calculated

the difference between the bilateral and preferred unilateral

response (Figure 8D). Contra-coding ensembles showed a

modest reduction in response on bilateral stimulation trials

(change in response (DF/F): �0.01 ± 0.02; ** p = 0.001; Wilcoxon

signed-rank test; n = 52 sessions), whereas ipsi-coding ensem-

bles showed stronger attenuation (change in response (DF/F):

�0.04 ± 0.03; *** p = 3.73 10�9; Figure 8D inset). The difference

between contra and ipsi-coding ensemble suppression was sig-

nificant (*** p = 1.9 3 10�5).

Across sessions, bilateral suppression of the ipsilateral

ensemble was correlated with the contra-coding ensemble

response to unilateral contralateral stimulation (Pearson’s corr

(r)�0.44; ** p = 0.002; Figure 8E left). The inverse relationship be-

tween contra-coding ensemble suppression and the ipsi-coding

ensemble response was not significant (Pearson’s corr (r) 0.07;

n.s. p = 0.66; Figure 8E right). This indicates that contra-evoked

signals may dominate during bilateral whisker processing by

suppressing ipsi-responses in the circuit. To directly examine

this relationship, we performed additional analysis of our PS da-
2396 Neuron 112, 2386–2403, July 17, 2024
taset to assess whether the whisker selectivity of the PS target

groups correlated with the selectivity of recruited follower neu-

rons. For each session, we restricted our analysis to neurons

that were not part of either activated target group, and thus,

we could directly compare the local circuit response to two

different photostimuli (Figure 8F). Across the dataset, variability

in target group whisker selectivity did not correlate with vari-

ability in the averagewhisker selectivity of the activated followers

(Pearson’s corr (r) = 0.1; n.s. p = 0.32; Figure 8G left). However,

target group whisker selectivity negatively correlated with the

selectivity of the suppressed followers (Pearson’s corr (r) =

�0.23; * p = 0.018; Figure 8G right), indicating that stimulation

of L2/3 contra-coding neurons tends to suppress ipsi-coding

neurons in the FOV and vice versa. Thus, our findings demon-

strate that strong competitive interactions between different

L2/3 ensembles dominate sparse cortical dynamics and provide

evidence that mutual inhibition between contra and ipsi-coding

ensembles may be a prominent feature of intrahemispheric

L2/3 activity during cross-hemispheric sensory processing.

DISCUSSION

We combined 2P calcium imaging and 2P PS to probe sparse

coding in the barrel cortex during a challenging discrimination
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task. We show that sparse coding of whisker stimuli is ensured

by preferential sensory-evoked inhibitory suppression of non-

coding neurons, which helps to ensure a high signal-to-noise ra-

tio for the detection of small perturbations. Moreover, although

contralateral and ipsilateral whisker signals were represented

in sparse subsets of stimulus-coding L2/3 neurons during task

performance, the effect of intrahemispheric PS on lateralized

perceptual bias depended on the number of non-coding target

neurons activated. This suggests that non-coding neurons can

be engaged to enhance sensory processing, which could be

achieved endogenously via neuromodulation67,68 or cortical

plasticity.22,49

A whisker discrimination task to probe tactile
perception
We developed a behavioral task framework suitable for probing

the link between neural circuit activity in sensory cortex and

behavior.69 Through both gain- and loss-of-function perturba-

tions, we demonstrate that the perceived intensity of contralat-

eral whisker input is causally linked to barrel cortex activity. By

manipulating the bilateral stimulus interval in the non-delay

task, we also found that unilateral percepts were formed rapidly

and showed robustness to late-arriving distraction characteristic

of choice-related attractor state dynamics.70 The barrel cortex-

dependent sensory integration window, which we estimate to

be �100 ms based on temporal discrimination and photoinhibi-

tion experiments, is comparable to cortical processing windows

in other whisker tasks26,71,72 and tasks using other sensory mo-

dalities.73 It is also consistent with findings showing that whisker

input and microstimulation-induced activity quickly spread from

barrel cortex to high-order sensory and motor areas,74,75 and

demonstrates that barrel cortex plays a causal role in initiating

rapid sensorimotor transformations during goal-directed

behavior. Despite coding stimulus information, we did not find

choice signals in barrel cortex. However, choice could be repre-

sented inmembrane potential dynamics26 or temporal spike pat-

terns,76 which may be difficult to resolve using calcium imaging,

or in deeper cortical layers, which we did not sample during our

experiments. Alternatively, decision-related processing may

occur downstream from S1 in areas that also integrate bilateral

whisker input, such as striatum77 and/or S2.78,79 Future work is

required to investigate the downstream circuits implicated in

the decision process to further elucidate the role of barrel cortex

in coordinating cross-hemispheric perceptual behavior.

Interhemispheric processing in the barrel cortex
Cross-hemispheric projections are a prominent feature of many

cortical circuits.80–83 Surprisingly, we find that L2/3 contains

equal proportions of ipsilateral and contralateral whisker-selec-

tive neurons, and also that strong competitive interactions be-

tween bilateral tactile signals occur at the level of primary so-

matosensory cortex during perceptual decision-making. This

extends previous work characterizing bilateral responses in bar-

rel cortex, which has predominantly been performed under anes-

thesia or in non-behaving states.79,84,85 Although ipsilaterally

tuned neurons showed robust activity on unilateral trials, they

were strongly attenuated by concurrent contralateral whisker

stimulation. These findings support previous evidence that the
short cross-callosal latencymakes ipsilateral signals susceptible

to rapid feedforward recruitment of cortical inhibition by contra-

lateral-evoked thalamocortical input during bilateral stimula-

tion,84–88 further indicating that the integration of bilateral tactile

signals may relate to the precise spatiotemporal sequence of

whisker stimulation.84,85

Our behavioral experiments also indicate that competition

between hemispheres plays an important role in task-related

perceptual processing. For example, results from the one-

photon optogenetic-biasing experiments (Figure 2I) show that

manipulating one hemisphere has an equal but opposite effect

on the reaction time for the non-stimulated hemisphere. The

push-pull direction of this bias switches depending on whether

one delivers unilateral photoinhibition or photoactivation,

providing strong causal evidence that both hemispheres

have the capacity to directly compete during whisker-guided

behavior.89–92 In rodent cortex, several mechanisms can

mediate inhibitory interactions between hemispheres. These

include transcallosal feedforward recruitment of local PV inter-

neurons,79,83,92,93 recruitment of interneurons in superficial

layers, which subsequently inhibit the distal dendrites of neu-

rons in deeper layers,91 as well as via long-range callosally pro-

jecting inhibitory neurons.93 The extent to which these different

inhibitory pathways are engaged in parallel or differentially un-

der stimulus-specific or task-specific conditions remains un-

clear. Moreover, callosal interactions also mediate more refined

functions, including the homotopic transfer of sensorimotor sig-

nals and learned information,82,94,95 and shaping receptive

fields and circuit plasticity.89,90,96 Future work is therefore

needed to elucidate how organization of callosal microcircuits

shapes bilateral somatosensation.

Intracortical inhibition enforces sparse coding in L2/3
Our experiments revealed strong antagonism between contra-

lateral and ipsilateral-selective neurons, as well as competition

between PS and sensory-evoked signals in L2/3. This demon-

strates that recruitment of inhibition is the basis of competitive

interactions between different cortical excitatory ensembles dur-

ing awake behaving states16,17,97 and highlights the utility of

combining patterned optogenetic stimulation and population

calcium imaging to probe functional dynamics in neural cir-

cuits.98–101 PS responseswere strikingly attenuatedwhen paired

with simultaneous whisker deflection. This suggests that strong

inhibitory mechanisms are engaged during task performance to

balance network excitation, which under our task conditions

could accumulate across feedforward,14,15,86,87,102 feedback,103

lateral,104,105 and inter-hemispheric91 sources. In line with other

recent studies, we also found that targeted stimulation of pyra-

midal neurons suppressed other non-targeted pyramidal

neurons in the local L2/3 circuit.37,98,105,106 This provides further

evidence that dense connectivity between excitatory and inhib-

itory neurons mediates strong lateral competition in cor-

tex10,88,105–107 and that the recruitment of local inhibitory mech-

anisms scales with the number of concurrently activated

pyramidal neurons.37,97,104

More generally, our results not only indicate that strong inhib-

itory pressure plays a major role in enforcing the sparsity

of cortical responses,16,88,97 but that inhibition is selective.
Neuron 112, 2386–2403, July 17, 2024 2397
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PS-evoked suppression of network neurons had the greatest

proportional effects on responses that were initially small,

consistent with previous findings indicating that dispropor-

tionate effects of cortical inhibition across heterogenous popula-

tions of barrel cortex neurons may serve to enhance sparse

whisker coding.104,108 This suggests that interactions between

excitatory and inhibitory microcircuits exhibit a specific structure

to enhance the signal-to-noise ratio of robust sensory signaling

while maintaining sparsity of responses.

Small numbers of non-coding neurons can contribute to
perception
Using all-optical interrogation, we demonstrate that targeted

manipulation of surprisingly few L2/3 neurons can result in

measurable biases in whisker-guided choices. This is consistent

with recent barrel cortex studies showing that stimulation of

small neural ensembles37,109 (and even single neurons35,42) can

evoke perceptual effects. Surprisingly, we found that perceptual

bias was significantly predicted by the number of non-coding

neurons activated by targeted PS, challenging the consensus

that decision-making processes read out activity from highly

tuned stimulus-responsive neurons.110 Non-coding neurons

did not show stimulus, movement, or reward-related activity,

which is intriguing as recent studies have demonstrated that

non-instructed movements can profoundly influence the activity

of cortical neurons.111,112

In contrast with recent studies involving the selective

optical stimulation of functionally tuned neurons during

behavior,43,45,46,100,109,113,114 we did not find a significant effect

of target ensemble tuning on task performance. One factor may

be that in our experiments, target group whisker selectivity was

relatively weak as we predominantly stimulated non-coding

neurons (in particular because finding neurons with strong re-

sponses to both whisker input and 2P stimulation in the FOV

was rare). In the future, this could be resolved by interrogating

larger99 and/or volumetric FOVs46,115 to provide a larger sam-

ple of strongly tuned neurons. Thus, although further work is

needed to investigate the differential contributions of contra-

and ipsi-coding neurons to bilateral somatosensation, we pro-

vide compelling evidence that stimulus-non-coding neurons

can be recruited to enhance sensory perception.

It remains to be established whether stimulus-non-coding

neurons can influence performance in other perceptual contexts.

Recent work in visual cortex suggests that stimulating non-cod-

ing neurons can even impair performance by suppressing the

perceptually relevant cells in the local circuit,45 suggesting that

the ability of non-coding neurons to influence perception may

depend on task design or brain area. In our experiments, the dy-

namics of interhemispheric competition might engage a distinct

decision-making process that prioritizes rapid decoding of intra-

hemispheric spiking across a wider pool of neurons in barrel cor-

tex in a winner-take-all scenario. Under perceptually ambiguous

conditions, any additional intrahemispheric spikesmay thus help

reach a decision threshold, which could also reflect increased

capacity for the photostimulated hemisphere to suppress the

contralateral hemisphere,84,85 compensate for cortical adapta-

tion to high-frequency whisker stimulation116 or enhance sen-

sory responses in deeper cortical layers.117,118
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A reserve pool of silent neurons can be recruited to
influence behavior
The observation of large fractions of stimulus-non-responsive

neurons in cortex has long been intriguing.23,47,48 These ‘‘silent’’

neurons could be suppressed by intrinsic or synaptic mecha-

nisms to constrain excessive cortical excitation, reduce coding

redundancy, and/or increase energy efficiency via sparse cod-

ing.50,119–121 Our results suggest that under our task conditions,

non-coding neurons are able to influence task performance but

are normally suppressed by strong network inhibition during

task-related whisker processing. Releasing these neurons from

inhibitory suppression, as we achieved through patterned opto-

genetic stimulation but which could be achieved endogenously

via disinhibitory VIP+ interneuron circuits122 and cortical plas-

ticity,22,49 may therefore provide a simple mechanism for

enhancing intracortical sensory signals in some contexts. Our

findings also add causal support to emerging evidence showing

that neurons in sensory cortex without stimulus-driven re-

sponses can contribute to neural processing.123–127 These re-

sults have important implications for designing novel therapeutic

optical brain-machine interfaces and optogenetic therapies,128

since they suggest that it may not be necessary to precisely

target optogenetic interventions to specific functionally defined

pools of neurons. Rather, activation of a relatively small pool of

pyramidal neurons regardless of functional identity could be suf-

ficient to enhance sensory coding and restore some basic

sensorimotor functions.
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Mrsic-Flogel, T.D. (2011). Functional specificity of local synaptic connec-

tions in neocortical networks. Nature 473, 87–91. https://doi.org/10.

1038/nature09880.

8. Harris, K.D., andMrsic-Flogel, T.D. (2013). Cortical connectivity and sen-

sory coding. Nature 503, 51–58. https://doi.org/10.1038/nature12654.

9. Brecht, M., Roth, A., and Sakmann, B. (2003). Dynamic receptive fields of

reconstructed pyramidal cells in layers 3 and 2 of rat somatosensory bar-

rel cortex. J. Physiol. 553, 243–265. https://doi.org/10.1113/jphysiol.

2003.044222.
10. Packer, A.M., and Yuste, R. (2011). Dense, Unspecific Connectivity of

Neocortical Parvalbumin-Positive Interneurons: A Canonical Microcircuit

for Inhibition? J. Neurosci. 31, 13260–13271. https://doi.org/10.1523/

JNEUROSCI.3131-11.2011.

11. Fino, E., and Yuste, R. (2011). Dense inhibitory connectivity in neocortex.

Neuron 69, 1188–1203. https://doi.org/10.1016/j.neuron.2011.02.025.

12. Simons, D.J. (1978). Response properties of vibrissa units in rat SI so-

matosensory neocortex. J. Neurophysiol. 41, 798–820. https://doi.org/

10.1152/jn.1978.41.3.798.

13. Kerlin, A.M., Andermann, M.L., Berezovskii, V.K., and Reid, R.C. (2010).

Broadly Tuned Response Properties of Diverse Inhibitory Neuron

Subtypes in Mouse Visual Cortex. Neuron 67, 858–871. https://doi.org/

10.1016/j.neuron.2010.08.002.

14. Gabernet,L., Jadhav,S.P., Feldman,D.E.,Carandini,M., andScanziani,M.

(2005).Somatosensory IntegrationControlledbyDynamicThalamocortical

Feed-Forward Inhibition. Neuron 48, 315–327. https://doi.org/10.1016/j.

neuron.2005.09.022.

15. Cruikshank, S.J., Lewis, T.J., and Connors, B.W. (2007). Synaptic basis

for intense thalamocortical activation of feedforward inhibitory cells in

neocortex. Nat. Neurosci. 10, 462–468. https://doi.org/10.1038/nn1861.

16. Isaacson, J.S., and Scanziani, M. (2011). How Inhibition Shapes Cortical

Activity. Neuron 72, 231–243. https://doi.org/10.1016/j.neuron.2011.

09.027.

17. Haider, B., H€ausser, M., and Carandini, M. (2013). Inhibition dominates

sensory responses in the awake cortex. Nature 493, 97–100. https://

doi.org/10.1038/nature11665.

18. Gentet, L.J., Avermann, M., Matyas, F., Staiger, J.F., and Petersen,

C.C.H. (2010). Membrane Potential Dynamics of GABAergic Neurons in

the Barrel Cortex of Behaving Mice. Neuron 65, 422–435. https://doi.

org/10.1016/j.neuron.2010.01.006.

19. O’Connor, D.H., Peron, S.P., Huber, D., and Svoboda, K. (2010). Neural

activity in barrel cortex underlying vibrissa-based object localization in

mice. Neuron 67, 1048–1061. https://doi.org/10.1016/j.neuron.2010.

08.026.

20. Peron, S.P., Freeman, J., Iyer, V., Guo, C., and Svoboda, K. (2015). A

Cellular Resolution Map of Barrel Cortex Activity during Tactile

Behavior. Neuron 86, 783–799. https://doi.org/10.1016/j.neuron.2015.

03.027.

21. Crochet, S., Poulet, J.F.A., Kremer, Y., and Petersen, C.C.H. (2011).

Synaptic mechanisms underlying sparse coding of active touch.

Neuron 69, 1160–1175. https://doi.org/10.1016/j.neuron.2011.02.022.

22. Brecht, M., Schneider, M., and Manns, I.D. (2005). Silent neurons in

sensorimotor cortices: Implications for cortical plasticity. In Neural

Plasticity in Adult Somatic Sensory-Motor Systems, F. Ebner, ed. (CRC

Press), pp. 1–19.

23. Shoham, S., O’Connor, D.H., and Segev, R. (2006). How silent is the

brain: is there a ‘‘dark matter’’ problem in neuroscience? J. Comp.

Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 192, 777–784.

https://doi.org/10.1007/s00359-006-0117-6.

24. Britten, K.H., Newsome, W.T., Shadlen, M.N., Celebrini, S., and

Movshon, J.A. (1996). A relationship between behavioral choice and

the visual responses of neurons in macaque MT. Vis. Neurosci. 13,

87–100. https://doi.org/10.1017/S095252380000715X.

25. Newsome, W.T., Britten, K.H., and Movshon, J.A. (1989). Neuronal cor-

relates of a perceptual decision. Nature 341, 52–54. https://doi.org/10.

1038/341052a0.

26. Sachidhanandam, S., Sreenivasan, V., Kyriakatos, A., Kremer, Y., and

Petersen, C.C.H. (2013). Membrane potential correlates of sensory

perception in mouse barrel cortex. Nat. Neurosci. 16, 1671–1677.

https://doi.org/10.1038/nn.3532.

27. Nienborg, H., Cohen, M.R., and Cumming, B.G. (2012). Decision-related

activity in sensory neurons: Correlations among neurons and with
Neuron 112, 2386–2403, July 17, 2024 2399

https://doi.org/10.1038/nature08539
https://doi.org/10.1038/nature08539
https://doi.org/10.1016/j.neuron.2016.12.036
https://doi.org/10.1016/j.neuron.2016.12.036
https://doi.org/10.1038/nature03274
https://doi.org/10.1038/nature03274
https://doi.org/10.1016/j.neuron.2008.12.020
https://doi.org/10.1016/j.neuron.2008.12.020
https://doi.org/10.1038/nature14182
https://doi.org/10.1038/s41586-020-2062-x
https://doi.org/10.1038/s41586-020-2062-x
https://doi.org/10.1038/nature09880
https://doi.org/10.1038/nature09880
https://doi.org/10.1038/nature12654
https://doi.org/10.1113/jphysiol.2003.044222
https://doi.org/10.1113/jphysiol.2003.044222
https://doi.org/10.1523/JNEUROSCI.3131-11.2011
https://doi.org/10.1523/JNEUROSCI.3131-11.2011
https://doi.org/10.1016/j.neuron.2011.02.025
https://doi.org/10.1152/jn.1978.41.3.798
https://doi.org/10.1152/jn.1978.41.3.798
https://doi.org/10.1016/j.neuron.2010.08.002
https://doi.org/10.1016/j.neuron.2010.08.002
https://doi.org/10.1016/j.neuron.2005.09.022
https://doi.org/10.1016/j.neuron.2005.09.022
https://doi.org/10.1038/nn1861
https://doi.org/10.1016/j.neuron.2011.09.027
https://doi.org/10.1016/j.neuron.2011.09.027
https://doi.org/10.1038/nature11665
https://doi.org/10.1038/nature11665
https://doi.org/10.1016/j.neuron.2010.01.006
https://doi.org/10.1016/j.neuron.2010.01.006
https://doi.org/10.1016/j.neuron.2010.08.026
https://doi.org/10.1016/j.neuron.2010.08.026
https://doi.org/10.1016/j.neuron.2015.03.027
https://doi.org/10.1016/j.neuron.2015.03.027
https://doi.org/10.1016/j.neuron.2011.02.022
http://refhub.elsevier.com/S0896-6273(24)00276-9/sref22
http://refhub.elsevier.com/S0896-6273(24)00276-9/sref22
http://refhub.elsevier.com/S0896-6273(24)00276-9/sref22
http://refhub.elsevier.com/S0896-6273(24)00276-9/sref22
https://doi.org/10.1007/s00359-006-0117-6
https://doi.org/10.1017/S095252380000715X
https://doi.org/10.1038/341052a0
https://doi.org/10.1038/341052a0
https://doi.org/10.1038/nn.3532


ll
OPEN ACCESS Article
behavior. Annu. Rev. Neurosci. 35, 463–483. https://doi.org/10.1146/an-

nurev-neuro-062111-150403.

28. Barlow, H.B. (1972). Single units and sensation: A neuron doctrine for

perceptual psychology? Perception 1, 371–394. https://doi.org/10.

1068/p010371.

29. Parker, A.J., and Newsome, W.T. (1998). Sense and the single neuron:

probing the physiology of perception. Annu. Rev. Neurosci. 21,

227–277. https://doi.org/10.1146/annurev.neuro.21.1.227.

30. Tsodyks, M.V., and Feigel’man, M.V. (1988). The Enhanced Storage

Capacity in Neural Networks with Low Activity Level. Europhys. Lett. 6,

101–105. https://doi.org/10.1209/0295-5075/6/2/002.

31. Levy, W.B., and Baxter, R.A. (1996). Energy Efficient Neural Codes.

Neural Comput. 8, 531–543. https://doi.org/10.1162/neco.1996.8.3.531.

32. Barlow, H.B. (1961). Possible Principles Underlying the Transformations

of Sensory Messages. In Sensory Communication, W.A. Rosenblith, ed.

(The MIT Press), pp. 216–234.

33. Barth, A.L., and Poulet, J.F.A. (2012). Experimental evidence for sparse

firing in the neocortex. Trends Neurosci. 35, 345–355. https://doi.org/

10.1016/j.tins.2012.03.008.

34. Olshausen, B.A., and Field, D.J. (2004). Sparse coding of sensory inputs.

Curr. Opin. Neurobiol. 14, 481–487. https://doi.org/10.1016/j.conb.2004.

07.007.

35. Houweling, A.R., and Brecht, M. (2008). Behavioural report of single

neuron stimulation in somatosensory cortex. Nature 451, 65–68.

https://doi.org/10.1038/nature06447.

36. Huber, D., Petreanu, L., Ghitani, N., Ranade, S., Hromádka, T., Mainen,

Z., and Svoboda, K. (2008). Sparse optical microstimulation in barrel cor-

tex drives learned behaviour in freely moving mice. Nature 451, 61–64.

https://doi.org/10.1038/nature06445.

37. Dalgleish, H.W.P., Russell, L.E., Packer, A.M., Roth, A., Gauld, O.M.,

Greenstreet, F., Thompson, E.J., and H€ausser, M. (2020). How many

neurons are sufficient for perception of cortical activity? eLife 9,

e58889. https://doi.org/10.7554/eLife.58889.

38. Doron, G., von Heimendahl, M., Schlattmann, P., Houweling, A.R., and

Brecht, M. (2014). Spiking Irregularity and Frequency Modulate the

Behavioral Report of Single-Neuron Stimulation. Neuron 81, 653–663.

https://doi.org/10.1016/j.neuron.2013.11.032.

39. Romo, R., Hernández, A., Zainos, A., and Salinas, E. (1998).

Somatosensory discrimination based on cortical microstimulation.

Nature 392, 387–390. https://doi.org/10.1038/32891.

40. O’Connor, D.H., Hires, S.A., Guo, Z.V., Li, N., Yu, J., Sun, Q.-Q., Huber,

D., and Svoboda, K. (2013). Neural coding during active somatosensa-

tion revealed using illusory touch. Nat. Neurosci. 16, 958–965. https://

doi.org/10.1038/nn.3419.

41. Gill, J.V., Lerman, G.M., Zhao, H., Stetler, B.J., Rinberg, D., and Shoham,

S. (2020). Precise HolographicManipulation of Olfactory Circuits Reveals

Coding Features Determining Perceptual Detection. Neuron 108, 382–

393.e5. https://doi.org/10.1016/j.neuron.2020.07.034.

42. Tanke, N., Borst, J.G.G., and Houweling, A.R. (2018). Single-cell stimula-

tion in barrel cortex influences psychophysical detection performance.

J. Neurosci. 38, 2057–2068. https://doi.org/10.1523/JNEUROSCI.2155-

17.2018.

43. Marshel, J.H., Kim, Y.S., Machado, T.A., Quirin, S., Benson, B., Kadmon,

J., Raja, C., Chibukhchyan, A., Ramakrishnan, C., Inoue, M., et al. (2019).

Cortical layer–specific critical dynamics triggering perception. Science

365, eaaw5202. https://doi.org/10.1126/science.aaw5202.

44. Salzman, C.D., Britten, K.H., and Newsome, W.T. (1990). Cortical micro-

stimulation influences perceptual judgements of motion direction. Nature

346, 174–177. https://doi.org/10.1038/346174a0.

45. Carrillo-Reid, L., Han, S., Yang, W., Akrouh, A., and Yuste, R. (2019).

Controlling Visually Guided Behavior by Holographic Recalling of

Cortical Ensembles. Cell 178, 447–457.e5. https://doi.org/10.1016/j.

cell.2019.05.045.
2400 Neuron 112, 2386–2403, July 17, 2024
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Further information and requests for resources and reagents should be directed to the lead contact, Michael H€ausser (m.hausser@

ucl.ac.uk).

Materials availability
This study did not generate new reagents or materials.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request

d This paper does not report original code

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request
EXPERIMENTAL MODEL AND PARTICIPANT DETAILS

All experimental procedures were carried out under license from the UK Home Office in accordance with the UK Animals (Scientific

Procedures) Act (1986). Wild-type adult female mice (Mus musculus, C57BL/6, P35 - 42 on day of surgery) were used for all behav-

ioral, imaging, and photostimulation experiments. PV-Cremice (Jax 008069; P50 - 60 on day of surgery, n = 4mice, 2Male, 2 Female)

were used for optogenetic photoinhibition experiments. Mice were maintained in a standard 12-hour light/dark cycle and single-

housed in individually ventilated cages (IVCs) equipped with environmental enrichment to avoid whisker barbering when group-

housed. Experiments and behavioral training usually occurred during the light cycle. Behavioral training usually commenced

1 week after surgery and took place for 2-3 weeks. Experiments were conducted for 2-3 weeks following task learning. To motivate

task engagement, access to cage water was removed, and water (�1 ml per day, 5% sucrose solution) was received through daily

behavioral training. Foodwas available ad libitum in the home cage. Bodyweight wasmaintained between 80%–90% for the duration
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of training/experiments. Daily health checks were performed to identify signs of poor health and excessive dehydration, and supple-

mentary water was provided if necessary. Mice were not shared across different experiments and did not have any previous

procedures.

METHOD DETAILS

Surgical procedures
Mice were implanted with a headplate, injected with virus and installed with a cranial imaging window in a single surgery session.

Mice were first anesthetized with isoflurane (5% induction, 1.5% maintenance) and injected subcutaneously with an analgesic (Car-

prieve). The scalp was shaved with clippers then cleaned with iodine and a physiological in vivo external (IVE) solution (150mMNaCl,

2.5 mM KCl, 10 mM HEPES, 2 mM CaCl2, 1 mMMgCl2) using sterile swabs (Sugi, Kettenbach). Mice were then fixed in a cranial ste-

reotaxic frame and placed on a heat mat maintained at 37�C. Lidocaine was applied topically to the scalp before incision. Scalp was

then removed bilaterally with surgical scissors revealing the dorsal surface of the skull. An aluminium headplate with a 7mmdiameter

circular imaging well was fixed over the right hemisphere with dental cement (Super-Bond C&B, Sun-Medical).

A craniotomy (4 mm diameter) was made in the centre of the headplate well over S1 (2 mm anterior, 3.5 mm lateral from bregma)

with a dental drill (NSK UK Ltd.), and the dura was removed using fine tweezers. Virus was front-loaded into a bevelled micropipette

and injected at cortical depth of 300 mm at 0.1 ml/min (total volume 0.5 – 1 ml) using a calibrated oil-filled hydraulic injection system

(Harvard apparatus). For one-photon optogenetic experiments, mice were co-injected with GCaMP6s (AAV1-hSyn-GCaMP6s-

WPRE-SV40) and C1V1 (AAVdj-CaMKIIa-C1V1(E162T)-TS-P2A-mCherry-WPRE) in a 1:10 ratio. For two-photon imaging and tar-

geted two-photon photostimulation experiments, mice were co-injected with GCaMP6s (AAV1-hSyn-GCaMP6s-WPRE-SV40)

and somatically targeted C1V1 (st-C1V1; AAV2/9-CaMKII-C1V1(t/t)-mScarlett-Kv2.1). Stock st-C1V1was diluted 1:10 in virus buffer,

and GCaMP6s was added to the dilution mixture in a ratio of 1:10 GCaMP:st-C1V1. For PV-Cre mice, flexed-C1V1 (AAV-DJ-EF1a-

DIO-C1V1(E162T)-TS-p2A-mCherry) was injected with GCaMP6s in a 1:10 GCaMP:C1V1 ratio. Opsin-negative control mice were

injected with GCaMP6s diluted 1:10 in virus buffer. The needle was retracted slowly 5 minutes after the injection was completed

and a cranial window (made from a 3 mm circular glass cover slip glued onto a 4 mm circular glass cover slip with optical glue

NOR-61, Norland Optical Adhesive) was press-fit into the craniotomy and sealed in place with Vetbond and dental cement. Following

completion of the surgery, mice were placed in an incubated recovery chamber andmonitored closely until normal locomotor activity

resumed. Post-operative care included daily weight and healthmonitoring, andCarprieve administration in the home cagewater sup-

ply for 4-5 days.

Whisker stimulation
Contralateral and ipsilateral whiskers were deflected along the anterior-posterior axis with two piezoelectric actuators (Physik Instru-

mente; PL127.11) mounted on NOGA articulated arms (RS 785-7869) and positioned �5 mm from the base of the whisker pad on

either side of the snout. For single-whisker stimulation, the C2 whiskers were threaded into glass-capillaries glued to the piezo ac-

tuators and deflected in the anterior direction with a single 50 ms square pulse. For the single-whisker task every 1-2 weeks mice

were briefly anesthetized to allow retrimming of the surroundingwhiskers. Piezo deflection rangewas 0 - 1mm from rest as calibrated

with videography. For multi-whisker stimulation, whiskers were deflected with cardboard stimulus ‘paddles’ (2 x 3 cm). Multi-whisker

stimulation consisted of a sinusoidal deflection for 500 ms at 20 Hz with uniform intensity. Stimulus intensity was modulated by vary-

ing the voltage signal amplitude used to drive the piezos. Analogue waveforms were generated using custom written MATLAB

(MathWorks) scripts using the ’Data Acquisition Toolbox’, and outputted to single channel piezo drivers (Noliac, NDR6110) via a Na-

tional Instruments card (USB-6351).

Behavioral training
We developed a bilateral decision-making task where head-fixed mice discriminated bilateral whisker input and reported decisions

by licking left or right. Prior to training, mice were first habituated to experimenter handling and allowed to freely explore the head-

fixation platform and tube. During head-fixation habituation, mice were trained to tolerate periods of head-restraint of increasing

duration, and water rewards were delivered through the dual lickport to encourage pro-active directional licking.

We counterbalanced the spatial stimulus-response contingency across different mice. Mice were randomly assigned to either the

symmetric (e.g., stimulus left, lick left) or asymmetric (e.g., stimulus left, lick right) task contingency and were not trained to switch

between the two. To ensure reliable learning of the task framework, mice were initially trained on contra and ipsi unilateral stimuli (i.e.,

no distractor stimuli) of 100% intensity. Stimuli were delivered in a randomized order, with a maximum of 3 consecutive trials of the

same type in a row. To promote associative learning of the stimulus-response contingency, during the first 2-3 sessions the target lick

response was prompted with an automatic reward (‘autoreward’), which was unconditionally triggered 750 ms after the stimulus.

Following 2-3 days of autoreward instruction, subsequent sessions had the autoreward feature disabled, requiring mice to respond

correctly to obtain water rewards. Autoreward was occasionally and transiently re-enabled if mice displayed a strong response bias

that persisted across multiple sessions. Correct trials were rewarded with a 5 ml water droplet (5 % sucrose solution), incorrect trials

incurred a 5 s timeout while miss trials were not penalised. Mice were considered expert when performance on both stimulus-sides
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reached 70% on 3 consecutive days. For the single-whisker task, mice reached expert level within 7 sessions (days to reach expert:

sym 6.1 ± 3.7; mean ± std; n = 31 mice, asym 6.8 ± 5.2; n = 30 mice; n.s. P > 0.05; Wilcoxon rank-sum test).

For the delayed-response task version, following whisker stimulation (0.5 s), mice withheld licking and were instructed to report

their decision after a �1.5 second delay (from stimulus onset) via an auditory go cue (piezo buzzer, 200 ms). To enforce this delay

period, the lickports were mounted on a linear motor (P16Mini Linear Actuator, Actuonix), which was driven via a linear actuator con-

trol board (LAC board, Actuonix). The lickports were moved in and out on each trial using a square driving signal generated in

MATLAB (2 s duration, duty cycle 20%). The lickport motor took 170 ms to extend (a translation of 1 cm). Mice were trained in

the delay task using the same shaping protocol described for the single-whisker non-delay task. During imaging and photostimula-

tion experimental sessions, a post-hoc video-based measure of licking was derived to quantify early lick responses.

Following learning of the basic task framework, mice were transitioned to intensity discrimination training. Simultaneous bilateral

deflections were delivered to the whiskers, and the difference in deflection intensity cued the target behavioral response in line with

the learned task contingency. In discrimination sessions incorrect choices were not punished with negative reinforcement (beyond

the omission of reward) to encourage mice to respond across all trial regardless of discrimination difficulty, and threshold stimulus

trials were rewarded with 50% probability.

The behavioral task configuration was designed and controlled using PyBehavior (https://github.com/llerussell/PyBehavior).

Behavioral training took place in custom built training boxes linedwith sound attenuating foam. A dual lickport was constructed using

syringe needles (manually filed down to a dull point) held in a plastic block (distance between syringe tips 5 mm), and a dual lick-o-

meter circuit was used to detect licks electrically. Each lickport was gravity-fed with water through plastic tubing, which was gated by

a solenoid pinch valve (225PNC1-11, NResearch). Reward volume was 5 ml (5 % sucrose solution). A set of USB computer speakers

provided constant background white noise to mask sensory cues (e.g., piezo movement) and external noise. All behavioral training

and experiments were performed in the dark.

Behavioral metrics
To track learning across sessions, we quantified the overall fraction of correct trial (P(Correct)) across contra and ipsi unilateral trials

excluding miss trials. For quantification of discrimination accuracy, we analysed trials where mice reported a decision and excluded

miss trials. For perceptual choices, we quantified the fraction of trials where mice reported the contra whisker ‘P(Report contra

whisker)’. For motor (lickport) choices, we quantified the fraction of trials where mice licked the contra lickport ‘P(Lick contra lick-

port)’. We fit psychometric data using the sigm_fit function in MATLAB (https://www.mathworks.com/matlabcentral/fileexchange/

42641-sigm_fit). We used the fit to estimate the psychometric threshold stimulus (TS) as the corresponding stimulus condition

that would result in 50% discrimination performance on the psychometric curve. For assessing the perceptual effect of optogenetic

manipulation on TS trials discrimination, we quantified the difference in P(Report contra whisker) on control TS trials and opto+TS

trials.

Behavioral videography
Behavioral videography was acquired during two-photon imaging and targeted two- photon photostimulation experiments using two

infra-red (IR) sensitive CMOS cameras (DCC3240MThorlabs) under infra-red LED illumination. One camera positioned face-on to the

mouse (‘FaceCam’), recorded orofacial movements (licking and whisking) with a framerate of 75 – 100 fps. A second camera (‘Body-

Cam’) recorded body movements at 20 fps. Acquisition parameters (FOV size, frame rate etc.) were configured using ThorCam

(Thorlabs).

To analyse whisker pad and body movements, we used an ROI-based procedure to extract movement (in arbitrary units) in the

video recordings. Rectangular ROIs were positioned over the contra and ipsi whisker pads and across the body. We computed

the correlation coefficient ‘r’ between frame-to-frame pixel intensities as a measure of frame-to-frame similarity. Consecutive frames

without any animal movement (e.g. no whisking) will have a ‘r’ close to 1. On the other hand, frames with a lot of movement will have a

low ‘r’, as pixel intensities for a given pixel location will vary frommoment to moment. Frame to frame whisking and body activity was

therefore summarised as ‘1 – r’, normalised to the maximum value in the session.

We used DeepLabCut131 (DLC; https://github.com/DeepLabCut/DeepLabCut) to detect the tongue to quantify licking responses

that occurred outside of the response window (whilst the motorised lickport was retracted). A single ‘global’ DLC model was trained

using FaceCam video frames from across a sample of experiments. The model was trained using an equal proportion of licking / no

licking frames (selected manually), with 10 ‘nodes’ manually labelled on the tongue (9 around the edge, 1 in the centre) on �200

frames. On ‘test’ data, DLC tongue labels were assessed visually, and the model retrained if tracking accuracy was deemed

poor. A binary video measure of licking (tongue present / not present) was calculated by assessing if 7 or more tongue labels

were present in a given frame each with a ‘likelihood’ of R 0.7.

Muscimol silencing
To allow pharmacological access to cortex, we installed cranial windows with a laser cut hole through the middle (500 mm diameter,

Laser Micromachining, UK) plugged with silicone (Kwik-Sil) and centred over barrel cortex in 4 mice. The dura was removed before

the cranial window was installed. Prior to the experiment, the silicone plug was removed from the laser-cut hole in cranial window,

permitting access to cortex. Muscimol (powder dissolved in IVE; 100 nl at 5 mg/ml; Sigma-Aldrich) was manually pipetted onto the
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cranial window hole using a Gilson pipette and allowed to diffuse into barrel cortex for 20 minutes. Task performance was assessed

before and after muscimol application, as well as 24 hours after application in a recovery session.

Widefield calcium imaging
Widefield GCaMP fluorescence imaging was performed to localize barrel cortex (and individual whisker barrels) through the cranial

window 2-3 weeks following surgery (Figures S1A and S1C). Cortex was illuminated with a blue LED (Thorlabs) focused onto the

cortical surface through a 4x/0.1-NA air objective (Olympus). GCaMP6s fluorescence was passed through a GFP excitation filter

(Thorlabs) and detected using a CMOS camera (ORCA-Flash 4.0, Hamamatsu) via the objective (FOV �1.5 x 1.5 mm). Contralateral

whiskers were deflected at 10 Hz for 0.5 seconds during imaging. Stimulus-triggered average images were normalized to a 3 s pre-

stimulus baseline window. Widefield imaging was performed before every imaging and photostimulation experiment to localize the

2P FOV. Imaging was performed at 10 fps, 15-20 stimulus repeats were delivered passively (i.e. not during task performance) to

reduce licking/reward signal contamination.

One-photon optogenetics
One-photon photostimulation experiments were performed with an LED (595 nm, Thorlabs M595L3) mounted in the imaging light

path above the two-photon objective. One-photon stimulation was delivered through the same objective as two-photon stimulation,

positioned over the C2 whisker barrel in right hemisphere barrel cortex (localized using widefield imaging Figure S1A). LED power

(mW) and triggering was controlled via an LED driver T-Cube (Thorlabs). Power was calibrated with a power meter (PM100A, Thor-

labs). For the optogenetic substitution experiments presented in Figures 2A–2C (C1V1 in pyramidal neurons), the LED stimulus was a

square pulse, 50 ms, power range: 0-50 mW. For photostimulation biasing experiments in Figure 2F (C1V1 in pyramidal neurons) the

LED stimulus was a single square pulse (50ms, 1 mW). For optogenetic photoinhibition experiments in Figure 2G (C1V1 expressed in

PV-interneurons), the LED stimulus was a 500 ms continuous square pulse at 10 mW. Trials with optogenetic stimuli were not re-

warded to avoid reinforcing behavioral responses and were interleaved with a high proportion of whisker trials to maintain task

engagement. The only exception to this is the experiments presented in Figure S4D, where mice were intentionally trained to report

optogenetic stimulation. A different cohort of mice was used for each experiment.

All-optical system design
We used an ‘all-optical’ experimental strategy53–55,132 to investigate the impact of sparse activation of L2/3 cortical ensembles on

perception and local circuit physiology. All-optical experiments were performed using a customized dual beam path ‘all-optical’ mi-

croscope described previously53 A photostimulation light path coupled to a spatial light modulator (SLM) enabled spatially precise

two-photon photostimulation (PS), while a second imaging light path provided optical readout of activity via 2P calcium imaging. Im-

aging data were acquired on a resonant scanning system (Bruker Corporation) at 30 Hz with 512 x 512-pixel resolution (FOV 470 x

470 mm, FOV depth: 150 – 200 mm; 256.5 ± 44.1 neurons per FOV). GCaMP6swas excited using a Chameleon Ultra II laser (Coherent)

at 920 nm, which was raster scanned across the FOV. Static C1V1-mCherry and st-C1V1-mScarlet images were acquired at 765 nm.

Imaging power under the objective was 50mW. A 25x/0.95-NAwater-immersion objective (Leica) was used for all experiments. Two-

photon excitation of soma-targeted (st) C1V1 expressing neurons was performed with a femto-second pulsed laser at 1030 nm

(Satsuma, Amplitude; 2 MHz repetition rate, average output 20 W, pulse width 280 fs) coupled to a spatial light modulator (SLM,

7.68 x 7.68 mm active area, 512 x 512 pixels, Meadowlark Optics/Boulder Nonlinear Systems). SLM phase masks were generated

using the Gerchberg-Saxton algorithm133 and displayed on the SLM display using control software (Blink, Meadowlark). SLM target-

ing precision was ensured using calibration routines that mapped SLM pixel space onto 2P pixel space via an affine transforma-

tion.53,54 SLM-generated beamlets were simultaneously spiral scanned (three rotations, 15 ms duration per spiral, 15 mm diameter

at 20 Hz for 500ms) over somata with a pair of galvanometer mirrors. Photostimulation power was calibrated at 6 mWper cell. Power

was modulated via an acoustic optical modulator (AOM), and calibrated with a power meter (PM100A, Thorlabs). Recordings were

performed in 7 symmetric-trained mice (30 sessions, 4.3 ± 2.0 sessions per mouse) and 6 asymmetric-trained mice (22 sessions,

3.7 ± 1.8 sessions per mouse). During the targeted photostimulation experiment we delivered TS+PS (�15%), TS (�15%), PS

(�15%), catch (�15%) and unilateral whisker trials (�40%) in a randomized order.

Photostimulation response mapping
Due to variable levels of GCaMP6s and st-C1V1 co-expression, not all cells in a FOV are addressable for all-optical interrogation. In

order to identify cells with both functional opsin and indicator, we used a flexible photostimulation mapping procedure designed to

enable rapid tests of the photostimulation responsivity of each cell in the FOV (Near automatic photoactivation response mapping:

‘NAPARM’54). Static expression images of GCaMP and st-C1V1 were loaded into NAPARM’s user GUI, and 350 pixel targets (cor-

responding to the xy position of cell somata in the 2P FOV) were selected semi-automatically based on local intensity maxima. The

350 photostimulation target sites were clustered into 7 target groups of 50 cells using ek- means, and a phase-mask and a set of

photostimulation galvanometer position coordinates for each cluster was generated. Sequential photostimulation of each target

group was performed by the photostimulation module of the all-optical system and the SLM software and was triggered using syn-

chronisation software (PackIO; https://github.com/apacker83/PackIO). 15 photostimulation repeats of the stimulation sequence

(stim pattern 1 through to 7) were performed (total of 105 photostimulation events per experiment). Photostimulation parameters
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were 15 ms spiral, 15 mm diameter, 20 Hz, 500 ms duration, 10 reps, 5 s ITI. Photostimulation responsive neurons were identified by

comparing baselineDF/F responses (mean in a 1 s pre-stimulus window) to evokedDF/F responses (mean of 0.5 to 1 s post-stimulus)

with a one-tailed Wilcoxon ranked-sum test (P < 0.05 = responsive cell).

Two-photon calcium imaging data
All two-photon imaging data were motion-corrected and segmented into somatic and neuropil fluorescence traces using the Python

release of Suite2p129 (https://github.com/MouseLand/suite2p). Manual curation was performed to discard ROIs with non-somatic

shapes (e.g. dendritic/axonal processes) or filled nuclear fluorescence. Neuropil subtraction was performed across cells by subtract-

ing the neuropil signal from the somatic signal. Prior to subtraction, the neuropil signal was scaled by a coefficient (ranging from 0 – 1),

which was based on an estimation of neuropil signal contamination in the somatic signal using robust linear regression.134

For each neuron and each trial, the neuropil-subtracted fluorescence signal was extracted 1 second pre-stimulus to 6 seconds

post-stimulus (210 frames in total at 30 fps). Each trial trace was normalised using a DF/F calculation, where F was the average fluo-

rescence signal across the 1 second pre-stim baseline (30 imaging frames). The evoked response on a given trial was subsequently

calculated as the average DF/F signal 0.5–1 second post-stimulus (15 imaging frames). This analysis window avoids both sensory

and photostimulus presentation (which last 0.5 s) and avoids licking. Thus, the imaging response window is optimized to measure

the stimulus-evoked signal prior to contamination from response/reward related activity. During behavioural imaging sessions we

confirmed this analysis window was free from licking using videography analysis (average video-detected RT post-stimulus =

1662.4 ± 142 ms; mean ± std; n = 52 sessions; Figures S6A and S6B). Any trials with licking detected during the analysis window

were not included in analyses.

Identifying neurons with significant trial responses
Neurons with significant trial-evoked responses were identified by comparing the evoked DF/F response (during the delay epoch

500–1,000 ms after stimulus onset) distributions across different trial conditions using a one-tailed Wilcoxon rank-sum test and a

P < 0.05 threshold. For example, neurons activated by photostimulation (PS) were identified by comparing PS trial to Catch trial

response distributions. Likewise, neurons activated by photostimulation on top of sensory input (TS+PS) were identified by

comparing responses on TS trials to TS+PS trials. Neurons significantly selective for contra vs ipsi whisker stimulation were defined

by comparing trial-evoked responses on contra and ipsi trials.

Pixel-wise analysis of imaging data
Pixel-wise analysis was performed on the raw calcium imaging data to corroborate trace-based analyses. This was important for

confirming that Suite2p-detected responses (e.g. stimulus-selective / photostimulation activated) reliably reflected measurable

and visible changes in somatic fluorescence (as opposed to neuropil contamination or passing axonal/dendritic processes). For

each trial, registered imaging frames were normalised (DF/F, as described above) to a 1 second pre- stimulus baseline, and STA

response was assessed as the average response (500–1,000 ms) post stimulus. Pixelwise STAs ‘stamps’ for individual cells were

generated by sampling a mini-FOV 50 x 50 mm with each cell centred in the stamp at pixel location (25,25).

Receiver operating characteristic analysis
We used ROC analysis (MATLAB’s perfcurve function) to assign a stimulus-selectivity score to each neuron according to howwell an

ideal observer could decode trial-type (contra vs. ipsi) from the evoked response. Stimulus selectivity was defined as the area under

the ROC performance curve (AUC). Neurons with stimulus selectivity > 0.5 were selective for contra trials, and neurons < 0.5 were

selective for ipsi trials. We used the same procedure to quantify each neuron’s correlation with behavioral choices on threshold trials

by calculating action probability (comparison of 21.7 ± 15.7 ‘lick contra lickport’ and 24 ± 14.9 ‘lick ipsi lickport’ trials), choice prob-

ability (comparison of 21.6 ± 14.6 ‘report contra whisker’ and 24.1 ± 15.3 ‘report ipsi whisker’ trials) and detect probability (comparing

lick vs no lick trials). Choice probability scores > 0.5 indicate increased fluorescence on trials with contra lickport choices for sym-

metric-trained mice, but ipsi lickport choices for asymmetric-trained mice. To calculate whisker responsiveness scores we

compared TS and catch trial responses, and adjusted this AUCmetric between -1 and 1 such that the sign denoted whether a neuron

was positively or negatively modulated by TS input.

Control trial resampling
To test whether the relationship between photostimulation target count and perceptual bias reflected an underlying correlation be-

tween the number of active neurons and perceptual choice we performed a shuffle test based on resampling non-photostimulation

trials (as shown in Figure S11B). For each experiment, we sub-sampled (with re-sampling) control TS trials, to match the correspond-

ing number of photostimulation trials. This was possible as TS trials were delivered with twice the frequency compared to each of the

TS+PS trial conditions. We then compared the choice deviation ‘DP(Report contra whisker)’ of this sub-sample to the average of the

control TS trials, and summed the number of photostimulation target neurons that were identified as being significantly activated. We

did this twice for each experiment to generate a ‘fake’ TS+PS dataset, and then assessed the correlation between choice bias and

photostimulation target activity. We repeated this procedure 10000 times to build up a distribution of correlation coefficients against

which we could compare the true photostimulated trials.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses
Unless otherwise stated all paired statistical comparison tests usedwereWilcoxon signed-rank tests. For unpaired comparisonsWil-

coxon rank-sum tests were used. We did not use methods to test for normality of sample distributions. A linear regression model

(Matlab ‘fitlm’) was used to predict photostimulation-evoked choice bias using various photostimulation and behavioral parameters.

All inputs to the linear regression model were first z-scored. Scatter plots show least-squares lines, and Pearson’s correlation coef-

ficients were calculated using the Matlab function ‘‘corrcoef.’’ NS, not significant. * P < 0.05, ** P<0.01, *** P<0.001. All data are re-

ported as the mean and standard error of the mean (SEM) across individual experimental sessions (unless otherwise stated). Details

of statistical tests and sample sizes can be found in the results text and in figure legends. No statistical methods were used to pre-

determine sample size. Experimenters were not blind to experimental conditions.
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