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SUMMARY

Perceptual decisions involve distributed cortical
activity. Does information flow sequentially from
one cortical area to another, or do networks of inter-
connected areas contribute at the same time?
Here we delineate when and how activity in specific
areas drives a whisker-based decision in mice.
A short-term memory component temporally sepa-
rated tactile ‘‘sensation’’ and ‘‘action’’ (licking). Using
optogenetic inhibition (spatial resolution, 2 mm; tem-
poral resolution, 100ms), we surveyed the neocortex
for regions driving behavior during specific behav-
ioral epochs. Barrel cortex was critical for sensation.
During the short-termmemory, unilateral inhibition of
anterior lateral motor cortex biased responses to the
ipsilateral side. Consistently, barrel cortex showed
stimulus-specific activity during sensation, whereas
motor cortex showed choice-specific preparatory
activity and movement-related activity, consistent
with roles in motor planning and movement. These
results suggest serial information flow from sensory
to motor areas during perceptual decision making.

INTRODUCTION

Perceptual decisions involve multiple, spatially distributed cor-

tical areas (Felleman and Van Essen, 1991; Hernández et al.,

2010). Romo and colleagues recorded neuronal correlates of

sensation, memory, and action in primates during passive tactile

decision tasks. Their findings suggest a hierarchically organized

cortical system, in which sensory information in primary somato-

sensory cortex (Zainos et al., 1997) is gradually (Hernández et al.,

2010) transformed into choice in frontal cortical areas (de

Lafuente and Romo, 2005) (reviewed in Romo and de Lafuente,

2013). Serial information flow has also been observed in visual

perceptual decision tasks in primates (Bisley et al., 2001; Gold

and Shadlen, 2002; Seidemann et al., 1998). Relating neuronal

signals to behavior requires rapid and reversible (within a trial
epoch) silencing of neuronal activity during behavior. Pharmaco-

logical silencing (Hikosaka and Wurtz, 1985) and cooling (Long

and Fee, 2008; Ponce et al., 2008) are too slow to reveal the

involvement of individual brain areas during specific behavioral

epochs. Electrical microstimulation has the requisite temporal

resolution (Bisley et al., 2001; de Lafuente and Romo, 2005;

Seidemann et al., 1998), but all of these methods have low

throughput, prohibiting comprehensive surveys of brain regions

contributing to behavior.

Themouse is a genetically tractable organism (Luo et al., 2008;

O’Connor et al., 2009), providing access to defined cell types for

transgene expression. Its lissencephalic macrostructure allows

access to a large fraction of the brain for functional analysis.

The mouse is therefore a powerful model to examine the circuit

mechanisms underlying behavior. Progress will require quantita-

tive perceptual decision tasks and establishing causal relation-

ships between cortical activity in specific brain regions and

behavior. The flow of information through interconnected

cortical areas underlying a perceptual decision has not been

examined in mice. A key challenge is that decision tasks with

the requisite behavioral components are not available.

Here we developed a tactile decision behavior in head-fixed

mice to track the flow of information during perceptual decision

making. Rodents use their whiskers to navigate tight spaces and

explore objects (Knutsen et al., 2006; O’Connor et al., 2010a; Ritt

et al., 2008; Voigts et al., 2008). In our task, head-fixed mice

measured the location of a pole using their whiskers and re-

ported their choice with licking. In contrast to previous versions

(O’Connor et al., 2010a), a delay epoch separates ‘‘sensation’’

and ‘‘action.’’ We used optogenetic silencing to identify the

cortical regions involved during any trial epoch.

The vibrissal primary somatosensory cortex (vS1, also called

‘‘barrel cortex’’) receives whisker-related tactile input via the

thalamus (Koralek et al., 1988; Lu and Lin, 1993; Petreanu

et al., 2009; Woolsey and Van der Loos, 1970). vS1 is heavily

connected with thalamic and other cortical areas via long-range

connections (Hoffer et al., 2005; Hooks et al., 2013; Mao et al.,

2011). The vast majority of cortical areas remain unstudied in

the context of tactile discrimination.

Inactivating vS1 caused deficits in object location discrimina-

tion (Hutson and Masterton, 1986; O’Connor et al., 2010a,

2013), mainly during sensation. Unilateral inactivation of a frontal
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Figure 1. Object Location Discrimination Task with a Delay Epoch

(A) Head-fixed mouse performing object location discrimination under optogenetic perturbation.

(B) A mouse producing ‘‘lick right’’ and ‘‘lick left’’ responses based on pole location.

(C) Task structure. The pole was within reach during the sample epoch. Mice responded with licking after an auditory response cue.

(D) Behavioral data. Top: one example trial. Whisker position (azimuthal angle, q) for a representative ‘‘lick right’’ trial is shown. Touches, gray circles; licks, black

ticks. Middle: summary data for ‘‘lick right’’ trials in eight mice. Probability of touch, gray; licking, black (10 ms time bin). Bottom: same as middle for ‘‘lick left’’

trials.

(E) Behavioral performance acrossmice. Left: fraction correct ‘‘lick right’’ (blue), ‘‘lick left’’ (red), and ‘‘lick early’’ (black) trials. Each bar corresponds to onemouse

(n = 15). Right: histogram of performance (gray) and fraction of ‘‘lick early’’ trials (black) across individual mice.

(legend continued on next page)
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cortical area (anterior lateral motor cortex [ALM]) during the delay

epoch, preceding the motor response, biased the upcoming

choice in the ipsilateral direction. Neurons in vS1 showed

stimulus-specific activity during the sample epoch (Curtis and

Kleinfeld, 2009; O’Connor et al., 2010b; von Heimendahl et al.,

2007). Neurons in ALM showed choice-specific preparatory

activity and movement-related activity, consistent with roles in

driving the response. Our results are consistent with serial infor-

mation flow, in which information is passed from sensory areas

to motor areas during perceptual decision making.

RESULTS

Object Location Discrimination with a Short-Term
Memory Epoch
The behavioral task (Figure 1A) was adapted from a lick/no-lick

object location discrimination task (O’Connor et al., 2010a)

with two modifications: first, mice indicated their choice by sym-

metrically (Sanders and Kepecs, 2012; Schwarz et al., 2010)

licking one of two lickports (‘‘lick left/lick right’’); second, mice

withheld their response during a delay epoch. The symmetric

response ensured that the expectation of reward is independent

of choice, minimizing bias toward one of the two responses. In

each trial, a vertical pole was presented in one of two positions

(anterior or posterior). The mouse was trained to locate the

pole with a single whisker (the C2 whisker) and report the

perceived pole position by licking (Figure 1B). The standard

contingency was: posterior / lick right and anterior / lick left

(the contingency was reversed for the experiments of Figure 5).

The task was divided into sample, delay, and response epochs,

thus separating ‘‘sensation’’ and ‘‘action’’ (Figure 1C) (Tanji and

Evarts, 1976). At the beginning of the sample epoch, the pole

moved quickly (0.2 s) into reach of the C2 whisker, whereupon

the mouse whisked to touch the pole (Figures 1C and 1D). The

pole was present during the sample epoch (1.3 s), which termi-

nated when the pole moved out of reach. After the sample epoch

was the delay epoch (1.3 s), during which themousewithheld the

response (licking) while remembering its behavioral choice. An

auditory cue (0.1 s) signaled the beginning of the response epoch

and mice initiated licking (Figure 1D). Premature licking, during

the sample or delay epochs, triggered an alarm sound and a brief

timeout (‘‘lick early’’ trials, Figure 1E).

We trained a total of 22 mice in the object location discrimina-

tion task (Table 1; fraction correct, 69% ± 5%, mean ± SD; Fig-

ures 1E and S1A available online). Mice achieved criterion

performance (70% correct) within 3 weeks (Figure S1B) with little

bias between ‘‘lick right’’ and ‘‘lick left’’ trials (Figure S1C). Mice

suppressed licking until the response epoch on a majority of the

trials. ‘‘Lick early’’ trials (18% ± 9%, mean ± SD, Figures 1E and

S1D) were excluded from our analyses. Rhythmic licking (7.6 ±

0.46 Hz, mean ± SD; Figure 1D) began immediately after the

auditory cue (median reaction time after cue onset, 80.2 ±

10.5 ms, mean ± SD).
(F) Top: whisker density for representative ‘‘lick right’’ and ‘‘lick left’’ trials (overlai

and ‘‘lick left’’ trials. Each line corresponds to one mouse (n = 14).

(G) The fraction of ‘‘lick right’’ responses as a function of number of touches for

excluded because there were not enough trials to sort by the number of touches
High-speedmeasurements ofwhiskermovements (see Exper-

imental Procedures; Figure 1F) (Clack et al., 2012; O’Connor

et al., 2010a) revealed that the C2 whisker scanned across the

posterior pole position (Figure 1F) (O’Connor et al., 2010a).

Mice made significantly more touches in posterior trials (4.9 ±

1.2 contacts, mean ± SD) than in anterior trials (0.4 ± 0.4

contacts, mean ± SD, p < 0.001, t test). Mice thus solved the

task using a highly asymmetricwhisking strategy. The preference

for one pole position over the other (‘‘exploration bias’’) (Fig-

ure S5B) was much higher than in previous experiments without

delay epoch (O’Connor et al., 2010a, 2013). This extreme bias

suggests that mice solve the task by detecting the pole in the

posterior position and ignore the pole in the anterior position.

The majority of the touches occurred at the beginning of the

sample epoch (Figure 1D). Mice used touch to solve the

task: first, ‘‘lick right’’ response probability increased with larger

numbers of touches per trial (Figure 1G); second, mice were

unable to perform the task after theC2whiskerwas trimmed (Fig-

ure S1E). Head-fixed mice can perform object location discrimi-

nationwith a singlewhisker and hold the decision inmemory for a

delay epoch.

Inactivating Cortical Activity
To probe the role of specific brain areas, we inactivated small

volumes of cortical tissue by photostimulating channelrhodop-

sin-2 (ChR2) in GABAergic interneurons (VGAT-ChR2-EYFP)

(Zhao et al., 2011) (Figure S2). Since GABAergic interneurons

have dense local axonal arbors (Helmstaedter et al., 2009), this

approach is expected to produce potent and local inhibition

(Figure 2A).

We characterized ‘‘photoinhibition’’ in awake mice (Figure S3;

see Experimental Procedures). A laser beam (wavelength,

473 nm; Figure S4A) was focused onto the surface of the brain

(Figure 1A). Extracellular recordings were made in vS1 close to

the center of the laser (n = 133 isolated single units, see Experi-

mental Procedures; Figure S3). The distribution of spike widths

was bimodal (Figures 2B and 2C). Fast-spiking (FS) neurons

with narrow spikes were probably parvalbumin-positive inter-

neurons (Kawaguchi, 1993; McCormick et al., 1985), and these

neuronswere activated by photostimulation, on average (Figures

2B and 2D). Neurons with wide spikes probably were mostly

pyramidal neurons (putative pyramidal [ppyr] neurons) and

were inhibited by photostimulation (Figures 2B and 2D). To quan-

tify inhibition of the ppyr neurons (see Experimental Procedures,

n = 106), we normalized the firing rate during photostimulation to

the baseline firing rate (‘‘normalized spike rate,’’ see Experi-

mental Procedures; range of baseline firing rates, 0.01–28.8

spikes/s; mean firing rate, 5.5 spikes/s). Near the center of the

photostimulus (<1 mm from the laser center), activity of the

ppyr neurons was reduced over a wide range of power levels

(Figure 2E). At moderate laser powers (1.5 mW; 87% ± 3% activ-

ity reduction, mean ± SEM; 83/106 significantly inhibited, p <

0.05, t test), photoinhibition was localized to a region with radius
d whisker images). Bottom: distribution of the number of touches in ‘‘lick right’’

‘‘lick right’’ (blue) and ‘‘lick left’’ (red) trials (n = 14). One mouse from (E) was

(Table 1). See also Figure S1.

Neuron 81, 179–194, January 8, 2014 ª2014 Elsevier Inc. 181



Table 1. Mice Appearing in This Paper

Mouse

Number of

Sessionsa
Number

of Trials

Number of

Recording

Sessions

Number of

Recorded

Neurons Experiment Types Figures

JF140689 (female) 12 4,905 3 23 vS1 spatial photoinhibition, vS1 sample versus

delay photoinhibition, S1 recording

1D–1G, 3C, 3E, 4C, 5B,

6C, 6D, S4I, and S7

JF138070 (male) 17 6,903 0 0 vS1 spatial photoinhibition, vS1 sample versus

delay photoinhibition

1D–1G, 3C, 3E, 4C, 5B,

S4I, and S7

JF138072 (male) 9 3,191 1 3 vS1 spatial photoinhibition, vS1 sample versus

delay photoinhibition, vS1 recording

1D–1G, 3C, 3E, 4C, 5B,

6C, 6D, S4I, and S7

JF147593 (male) 9 3,450 0 0 vS1 sample versus delay photoinhibition 1D, 1E, 3C, 4C, and 5B

JF147595 (male) 18 6,534 2 17 vS1 laser power versus photoinhibition,vS1

sample versus delay photoinhibition, ALM sample

versus delay photoinhibition, left ALM recording

1D–1G, 3C, 3D, 4C, 4D,

5B, 7C–7G, S4I, and S7

JF160925 (male) 24 9,909 1 15 vS1 laser power versus photoinhibition, vS1 spatial

photoinhibition, vS1 sample versus delay

photoinhibition, S1 recording

1D–1G, 3C–3E, 4C, 5B,

6C, 6D, S4I, and S7

JF163936 (male) 29 12,645 3 13 vS1 laser power versus photoinhibition, vS1 spatial

photoinhibition, vS1 sample versus delay

photoinhibition, vS1 recording

1D–1G, 3C–3E, 4C, 5B,

6C, 6D, S4I, and S7

JF163938 (male) 35 14,564 5 61 vS1 laser power versus photoinhibition, neocortex

spatial photoinhibition, vS1 sample versus delay

photoinhibition, ALM sample versus delay

photoinhibition, left ALM recording, right ALM

recording

1D–1G, 3C, 3D, 4B–4E,

5B, 7C–7G, S4I, S6A,

S6B, and S7

JF166185 (female) 29 11,260 3 17 vS1 laser power versus photoinhibition, vS1 spatial

photoinhibition, vS1 sample versus delay

photoinhibition, vS1 recording

1D–1G, 3C–3E, 4C, 5B,

6C, 6D, S4I, and S7

JF147596 (male) 57 22,590 0 0 Neocortex spatial photoinhibition 1D–1G, 3C, 4B, 5B, S1,

S6A, and S6B

JF147594 (male) 85 30,990 5 39 vS1 laser power versus photoinhibition, vS1

sample versus delay photoinhibition, ALM sample

versus delay photoinhibition, neocortex spatial

photoinhibition, vS1 recording, left ALM recording

1D–1G, 3C, 3D, 4B–4E,

5B, 6C, 6D, 7C–7G, S1,

S4I, S6A, S6B, and S7

JF147599 (female) 34 10,099 0 0 Neocortex spatial photoinhibition, vS1 laser power

versus photoinhibition, vS1 sample versus delay

photoinhibition

1D–1G, 3C, 3D, 4B, 4C,

5B, S1, S6A, and S6B

JF166182 (male) 69 36,055 5 31 vS1 laser power versus photoinhibition, vS1

sample versus delay photoinhibition, vS1 spatial

mapping, ALM sample versus delay

photoinhibition, neocortex spatial photoinhibition,

vS1 recording, left ALM recording

1D–1G, 3C–3E, 4B–4E,

5B, 6C, 6D, 7C–7G, S4I,

S6A, S6B, and S7

JF167783 (male) 26 12,763 5 41 vS1 laser power versus photoinhibition, vS1

sample versus delay photoinhibition, vS1 spatial

photoinhibition, ALM sample versus delay

photoinhibition, vS1 recording, left ALM recording

1D–1G, 3C–3E, 4C–4E,

5B, 6C, 6D, 7C–7G, S4I,

and S7

JF167784 (male) 39 21,959 5 41 vS1 laser power versus photoinhibition, vS1

sample versus delay photoinhibition, vS1 spatial

photoinhibition, ALM sample versus delay

photoinhibition, vS1 recording, left ALM recording

1D–1G, 3C–3E, 4C–4E,

5B, 6C, 6D, 7C–7G,

S4I, and S7

JF190962 (male) 29 11,744 0 0 Neocortex spatial photoinhibition 4B, S6A, and S6B

JF173436 (male) 35 13,044 0 0 vS1 reverse contingency, ALM reverse

contingency, targeted photoinhibition experiments

5D and S6C–S6H

JF173437 (male) 34 11,918 0 0 vS1 reverse contingency, ALM reverse

contingency, targeted photoinhibition experiments

5D and S6C–S6H

JF185608 (male) 16 6,036 0 0 vS1 reverse contingency, ALM reverse

contingency, targeted photoinhibition experiments

5D and S6C–S6H

(Continued on next page)
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Table 1. Continued

Mouse

Number of

Sessionsa
Number

of Trials

Number of

Recording

Sessions

Number of

Recorded

Neurons Experiment Types Figures

JF155551 (male) 6 2,172 0 0 Wild type, photostimulation, C2 whisker trimming S1E and S5

JF155552 (male) 4 1,137 0 0 Wild type, photostimulation, C2 whisker trimming S1E and S5

JF155553 (male) 4 1,013 0 0 Wild type, photostimulation, C2 whisker trimming S1E and S5

JF152330 (male) – – 3 20 vS1 recording, nonbehaving 2, S3, and S4

JF159681 (male) – – 1 4 vS1 recording, nonbehaving 2, S3, and S4

JF159342 (male) – – 3 26 vS1 recording, nonbehaving 2, S3, and S4

JF152965 (female) – – 4 17 vS1 recording, nonbehaving 2, S3, and S4

JF152142 (male) – – 4 28 vS1 recording, nonbehaving 2, S3, and S4

JF152143 (male) – – 2 4 vS1 recording, nonbehaving 2, S3, and S4

JF152962 (male) – – 2 8 vS1 recording, nonbehaving 2, S3, and S4

JF161464 (male) – – 4 31 vS1 recording, nonbehaving 2, S3, and S4

JF175015 (male) – – 3 24 striatum recording, nonbehaving S2

JF175016 (male) – – 3 15 striatum recording, nonbehaving S2

JF211314 (female) – – – – Clear-skull cap measurement S4

JF179413 (female) – – – – Clear-skull cap measurement S4

JF212537 (female) – – – – Photobleaching experiment S4

JF212538 (female) – – – – Photobleaching experiment S4
aIncluding session in which neuronal recording was carried out during active behavior (column 4).
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of approximately 1 mm (radius at half-max, Figure 2F). At higher

powers (14 mW), neurons were inhibited further from the center

of the photostimulus (Figure 2F). Photoinhibition was nearly uni-

form across cortical layers (Figure 2G; Figure S4J). ChR2-YFP

expression was largely absent in the striatum beneath the cortex

and recording experiments confirmed that inhibition directly

caused by photostimulation was confined to neocortex (Fig-

ure S2). Photoinhibition reached steady state 17.3 ms after pho-

tostimulus onset with an offset time of 124 ms (see Experimental

Procedures).

Inactivating vS1 during Behavior
Studies using aspiration lesions and pharmacological silencing

have implicated vS1 in object localization (Hutson and Master-

ton, 1986; O’Connor et al., 2010a). We thus photoinhibited

cortical activity transiently during the sample epoch in the C2

and surrounding columns (Figures 1 and 3A). We obtained opti-

cal access to the neocortex (lateral ± 4 mm, bregma ± 3 mm)

by outfitting mice with a clear-skull cap (Figure 3B, light trans-

mission, approximately 50%; see Experimental Procedures).

During behavior we therefore photostimulated directly through

the clear-skull cap.

C2 barrel columns were mapped with intrinsic signal imaging

(Figure 3B) (Masino et al., 1993; O’Connor et al., 2010b).

Photoinhibition at our standard photostimulation condition

(1.5 mW) spanned multiple barrel columns, centered on the

C2 column (Figure 3A; 85% reduction in spike rate at

laser center; 0.9 mm radius at half-max; approximated from

Figures 2E and 2F assuming 50% light attenuation). Photo-

inhibition in behaving mice was nearly as strong as that

observed under nonbehaving condition (Figures 2E and S4I;
measured without the clear-skull cap to enable direct compar-

ison between behaving and nonbehaving condition: p = 0.33,

t test at 1.5 mW; 6 mice, 35 vS1 neurons, see Experimental

Procedures).

We inactivated vS1 in 15 mice (Table 1) during behavior. Mice

performed a large number of trials per session (422 ± 115 trials,

mean ± SD; Table 1). Photostimuli were applied (Figure 2D)

randomly in 25% of the trials. Because mice employed a whisk-

ing strategy that appeared to maximize touches for ‘‘lick right’’

trials (corresponding to the posterior pole position) and minimize

touches in ‘‘lick left’’ trials (Figure 1F), a neuronal signal coding

for touch was probably responsible for detection of the pole

in ‘‘lick right’’ trials. A simple prediction is that inactivating vS1

reduces performance in ‘‘lick right’’ trials. Consistent with this

hypothesis, photoinhibition decreased performance in ‘‘lick

right’’ trials (performance reduction, 29.8% ± 9.4%, mean ±

SD, p < 0.001, two-tailed t test, Figure 3C). This deficit increased

as a function of light intensity (Figure 3D), implying a relationship

between vS1 activity and pole detection. We observed little

effect in performance on ‘‘lick left’’ trials (Figure 3D). The behav-

ioral change was not due to nonspecific effects of photostimula-

tion, since light itself, without the VGAT-ChR2 transgene,

produced no effect (Figure S5A). Photoinhibition did not change

whisking (Figures S5C and S5D) or the number of touches

(paired t test, p > 0.05; Figure S5E), despite a deficit in reporting

pole location (Figure S5F). In addition, photoinhibition did not

change the fraction of ‘‘lick early’’ trials and ‘‘no lick’’ trials

(Figure S5A).

We next measured the spatial resolution of photoinhibition

in behaving mice. The behavioral effect decreased rapidly with

distance of the laser from C2, vanishing at 1.35 ± 0.6 mm
Neuron 81, 179–194, January 8, 2014 ª2014 Elsevier Inc. 183
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(A) Inactivation by photostimulating ChR2-positive GABAergic interneurons (green).

(B) Silicon probe recordings. Top: a GABAergic fast-spiking (FS) neuron (other units with smaller spike amplitudes were also recorded on this electrode). Bottom:

a putative pyramidal (ppyr) neuron. Right: corresponding spike waveforms.

(C) Spike classification. Top: spike waveforms for FS neurons (n = 18; gray) and ppyr neurons (n = 106; black). Bottom: histogram of spike durations. Neurons that

could not be classified based on spike width were excluded from analysis (white bar, n = 9; see Experimental Procedures).

(D) Top: the photostimulus. Vertical dotted lines: start and stop of photostimulation. Bottom: mean peristimulus time histogram (PSTH, 1 ms bin) for FS neurons

and ppyr neurons recorded under awake, nonbehaving conditions. All neurons <0.25 mm from the laser center were pooled.

(E) Spike rate as a function of laser power (<1 mm from laser center, all cortical depths). Spike rates were normalized to baseline (dash line, see Experimental

Procedures). Thick black line, mean for awake, nonbehaving condition. Thin gray lines, individual mice (seven mice, 103 ppyr neurons; one mouse with only three

ppyr neurons was excluded). Green line, mean for active behaving condition (35 neurons, six mice; error bars reflect SEM over mice).

(F) Normalized spike rate versus distance from the photostimulus center (all cortical depths). Neurons were pooled across cortical depths. Thin lines, individual

mice for the 1.5 mW condition.

(G) Normalized spike rate versus cortical depth (<0.2mm from laser center). Recording depths and cortical layers (‘‘L’’) are based on histology. Error bars indicate

SEM over neurons (n = 106). See also Figures S2, S3, and S4.
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(mean ± SEM) from the C2 barrel center (p > 0.05, two-tailed

t test) (Figure 3E). The behavioral effect was thus caused by

photoinhibition of vS1 and not the surrounding cortical areas.

We conclude that touch-evoked activity in vS1 is critical for

whisker-based object location discrimination.
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Mapping Cortical Regions Involved in Object Location
Discrimination
Wenext used photoinhibition to survey the dorsal neocortex dur-

ing specific epochs of the object location discrimination behavior

(Figure 1C). We tested 55 evenly spaced cortical volumes for
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Figure 3. Photoinhibition of vS1 during

Object Location Discrimination

(A) Approximate spatial extent of photoinhitibion

under our standard condition (1.5 mW). Photo-

inhibition spans at least ten barrel columns. Right:

the primary somatosensory cortex (green), with

the barrel field superposed.

(B) Mapping the C2 column with iIntrinsic signal

imaging (top left) relative to vasculature landmarks

(bottom left). Right: an example clear-skull cap.

Scale bar, 1 mm.

(C) Photoinhibition of vS1 during the sample

epoch. Top: timeline of photoinhibition. Bottom:

effects of photoinhibition on behavior in ‘‘lick right’’

trials (blue) and ‘‘lick left’’ trials (red). Performance

is the fraction of correct reports for each trial type

(Experimental Procedures). Thin lines, individual

mice (n = 15). Data from different laser powers are

pooled (range, 0.97 to 14 mW; mean, 3.94 mW).

***p < 0.001, two-tailed t test.

(D) Change in performance caused by photo-

inhibition versus laser power. Blue, ‘‘lick right’’

trials; red, ‘‘lick left’’ trials. Thick lines, mean per-

formance; thin lines, individual mice (n = 10).

(E) Change in performance in ‘‘lick right’’ trials

versus photostimulus location from C2 barrel

(n = 8). Laser power, 1.5 mW. See also Figure S5.
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their involvement in the behavior (Figure 4A). We tested six mice

across 151 behavioral sessions (53,190 trials). Photoinhibition

was deployed in 75% of the trials at one of the 55 grid locations

during either the sample or delay epochs (168 ± 11 ‘‘lick right’’

trials and 170 ± 11 ‘‘lick left’’ trials during sample epoch at

each location; 150 ± 9 ‘‘lick right’’ trials and 150 ± 10 ‘‘lick left’’

trials during delay epoch at each location; mean ± SD; see

Experimental Procedures). Wemeasured themean performance

change in ‘‘lick right’’ trials caused by photoinhibition at partic-

ular locations (Figure 4B, see Figure S6 for raw performance

numbers).

Photoinhibition of most sites did not cause a detectable

change in performance (Figures 4B and S6). During the sample

epoch, photoinhibiting vS1 reduced performance (Figure 4B),

consistent with the targeted vS1 experiments (Figure 3C). vS1

photoinhibition reduced performance significantly more during

the sample epoch compared to the delay epoch (p < 0.001,

two-tailed t test, Figure 4C), suggesting that tactile information

dissipates rapidly in vS1 after the sample epoch. However,

photoinhibition of vS1 during the delay period produced a small

but significant effect (p < 0.01; two-tailed t test against 0;

Figure 4C).

Photoinhibition during the delay epoch uncovered a frontal

area (lateral ±1.5 mm, bregma +2.5 mm) (Figures 4 and S6).

This area was anterior and lateral to, and largely nonoverlapping

with, the vibrissal primary motor cortex (vM1) (lateral 0.8 mm,

bregma +1 mm) (Huber et al., 2012). At the spatial resolution of

photoinhibition, this area was indistinguishable from the ALM

area previously identified to play a role in high-level control of

licking in mice (Komiyama et al., 2010) and rats (Travers et al.,
1997). We thus refer to this region as ALM. Photoinhibition of

ALM on either side of the midline perturbed the animal’s perfor-

mance, with the strongest effects during the delay epoch (p %

0.05, two-tailed t test, Figures 4D and 4E). Photoinhibition of

the left ALM biased the choice toward the left lickport, resulting

in an increased performance in ‘‘lick left’’ trials and decreased

performance in ‘‘lick right’’ trials (Figure 4D). Photoinhibition of

the right ALM biased the choice toward the right lickport (Figures

4E and S6). Unilateral photoinhibition of each side of ALM there-

fore yielded the opposite pattern of behavioral bias (Figures 4D

and 4E). This suggests that unilateral photoinhibition of ALM

biased the upcoming choice to the ipsilateral direction. We did

not observe any effect of ALM photoinhibition on the animals’

licking latencies (sample epoch inhibition versus control trials,

p = 0.86, paired t test, n = 6 mice; delay epoch versus control,

p = 0.48, n = 6 mice).

Is ALM involved in motor preparation? We performed experi-

ments in three new mice with the same pole locations but

reversed motor choice (posterior / lick left; anterior / lick

right) (Figures 5A and 5C). If a cortical area is involved in process-

ing sensory information, the pattern of deficit caused by photo-

inhibition should be unchanged by this motor choice reversal.

Indeed, the deficit caused by vS1 photoinhibition was similar

as in the standard contingency, with a significant performance

decrease in the ‘‘lick left’’ trials (Figure 5D). In contrast, if a

cortical area is involved in determining the animal’s motor

choice, the deficit caused by photoinhibition should be reversed.

Consistent with this hypothesis, the bias in ALM photoinhibi-

tion was reversed by reversing the sensorimotor contingency

(Figure 5D).
Neuron 81, 179–194, January 8, 2014 ª2014 Elsevier Inc. 185
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Figure 4. Cortical Areas Involved in Object Location Discrimination Revealed by Photoinhibition

(A) A grid of 55 photostimulus locations through the clear-skull cap (grid spacing, 1 mm). Each grid location was chosen randomly for photostimulation during

either sample or delay epoch (see Experimental Procedures). Scale bar, 1 mm.

(B) Photoinhibition during different behavioral epochs. Top: photoinhibition during sample (left) and delay (right) epochs. Bottom: cortical regions involved

in object location discrimination during sample (left) and delay (right) epochs in ‘‘lick right’’ trials. Color codes for the change in performance (%) under

photoinhibition relative to control performance. Circle size codes for significance obtained from bootstrap (Experimental Procedures; from small to

large; >0.025, <0.025, <0.01, <0.001). Effects on ‘‘lick left’’ trials are shown in Figure S6. Boundaries of cortical areas are from Allen Brain Atlas (Brain Explorer 2,

http://www.brain-map.org).

(C) Photoinhibition of vS1 during the sample epoch caused a larger behavioral deficit than during the delay epoch in ‘‘lick right’’ trials (***, blue, ‘‘lick right’’ trials,

p < 0.001, n = 12, two-tailed t test). Thick lines, mean; thin lines, individual mice.

(D) Photoinhibition of the left ALM during the delay epoch caused a larger behavioral deficit than during the sample epoch in ‘‘lick right’’ trials (**, blue, ‘‘lick right’’

trials, p = 0.0016, n = 6; two-tailed t test; red, ‘‘lick left’’ trials, p = 0.09).

(E) Photoinhibition of the right ALM during the delay epoch caused a larger behavioral deficit than during the sample epoch in ‘‘lick left’’ trials (blue, ‘‘lick right’’

trials, p = 0.22, n = 5; *, red, ‘‘lick left’’ trials, p = 0.05, two-tailed t test). See also Figure S6.
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We validated the mapping experiments in two ways. First, we

applied false discovery rate analyses to correct for multiple com-

parisons in our mapping results (Benjamini and Hochberg, 1995)

(Experimental Procedures; Table S1). vS1 and ALM remained

significant after the correction. Second, in a separate group of

three mice, we targeted specific cortical regions (vS1, ALM,

vM1, V1, and PPC; Figure S6). Only photoinhibition of vS1 and

ALM produced significant behavioral changes (Figure S6).

Even in experiments with bilateral photoinhibition of large areas

overlapping PPC (simultaneous inhibition of eight grid points,

Figure S6H), performance was not significantly affected.

We thus identified two cortical regions involved in tactile

object location discrimination. Inactivation of vS1 during the

sample epoch caused a deficit in pole detection regardless of

motor choice. Unilateral inactivation of ALM during the delay

epoch biased choice to the ipsilateral direction.
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Neuronal Selectivity in vS1 and ALM
We recorded single units from vS1 and ALM in mice performing

object location discrimination. A large fraction of vS1 neurons

differentiated trial types (Figure 6B), typically with higher spike

rates in ‘‘posterior’’ trials compared to ‘‘anterior’’ trials (Fig-

ure 6B). We computed ‘‘selectivity’’ as the difference in spike

rates between the trial types (Figure 6C). The selectivity was

largest at the beginning of the sample epoch (34/75 neurons

significantly differentiated trial types in spike counts during the

sample epoch, t test, p < 0.05), likely reflecting active touch (Fig-

ure 1D). Indeed, aligning the response to the first touch revealed

a peak of activity with a 10 ms delay (Figure S7), consistent with

previously reported latencies in vS1 (Armstrong-James et al.,

1992; Brecht and Sakmann, 2002; O’Connor et al., 2013;

Simons, 1978). Selectivity in vS1 was much reduced during

the delay epoch (Figures 6C and 6D; selectivity sample versus

http://www.brain-map.org
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Figure 5. vS1 and ALM Contribute Differently to Behavior

(A) ‘‘Lick left/lick right’’ task with standard contingency, in which mice learned to associate posterior pole position with licking right.

(B) Photoinhibition of vS1 and left ALM during the sample and delay epochs; same as Figures 4C and 4D.

(C) ‘‘Lick left/lick right’’ task with reversed contingency, in which mice learned to associate posterior pole position with licking left.

(D) Photoinhibition of vS1 and left ALM during the sample and delay epochs under the reversed contingency.
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delay: p < 0.001, paired t test); 20/75 neurons significantly differ-

entiated trial types in spike counts during the delay epoch (t test,

p < 0.05). Higher selectivity during the sample epoch compared

to the delay epoch is consistent with the photoinhibition experi-

ments (Figure 4C). The photoinhibition experiments also pre-

dicted that vS1 selectivity should be largely unaffected by the

animals’ motor choice (Figure 5). Indeed, the selectivity was

largely maintained on error trials (Figure 6E, slope = 0.47, r =

0.54, p < 0.001, also see examples in Figure 6B).

A large fraction of ALM neurons also differentiated between

trial types (122/186; Figures 7A–7C). ALM selectivity emerged

late in the sample epoch (13/186 neurons) and ramped up

throughout the delay epoch (43/186 neurons), often long before

the response (Figures 7B–7D; response type 1 and 2). Selectivity

reached a maximum during the response epoch (99/186 neu-

rons) (Figure 7E). In this respect, activity in ALM resembles pre-

paratory activity previously seen in motor cortex in macaques

(Tanji and Evarts, 1976). Immediately after the response cue, a

subset of the neurons with preparatory activity became silent

(23/186, response type 1, see example neuron in Figure 7B),

whereas other neurons showed enhanced activity and selectivity

(26/186, response type 2, Figure 7B). Another group of ALM

neurons did not show preparatory activity but became active

immediately after the response cue (63/186, response type 3,

Figure 7B). This enhancement of selectivity immediately after
the response cue is consistent with a motor command (move-

ment-related activity, Figure 7C response type 2 and 3). The

preparatory and movement-related activity closely tracked

the animals’ choice. In error trials, neurons switched their

trial type preference (Figures 7F and 7G; delay epoch:

slope = �0.41, r = �0.46, p < 0.001; response epoch:

slope = �0.48, r = �0.62, p < 0.001; see examples in Figure 7B).

This choice-specific selectivity is consistent with the ALM

photoinhibition experiments (Figure 5).

In summary, neuronal selectivity in vS1 represents infor-

mation about pole location independent of motor choice.

Neuronal selectivity in ALM represents motor preparation and

movement.

DISCUSSION

Cortical Information Flow during Tactile Decision
Making
We developed a behavioral task for head-fixed mice that sepa-

rated ‘‘sensation’’ and ‘‘action’’ in time (Figure 1). To map the

cortical activity involved, we transiently and reversibly inacti-

vated pyramidal neurons using photoinhibition in mice express-

ing ChR2 in GABAergic interneurons (Zhao et al., 2011). The

photoinhibition was potent (Figure 2E), spatially restricted (Fig-

ure 2F), and temporally precise (Figure 2D). Head fixation, the
Neuron 81, 179–194, January 8, 2014 ª2014 Elsevier Inc. 187
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Figure 6. vS1 Neurons Show Stimulus-Specific Activity

(A) vS1 recording during behavior.

(B) Three example vS1 neurons during object location discrimination. Top: spike raster and PSTH for correct ‘‘posterior’’ (blue) and ‘‘anterior’’ (red) trials. Bottom:

PSTH for error trials (transparent color). Averaging window, 200 ms. Dashed lines delineate behavioral epochs.

(C) vS1 population selectivity. Selectivity is the difference in spike rate between the ‘‘posterior’’ and ‘‘anterior’’ trials, normalized to the peak. Averaging window,

200 ms; 15/75 vS1 neurons did not show significant selectivity during any behavioral epoch, and they were excluded from the plot.

(D) vS1 neurons aremainly selective during the sample epoch. Circles correspond to individual neurons (n= 75). Selectivity is the firing rate (FR) difference between

‘‘posterior’’ and ‘‘anterior’’ trials during sample or delay epoch (FR ‘‘posterior’’ – FR ‘‘anterior’’). Filled circles indicate neuronswith significant selectivity during either the

sample or delay epoch (p < 0.05, two-tailed t test). Arrow, values are off scale; sample epoch selectivity, 19.4 spikes/s; delay epoch selectivity, 19 spikes/s.

(E) vS1 maintains selectivity on error trials. Selectivity on correct trials versus error trials, slope = 0.47, r = 0.54, p < 0.001. Filled circles indicate neurons with

significant sample epoch selectivity on the correct trials (p < 0.05, two-tailed t test). Arrow, the same outlier neuron as in (D). See also Figure S7.
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Figure 7. ALM Neurons Show Choice-Spe-

cific Preparatory and Movement-Related

Activity

(A) ALM recording during behavior.

(B) Three example ALM neurons during object

location discrimination. Top: spike raster and

PSTH for correct ‘‘lick right’’ (blue) and ‘‘lick left’’

(red) trials. Bottom: PSTH for error trials (trans-

parent color). Averaging window, 200 ms. Dashed

lines delineate behavioral epochs.

(C) ALM population selectivity. Selectivity is the

difference in spike rate between the preferred and

nonpreferred trial type, normalized to the peak. For

each neuron, we defined its preferred trial type

(‘‘lick right’’ or ‘‘lick left’’) using spike counts from a

subset of the trials (ten trials), and the remaining

data were used to compute the selectivity. Aver-

aging window, 200 ms. Six neurons of type 1

showed significant selectivity only during the

sample epoch; thus, only 43 neurons showed

significant delay epoch selectivity.

(D) ALM neurons show choice-specific prepara-

tory activity during the delay epoch. Selectivity is

the firing rate (FR) difference between ‘‘lick right’’

and ‘‘lick left’’ trials during sample or delay epoch

(FR‘‘lick right’’ – FR‘‘lick left’’). Circles correspond to

individual neurons (n = 186). Filled circles indicate

neurons with significant selectivity during either

the sample or delay epoch (p < 0.05, two-tailed

t test). Data from both left ALM and right ALM are

shown.

(E) ALM neurons show movement-related selec-

tivity during the response epoch. Circles corre-

spond to individual neurons (n = 186). Filled circles

indicate neurons with significant selectivity during

either the delay or response epoch (p < 0.05, two-

tailed t test). Arrows, values are off scale; response

epoch selectivity, 12.5 spikes/s; 12.2 spikes/s,

16 spikes/s.

(F) ALM preparatory activity during the delay

epoch correlated with the animals’ behavioral

choice. Selectivity on correct trials versus error

trials, slope = �0.41, r = �0.46, p < 0.001. Filled

circles indicate neurons with significant delay

epoch selectivity on the correct trials (p < 0.05,

two-tailed t test).

(G) ALM movement-related activity during the

response epoch correlated with the animals’

behavioral choice. Selectivity on correct trials

versus error trials, slope = �0.48, r = �0.62, p <

0.001. Filled circles indicate neurons with signifi-

cant response epoch selectivity on the correct

trials (p < 0.05, two-tailed t test). Arrow, the same

outlier neurons as in (E).
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clear-skull cap preparation, and the laser-scanning system

together provided access to most of the dorsal cortex for photo-

inhibition (Figure 4A). We show that sensory processing in

vS1 contributes to behavior mainly during the sample epoch,

whereas a frontal region (ALM) is mainly required during the

delay and early response epochs (Figure 4). Single-unit record-

ings supported these conclusions: a large fraction of neurons

in vS1 show object location-dependent activity during the

sample epoch (Figure 6), whereas the majority of neurons in
ALM are choice selective during the delay and response epochs

(Figure 7).

Our study makes four contributions. First, we show that head-

fixed mice can perform a symmetric-response perceptual

decision behavior with a delay epoch. Translating perceptual

decision behavioral paradigms to mice will facilitate understand-

ing of the underlying neural circuit mechanisms. The delay epoch

was critical, effectively boosting the time resolution of optoge-

netic inhibition. Individual mice performed many thousands of
Neuron 81, 179–194, January 8, 2014 ª2014 Elsevier Inc. 189
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trials with consistent performance. These features together

allowed us to use focal photoinhibition to reveal the brain areas

involved in specific task epochs.

Second, we outline a powerful method to inactivate small re-

gions of cortex through the intact skull, by local photostimulation

of ChR2-expressing GABAergic neurons.We characterized pho-

toinhibition at unprecedented levels of detail (Figures 2 and S4).

Photoinhibition allowed us to survey dozens of cortical regions

(about half of the cortex) in individual mice. The scanning laser

system also allows near-simultaneous photoinhibition ofmultiple

cortical regions (Figure S6H; Experimental Procedures). The high

throughput of this technique allows comprehensive surveys of

multiple cortical regions underlying behaviors in mice.

Third, we identified two cortical regions involved in specific

aspects of tactile decisions. vS1 is critical for the perception of

object location (Figures 3, 5, and 6). Previous lesion and pharma-

cological inactivation studies of vS1 caused changes in motor

strategies (Hutson and Masterton, 1986; O’Connor et al.,

2010a), therefore the behavioral effect was confounded by

motor deficits and possibly decreased levels of motivation

(Kleinfeld and Deschênes, 2011). The motor strategies remained

unchanged under transient photoinhibition (Figure S5), thus vS1

activity was critical for tactile sensation underlying object

location discrimination. Lesion analysis of monkey somatosen-

sation did not probe active sensation (Zainos et al., 1997).

ALM is involved during the delay and response epochs (Figures

5 and 7), consistent with a role in motor preparation and

movement.

Fourth, the photoinhibition and recording experiments outline

the information flow underlying a tactile decision in the mouse

cortex. Our data are consistent with a serial scheme, in which in-

formation is handed off from sensory to motor cortex, with little

temporal overlap (Figures 6 and 7). Cortical information flow

has previously been examined in primates using extracellular

recording and correlations with behavior (de Lafuente and

Romo, 2005; Hernández et al., 2010; Romo and de Lafuente,

2013), as well as electrical microstimulation (Bisley et al., 2001;

de Lafuente and Romo, 2005; Seidemann et al., 1998). To our

knowledge, ours is the first study to map task-relevant informa-

tion flow on a cortex-wide scale using loss-of-function methods.

It is possible that in more complex behavioral settings, or in diffi-

cult perceptual tasks, persistent reciprocal interactions may

occur between sensory and motor areas. The neuronal selec-

tivity in vS1 andALM, and their contribution to behavior, provides

hypotheses about neuronal coding and transformations be-

tween sensory and motor areas.

Relation to Previous Studies
Decision tasks with delay epochs have been widely used in

nonhuman primates to study perception (Mountcastle et al.,

1990; Seidemann et al., 1998), working memory (Fuster and

Alexander, 1971; Goldman-Rakic, 1995; Romo et al., 1999),

and motor preparation (Tanji and Evarts, 1976). The ability to

separate behavioral events in time allowed for analyses and

manipulations of specific behavioral components. Previously,

Romo and colleagues have used a comparison task to separate

tactile-flutter discrimination into sensation, working memory,

and choice. Neuronal correlates of sensation, working memory,
190 Neuron 81, 179–194, January 8, 2014 ª2014 Elsevier Inc.
and movement were found across a hierarchy of cortical areas

(Hernández et al., 2010; Romo and de Lafuente, 2013). There

is a surge of interest in developing similar behavioral tasks suit-

able for head-fixed mice (Harvey et al., 2012; Komiyama et al.,

2010; O’Connor et al., 2010a; Pammer et al., 2013; Sanders

and Kepecs, 2012). Our behavioral task design is similar to pre-

vious task designs in primates used to study how sensory infor-

mation is evaluated for decision (de Lafuente and Romo, 2005;

Seidemann et al., 1998); the key difference is that our mice

were asked to actively move their whiskers for tactile sensation

(O’Connor et al., 2010a, 2013; Pammer et al., 2013). The ability

to carry out sophisticated behavioral tasks in mice opens up

the possibility of investigating the circuits and cellular and synap-

tic mechanisms underlying perceptual decisions.

The involvement of vS1 in touch sensation (Figure 3) is con-

sistent with previous studies (Hutson and Masterton, 1986;

O’Connor et al., 2010a). Our data further show that vS1 is mainly

involved during the sample epoch of the task. A partial deficit

remained when vS1 was inactivated during the delay epoch,

although this effect was small and heterogeneous across individ-

ual mice (Figure 4C). Consistently, our recording data from vS1

revealed that some cells signaled pole location throughout part

of the delay epoch, after the pole was out of reach (Figure 6).

Similarly, experiments in nonhuman primates showed that

several visual areas contribute to visual decisions mainly during

the sample epoch (Afraz et al., 2006; Bisley et al., 2001; Seide-

mann et al., 1998), with a small remaining effect during the delay

epoch (Seidemann et al., 1998). A similar conclusionwas inferred

based on neuronal responses in somatosensory tasks (Hernán-

dez et al., 2010; Romo and de Lafuente, 2013).

Photoinhibition of vS1 in a similar task without a delay epoch

leads to an increase in performance in the ‘‘anterior’’/‘‘lick left’’

trials (O’Connor et al., 2013). Addition of the delay epoch abol-

ished this effect (Figure 4D). The underlying reasons for this dif-

ference are currently not understood. Photoinhibition during the

sample epoch could produce some rebound activity during the

delay epoch and thus increase the ‘‘lick right’’ rate (Figure 2D).

Explaining this discrepancy will require an understanding of

how vS1 activity is interpreted by downstream areas during the

delay epoch.

The dissociation of vS1 activity and whisking (Figure S5) is

likely not a general phenomenon but task specific. Previous

studies have reported that perturbation of vS1 activity in other

tasks can affect whisking (Matyas et al., 2010). The lack of vS1

involvement in whisking dovetails with an earlier lesion experi-

ment in primate that showed that S1 lesions do not impair motor

responses (Zainos et al., 1997).

Both the temporal specificity of photoinhibition (Figures 4D,

4E, and 5) and neuronal recording (Figure 7) support the idea

that a dorsal anterior cortex (overlapping with ‘‘M2’’ in Paxinos

and Franklin, 2004) is involved in motor preparation. Our results

show that preparatory activity in the motor cortex (Tanji and

Evarts, 1976) is causally related to action. This region overlaps

with a previously reported motor area involved in control of

licking (ALM, Komiyama et al., 2010; Travers et al., 1997) and

we adopted this term here. The ALM defined here by photoinhib-

tion (Figure 4B, center 1.5mm lateral, 2.5mmanterior to bregma)

is slightly medial to the previously reported coordinates defined
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by microstimulation (Komiyama et al., 2010, center, 2.0 mm

lateral, 2.4 mm anterior) and extends into primary motor cortex

(Figure 4B). The precise borders of ALM, if they exist, remain

to be mapped.

Since the offset latency of photoinhibition was �124 ms, ALM

photoinhibition (Figure 4) cannot delineate between effects dur-

ing delay epoch related to motor preparation and suppression of

motor output during early parts of the response epoch. ALM neu-

rons developed their selectivity gradually during the sample and

delay epochs, reaching a maximum at the beginning of the

response epoch (Figure 7). Ramping activity was also recently

reported in rats performing a memory-guided orienting task

(Erlich et al., 2011) in a region of the motor cortex that overlaps

with the classical vibrissal motor cortex (vM1) (Brecht, 2011;

Huber et al., 2012). Unilateral muscimol inactivation of this region

biased the rats’ choice in the ipsilateral direction. Our result is in

broad agreement with this finding, in that unilateral inactivation

of ALM biased licking in the ipsilateral direction (Figures 4D

and 4E). This study also reported a mixture of neurons preferring

either direction of orienting in each hemisphere (Erlich et al.,

2011). Similarly, our recordings from ALM revealed a mixture of

neurons preferring either direction of licking (Figure 7C). How

these mixed, bilateral activity patterns are consistent with the

lateralized inactivation behavioral effects (Figure 4) remains

mysterious.

Inactivation of vM1 using muscimol causes behavioral deficits

in mice trained in a ‘‘go/no-go’’ whisker-dependent object

detection task (Huber et al., 2012). We did not observe consis-

tent behavioral effects with vM1 inactivation in the ‘‘lick left/lick

right’’ task (Figures 4B and S6). It is possible that differences

in motor strategies could account for this discrepancy. In the

‘‘go/no-go’’ object detection task, poles were placed in one of

multiple locations and the mouse was asked to report whether

the pole was within reach or out of reach (Huber et al., 2012).

Mice solved this task using large-amplitude, stereotyped whisk-

ing (peak to peak amplitude, >40�), presumably to search for

the pole. In contrast, in our experiments mice adapted a

strategy with remarkably little rhythmic whisking (peak to peak

amplitude, <20�; Figure S5D).

Other Brain Areas in Tactile Decision Making
In the cortical mapping experiment we photoinhibited one

cortical region at a time (Figure 4B). Several cortical areas could

participate in tactile perception in parallel in a redundantmanner.

Inactivation of these areas simultaneously might be necessary to

reveal their function.

Active perceptual decisions also involve subcortical regions,

including the superior colliculus (Horwitz and Newsome, 1999),

the striatum (Ding and Gold, 2010), and possibly the thalamus

(Sommer and Wurtz, 2006). Targeting these subcortical regions,

as well as the ventral cortex, for inactivationmay require different

methods of photoinhibition, for example using implantable opti-

cal fibers (Aravanis et al., 2007). Alternatively, red-shifted opsins

(Lin et al., 2013; Packer et al., 2012) may allow noninvasive inac-

tivation of deep brain structures.

Our survey of cortical areas involved in tactile decisions iden-

tified cortical regions at the beginning and the end of cortical pro-

cessing. vS1 is the main conduit of tactile information from the
periphery to other cortical areas, including secondary somato-

sensory cortex (S2) and vM1 (Ferezou et al., 2007; Mao et al.,

2011). vS1 also projects to thalamus and the dorsolateral stria-

tum. ALM controls directional licking, the action indicating

behavioral choice in our behavior. How does tactile information

reach ALM? vS1 does not directly project to ALM (Mao et al.,

2011), but at least three indirect pathways link vS1 and ALM.

First, vS1 projects to S2, which projects to ALM (Allen Brain

Institute for Brain Science, http://mouse.brain-map.org; Z.V.G.,

N.L., and K.S., unpublished data). An analogous pathway has

been posited to play a key role in primate somatosensory deci-

sion tasks (Romo and de Lafuente, 2013). Second, vS1 projects

to the posterior nucleus of the thalamus (PO), which projects to

ALM. Third, vS1 projects to the dorsolateral striatum, which

might shape decision-related activity in ALM via the output

nuclei of the basal ganglia and motor thalamus. The specific

roles of these different pathways will be the subject of future

studies.

EXPERIMENTAL PROCEDURES

Animals and Surgical Procedures

This study is based on data from 38 mice (Table 1) (30 males; 8 females;

2 months to 10 months old). Nineteen VGAT-ChR2-EYFP mice (Jackson Lab-

oratory, http://www.jax.org) were used for photoinhibition (Figures 3, 4, and 5)

and neuronal recordings (Figures 6 and 7). Eight VGAT-ChR2-EYFPmice were

used to characterize photoinhibition (Figure 2). Two VGAT-ChR2-EYFP mice

were used for immunohistochemistry (Figure S2, not listed in Table 1). Two

VGAT-ChR2-EYFP mice were used to characterize photoinhibition in striatum

(Figure S2). Three wild-typemice (C57Bl/6Crl) were used for control behavioral

testing (Figures S1E and S5). Four mice were used for measuring light

transmission through the clear-skull cap (Figure S4; two VGAT-ChR2-EYFP

mice and two transgenic mice in which Rosa-LSL-H2B-GFP mice, gift from

Josh Huang, Cold Spring Harbor Laboratory, were crossed to PV-IRES-Cre

mice; Hippenmeyer et al., 2005).

All procedures were in accordance with protocols approved by the Janelia

Farm Institutional Animal Care and Use Committee. Mice were implanted

with a clear-skull cap constructed from a thin layer of clear dental cement

over intact skull (Figure 3B) and a headpost. For silicon probe recording, a

small craniotomy was made through the clear-skull cap. Neuronal recordings

and photoinhibition in vS1 were guided by intrinsic signal imaging (Figure 3B)

(Masino et al., 1993). Detailed information onwater restriction and surgical pro-

cedures is provided in Supplemental Experimental Procedures.

Behavior

Mice were trained to perform object location discrimination through operant

conditioning (O’Connor et al., 2010a; Supplemental Experimental Proce-

dures). The hardware and software used for behavioral control was largely

as described in O’Connor et al. (2010a) (see details in Supplemental Experi-

mental Procedures). The stimulus was a pole (0.9 mm in diameter), presented

at one of two possible positions (Figure 1). The two pole positions were

4.29 mm apart along the anterior-posterior axis (40� of whisking angle) and

were constant across sessions. The posterior pole position was 5 mm from

the whisker pad. A two-spout lickport (4.5 mm apart) was used to deliver water

reward and record licks (Supplemental Experimental Procedures). Mouth

movements (reaction time) weremonitored using a photodiode and an infrared

laser diode (Thorlabs). High-speed video was taken at 1 kHz using Mikrotron

Eosens Camera (Norpix, MC1362) to track the C2 whisker (Supplemental

Experimental Procedures).

At the beginning of each trial, the vertical pole moved into the plane within

reach of the C2 whisker (0.2 s travel time). The sound produced by mechani-

cally moving the pole triggered whisking before the pole was within reach

(see Figure 1D example trial). The pole remained within reach for 1 s, after

which it was retracted. The retraction time was 0.2 s, of which the pole
Neuron 81, 179–194, January 8, 2014 ª2014 Elsevier Inc. 191
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remained within reach in the first 0.1 s. Thus, we define the sample epoch as

the time from onset of pole movement to 0.1 s after the retraction onset of the

pole (sample epoch, 1.3 s total; Figure 1C). The delay epoch lasted for another

1.2 s after the completion of pole retraction (delay epoch, 1.3 s total; Figure 1C).

An auditory ‘‘response’’ cue indicated the end of the delay epoch (pure tone,

3.4 kHz, 0.1 s duration, DigiKey, 458-1088-ND). Licking early during the trial

was punished by a loud ‘‘alarm’’ sound (siren buzzer, 0.05 s duration,

RadioShack, 273-079), followed by a brief timeout (1–1.2 s). Continued licking

triggered additional timeouts; these trials were excluded from the analyses

(‘‘lick early’’ trials; Figure 1E, black bars). Licking the correct lickport after

the auditory ‘‘response’’ cue led to a small drop of liquid reward (3 ml). Licking

the incorrect lickport triggered a timeout (2–5 s). Trials in which mice did not

lick within a 1.5 s window after the ‘‘response’’ cue were rare and typically

occurred at the end of a session. Sessions were terminated when signs of

fatigue were observed (e.g., reduced whisking, occurrence of ‘‘no lick’’ trials).

Typically, the last 20 trials within each session were excluded from analyses.

All mice learned to perform this task with the C2 whisker. The total training

time to criterion performance (>70% correct) was 3–4 weeks (Figure S1)

(see details in Supplemental Experimental Procedures).

Photostimulation

Light from a 473 nm laser (DHOM-M-473-200, UltraLaser) was controlled by

an acousto-optical modulator (AOM; MTS110-A3-VIS, Quanta Tech) and

a shutter (Vincent Associates), coupled to a 2D scanning galvo system

(GVSM002, Thorlabs), then focused onto the brain surface (Figure 1A; Supple-

mental Experimental Procedures). The laser at the brain surface had a

Gaussian profile with a beam diameter of 400 mm at 4s (Figure S4). The scan-

ning galvo system (0.5–5 ms step time for step size 0.57–35 mm) and AOM

(extinction ratio 1:2,000; 1 ms rise time) allowed simultaneous targeting of mul-

tiple nonadjacent cortical regions for photostimulation (Figure S6H).

The standard photostimulus had a near sinusoidal temporal profile (40 Hz)

with a linear attenuation in intensity over the last 100 ms (duration: 1.3 s +

0.1 s ramp, Figure 2D). The power values reported is the time average. To pre-

vent the mice from distinguishing photostimulation trials from control trials

using visual cues, we delivered a ‘‘masking flash’’ (40, 1 ms pulses at 10 Hz)

using a blue LED near the eyes (Supplemental Experimental Procedures).

The masking flash began as the pole started to move and continued through

the end of the epoch in which photostimulation could occur.

For photostimulation of vS1, the laser beam was positioned over the C2

barrel column. For photostimulation of multiple cortical locations (Figure 4),

the laser beam was aligned to bregma. For sessions in which we targeted

specific cortical regions, photostimulation was delivered on 25% of behavioral

trials. Photostimulation locationswere chosen randomly but never twice in suc-

cession. For sessions inwhichwe targeted 55cortical locations (Figures4Band

S6), photostimulation was delivered on 75% of behavioral trials. Each cortical

location was photostimulated once in random order over 55 stimulation trials.

For recording in awake nonbehaving mice, photostimulation was delivered

at �7 s intervals (data in Figure 2). The power (0.53, 1.0, 1.5, 2.5, 4.5, 7.3,

and 14 mW) and locations of photostimulation (0.5, 0.75, 1.0, 2.0, and

3.0 mm from the recording sites) were chosen randomly. In addition to vS1

(Figure 2), we tested photoinhibition in ALM during behavior and found iden-

tical effects (Figure S4I). Furthermore, photoinhibition was similar during the

sample and delay epochs (Figure S4I).

We measured light transmission through the clear-skull cap (dental cement

and skull) using two independent methods. First, we directly measured laser

power before and after passing through the isolated clear-skull cap (Fig-

ure S4F). Second, we measured the rate of photobleaching in vivo in a

transgenic mouse line expressing GFP in the nuclei of a subset of neurons

(Rosa-LSL-H2B-GFP, crossed to PV-IRES-Cre). Photobleaching was induced

by prolonged (10 min) illumination at different laser powers with and without

the clear-skull cap. Nuclear fluorescence was measured in fixed tissue sec-

tions (Figure S4). Bothmethods gave light transmission of approximately 50%.

Neuronal Recordings

Extracellular spikes were recorded using silicon probes (NeuroNexus) (for de-

tails see Supplemental Experimental Procedures). Under awake, nonbehaving

condition, mice remained idle while different photostimulation conditions were
192 Neuron 81, 179–194, January 8, 2014 ª2014 Elsevier Inc.
tested. For recordings during behavior, sessions started after setting up the

recording apparatus. At the end of the recording sessions, the electrode was

removed and the craniotomy was covered with Kwik-Sil (World Precision

Instruments) and further reinforcedwithdental acrylic.On subsequent days, re-

cordings were made through the same craniotomy. Due to deterioration of the

neuronal tissue caused by electrode penetrations, only one to three recordings

were made in each craniotomy. In a subset of mice, two craniotomies were

made for recording from vS1 and ALM (Table 1). Silicon probes were painted

with DiI and recording tracks were recovered to measure recording depth.

Data Analysis

We separately computed the performance for ‘‘lick right’’ and ‘‘lick left’’ trials

as the fraction of correct reports (Figures 1E and 3C). Chance performance

was 50%. Behavioral effects of photoinhibition were quantified by comparing

the performance under photostimulation with control performance (Figures 3

and 4). Significance was determined using two-tailed t test (Figures 1, 3,

4C–4E, 6, and 7) and bootstrap (Figure 4B).

We tested against the null hypothesis that each photoinhibition site did not

cause a performance change. Performance changes must be interpreted

against behavioral variability. We performed bootstrap to consider the

variability across mice, sessions, and trials (Efron and Tibshirani, 1994). For

each cycle of bootstrap, repeated 106 times, we randomly sampled with

replacement (1) animals, (2) sessions performed by each animal, and (3) trials

within each session. We computed control performance and performance

under photoinhibition for each condition (i.e., ‘‘lick right’’ and ‘‘lick left’’ trial per-

formances for each cortical location). The p value for each photoinhibition

condition was the fraction of times the performance change from the control

condition changed sign (if photoinhibition showed a mean decrease in perfor-

mance from the control, p value for this condition was the number of times it

showed an increase in performance during bootstrap). This p value can be in-

terpreted as follows: if we were to repeat this experiment, what is the chance

that we would not see the performance change observed here? The bootstrap

analysis determined the confidence interval around our originally observed

performance values (the SEs of performance were the SDs of the estimates

from bootstrap; these were reported as error bars in Figure S6), and the duality

of confidence intervals and hypotheses testing allowed us to report that con-

fidence interval as a p value (Efron and Tibshirani, 1994). The threshold p value

was a = 0.025 (for one-tailed tests). To correct for multiple comparisons, we

used the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995):

we first sorted the p values corresponding to the 55 photoinhibition locations

in ascending order (i.e., p(1)% p(2)% $$$p(i)$$% p(55)) and found the largest i

such that p(i) % a$i/55. The performance change for grid locations, 1, $$$, i,

was scored as significant (Table S1). We performed power analyses to esti-

mate the number of trials necessary to observe significant performance

changes under normal behavioral variability. We randomly down sampled

the full data set (53,190 behavioral trials) and recomputed p values to look

for the minimal sample size needed to reach p < 0.025. The minimal sample

size depended on the mean effect size. For ALM, (mean Dperformance,

26%, Figure 4B, ‘‘lick right’’ trials, delay epoch), a minimal of 75 photoinhibition

trials were needed to observe a significant performance change (156 trials

were collected). For vS1, (mean Dperformance, 23%, Figure 4B, ‘‘lick right’’

trials, sample epoch), a minimal of 91 photoinhibition trials were needed to

observe a significant performance change (174 trials were collected). With

the full data set (53,190 behavioral trials), we could reliably detect a minimal

behavioral change of 10% (Figure 4B).

The extracellular recording traces were band-pass filtered (300–6,000 Hz).

Events that exceeded an amplitude threshold (four SDs of the background)

were subjected to manual spike sorting to extract single units (see details in

Supplemental Experimental Procedures). We recorded 133 single units under

awake, nonbehaving conditions (Table 1). For each unit, its spike width was

computed as the trough to peak interval in the mean spike waveform (Figures

2C and S3).We defined units with spike width <0.35ms as FS neurons (18/133)

and units with spike width >0.45 ms as putative pyramidal neurons (ppyr, 106/

133). Units with intermediate values (0.35–0.45 ms, 9/133) were excluded from

our analyses.

Effect of photoinhibition on activity was quantified in ‘‘normalized spike rate’’

relative to the baseline (see Supplemental Experimental Procedures). The time
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course of photoinhibition (onset, 17.3 ± 1.4 ms, mean ± SEM; offset 124 ±

9.4 ms) was computed from averaged PSTH (Figure 2D; see Supplemental

Experimental Procedures). Bootstrap was performed over neurons to obtain

the standard errors.

Under the active behaving condition, 261 neurons were isolated for >40

behavioral trials (>20 ‘‘lick right’’ trials and >20 ‘‘lick left’’ trials). We recorded

75 neurons from vS1 and 138 neurons were recorded from the left ALM and

48 neurons were recorded from the right ALM. These neurons were further

screened for significant trial-type selectivity using spike count during the

sample, delay, or response epoch (two-tailed t test, Figures 6 and 7, filled

symbols). For this analysis, only trials in which the mice correctly reported

pole locations were included. To quantify the effect of photoinhibition during

active behavior, we focused our analysis on 35/75 vS1 neurons (six mice)

that were classified as pyramidal neurons and tested for >5 photostimulation

trials (25% of the trials). These neurons were presented in Figure 2E. A few

recording sessions were discarded due to excessive bleeding (7/25 sessions)

over the craniotomy.
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