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SUMMARY
During reward-based learning tasks, animals make orofacial movements that globally influence brain activity
at the timings of reward expectation and acquisition. These orofacial movements are not explicitly instructed
and typically appear along with goal-directed behaviors. Here, we show that reinforcing optogenetic stimu-
lation of dopamine neurons in the ventral tegmental area (oDAS) inmice is sufficient to induce orofacial move-
ments in the whiskers and nose without accompanying goal-directed behaviors. Pavlovian conditioning with
a sensory cue and oDAS elicited cue-locked and oDAS-aligned orofacial movements, which were distin-
guishable by a machine-learning model. Inhibition or knockout of dopamine D1 receptors in the nucleus ac-
cumbens inhibited oDAS-inducedmotion but spared cue-lockedmotion, suggesting differential regulation of
these two types of orofacialmotions. In contrast, inactivation of thewhisker primarymotor cortex (wM1) abol-
ished both types of orofacial movements. We found specific neuronal populations in wM1 representing either
oDAS-aligned or cue-locked whisker movements. Notably, optogenetic stimulation of wM1 neurons suc-
cessfully replicated these two types of movements. Our results thus suggest that accumbal D1-receptor-
dependent and -independent neuronal signals converge in the wM1 for facilitating distinct uninstructed or-
ofacial movements during a reward-based learning task.
INTRODUCTION

It has long been known that the movements of animals, such as

locomotion and whisking, profoundly influence neuronal activity

within sensory cortices.1–3 Recent large-scale neural recordings

have suggested that this motor-related neuronal modulation is

not confined to a specific area but is pervasive throughout

cortical and subcortical brain regions.4–9 Furthermore, in animals

engaged in cognitive tasks, movements that are neither in-

structed nor necessary for task execution can be aligned to
3436 Current Biology 33, 3436–3451, August 21, 2023 ª 2023 The Au
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task events and significantly contribute to task-aligned neuronal

activity.5–8 In particular, orofacial movements, i.e., movements of

facial parts surrounding the mouth, such as the nose and whis-

kers, strongly correlate with brain-wide neuronal activities in

mice.4,5,9 However, the mechanisms by which the brain gener-

ates and coordinates orofacial movements, uninstructed but

task-aligned, remain largely elusive.

Mice well-trained for a stimulus-reward association task

frequently exhibit whisker movements (WMs) immediately

following a reward-predicting cue presentation.5,10–13 The
thor(s). Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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acquisition of liquid rewards through licking also seems to elicit

whisker and other facial movements.5,10–13 These orofacial

movements are often regarded as part of facial expressions

related to reward expectation and acquisition.12,14,15 However,

given that licking behavior is phase-locked to breathing, sniffing,

and other orofacial activities,16–18 it remains equivocal whether

such orofacial movements are simply concurrent with goal-

directed actions or are instead driven by independent neural

mechanisms. Moreover, nothing is currently known about which

neuronal populations are directly involved in forming task-

aligned, uninstructed orofacial movements.

Dopamine (DA) neurons in the ventral tegmental area (VTA)

play a central role in mediating motivated behaviors and are sup-

posed to form part of the reward circuit of the brain.19–21 Tran-

sient stimulation of VTA-DA neurons is reinforcing22–24 and can

replace some aspects of liquid reward.25 The VTA-DA neurons

in mice fire phasically upon reward expectation and acquisi-

tion,26–28 the timings similar to uninstructed WMs in reward-

based tasks.5,10,11 Therefore, the VTA-DA neurons may be

involved in making uninstructed orofacial movements.

The primary motor cortex (M1) is another candidate for a brain

region that may be involved in uninstructed orofacial move-

ments. There has been compelling evidence that stimulation of

the orofacial M1 of rodents triggers movements in the whisker

and nose.29–33 Neurons in the orofacial M1 encode various as-

pects of movements in the whisker and nose.34–36 Nevertheless,

it is unknown whether the orofacial M1 plays a causal role in

constituting uninstructed orofacial movements during reward-

based tasks.

In this study, we show that distinct WMs are induced

upon reward-predicting cue presentation and reward-acquiring

reaction. Using optogenetic stimulation of VTA-DA neurons

(oDAS), we demonstrate that these two types of orofacial move-

ments could also be elicited without goal-directed action. Our

perturbational analyses revealed that the mesolimbic DA

pathway is essential in driving oDAS-aligned orofacial move-

ments but not cue-locked ones, while whisker M1 (wM1) is a crit-

ical circuit node for driving these two types of movements.

Based on these findings, we propose a neural circuit model

where neuronal signals converge into wM1 for facilitating
Figure 1. Stereotypical whisker movements during stimulus-reward as

(A) Schematic for the whisker detection task. FA, false alarm; CR, correct rejecti

(B) Top, example traces of the whisker position in hit (red) andmiss (black) trials du

mouse. Arrow, whisker stimulation. Light blue shadow, the reward time window (R

Shadows indicate ±SEM.

(C) Amplitudes of the cue-lockedWP (left) and theSWM0–1 s after RW (right), in hi

p < 0.01, *p < 0.05; N.S., not significant; paired t test (cue-locked WP) and Bonf

(D) Schematic for the auditory Go/No-Go task.

(E) Example (top) and grand average (bottom, n = 7 expert mice for each) traces

during the auditory Go/No-Go task.

(F) Cue-locked WP amplitude (left) and SWM 0–1 s after RW (right) during the au

(G) Left, the difference in the cue-locked WP amplitude between hit and CR trials (

(d-prime), obtained from 10 mice. Red, linear regression line.

(H) Left, an example decoding analysis of WMs at 0–1 s after the cue onset (Cue-W

Right, decoding accuracies by the models for discrimination between Cue-WM an

the chance level. ****p < 0.0001, ***p < 0.001, ** p < 0.01, *p < 0.05; N.S., not signifi

one-sample t test vs. chance level (shown in red).

Thin lines in (C), (F), and (H) and open circles in (G) and (H) indicate individual da

See also Figure S1.
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uninstructed orofacial movements during a reward-based

learning task.

RESULTS

Whisker movements during reward-based learning
tasks
To examine task-aligned, uninstructed orofacial movements of

mice, we first analyzed the WM data in our previous record-

ings.37 These recordings involved mice performing a whisker

detection task, in which thirsty mice were trained to lick for a wa-

ter reward in response to a whisker deflection10,37 (Figure 1A).

Expert mice well-trained for the task exhibited a rapid whisker

protraction (WP) immediately after the reward-associated, brief

(1 ms) whisker stimulation in hit trials (Figure 1B), which had a

significantly larger amplitude compared with miss trials (hit

15.8� ± 2.2�, miss 5.6� ± 1.0�, n = 6 mice, p = 0.013; Figure 1C).

Such a rapid cue-locked WP in hit trials was absent in novice

mice with low task proficiency (Figure 1B), suggesting that the

cue-locked WP becomes evident after learning the task. These

expert mice also showed active WMs after reward acquisition

in hit trials, some of which appeared similar to exploratory whisk-

ing30–32 (Figure 1B). Total WMs (SWM) during 1 s after the reward

time window were larger in hit trials than in miss trials (hit 381� ±
59�, miss 156� ± 31�, n = 6 mice, p = 0.0052, Bonferroni’s multi-

ple comparison test; Figure 1C). In contrast to the learning-

dependent nature of the cue-locked WMs, task learning did

not change the SWM after hits (novice hit 444� ± 96�, n = 6

mice, p = 0.93, Bonferroni’s multiple comparison test vs. expert

hit; Figure 1C).

We next examined whether the task-aligned WMs seen in the

whisker detection task are specific for a task involving whisker

sensation.We trainedmice for an auditory Go/No-Go task where

whisker sensation or motion is not required for task execution.

We set the reward time window (1 s) after a 2-s auditory cue pre-

sentation (Figure 1D) to well separate the timings of expectation

and acquisition of water reward. Expert mice for the auditory task

exhibited a rapid cue-locked WP (17.4� ± 3.0�, n = 7 mice) and

activeWMs after reward acquisition (SWM0–1 s after the reward

window, 320� ± 32�, n = 7 mice) in hit trials, both of which were
sociation tasks

on.

ring the whisker detection task, obtained from an expert (left) and novice (right)

W). Bottom, grand average traces of the whisker position (n = 6 mice for each).

t (H) andmiss (M) trials during the whisker detection task (n = 6mice for each). **

erroni’s multiple comparison test (SWM after RA).

of the whisker position in hit (red) and CR (blue) trials, and other task variables

ditory Go/No-Go task (n = 7 expert mice). **p < 0.01, paired t test.

left) and SWM0–1 s after RW of hit trials (right) as a function of task proficiency

M, blue) and 0–1 s after RW (Rwd-WM, red), obtained from an expert mouse.

d Rwd-WM (see STARMethods) (n = 7 for each). The dashed red line indicates

cant; Dunnett’s multiple comparison test vs. W-amp +SWM (shown in black) or

ta.
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Figure 2. Orofacial movements induced by transient activation of VTA-DA neurons
(A) Left, schematic for the optical fiber location for the oDAS experiments (top), and an epifluorescence image of a coronal section containing VTA and the trace of

the inserted fiber (dashed line) (bottom). Green, ChR2-eYFP; red, tyrosine hydroxylase; blue, DAPI. Right, schematic for the oDAS experiment.

(legend continued on next page)
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more prominent than in correct rejection (CR) trials (Figures 1E

and 1F). In the auditory task, both Go and No-Go sound cues

equally elicited a rapid WP in novice mice (Figures S1A and

S1B), which might be a reflex motor action to a salient auditory

stimulus. However, the difference in the amplitude of the cue-

locked WP between hits and CR trials became more prominent

as the mice learned the task (Figure 1G). In contrast, task

learning did not changeSWMafter hits (Figure 1G). These results

are essentially the same as those in the whisker detection task.

Our machine-learning models accurately discriminated between

WMs during hit trials and those during CR trials in expert mice

(Figure S1C), indicating that the movements of a single whisker

can provide information about the behavioral states of mice.

Additionally, our models could distinguish between cue-locked

WMs and those that occurred after reward acquisition, with a de-

coding accuracy of 79.9 ± 2.9% (by a model that uses SWM and

WP amplitude, n = 7 mice, p < 0.0001, one-sample t test against

the chance level [50%]; Figure 1H). Thus, WMs with distinct

properties are observed at the timings of reward expectation

and a second after reward acquisition in stimulus-reward asso-

ciation tasks.

Orofacial movements evoked by oDAS
The uninstructedWMs seen in our reward-based tasks (Figure 1)

may be associated with anticipatory or reward-acquiring licking,

which has a specific pattern frequency (5–8 Hz) and is phase-

locked to WMs16–18 (Figures S1D–S1F). We next built an exper-

imental setting to reward mice without inducing any motor ac-

tions required for task execution. We implanted an optic fiber

unilaterally over the VTA of transgenic mice expressing channelr-

hodopsin 2 (ChR2) in DA neurons (DAT-ChR2, Figure 2A). We

first tested whether a brief (1 s) train of optogenetic stimulation

of the VTA-DA neurons (named oDAS), which is known to be

rewarding and reinforcing,22–25 can induce facial movements.

An oDAS with 20 pulses at 20 Hz elicited facial movements at

the rostral parts, including whiskers and nose, but not around

ears and eyes, in awake head-restrained mice (Figure 2B). We

therefore further analyzed oDAS-induced whisker and nose

movements by monitoring the frontal face of mice from a top

view (Figures 2C–2J; Video S1). Our strongest oDAS with 20

pulses at 20Hz induced rhythmic whiskingwith a high probability

(83.8 ± 8.5%, n = 7 mice; Figure 2F). The average whisker angle

during oDAS was protracted by 11.6� ± 2.6� (n = 7 mice, 20

pulses at 20 Hz; Figure 2F). The probability of whisking initiation,

SWM during oDAS, and the average and maximum amplitude of
(B) Left, single example video frames from individual mice. Middle, motion energ

Right, quantifications for motion energy around the orofacial part (Oro) and the e

(C) Example motion energy heatmaps overlaid onto the top-view face line.

(D) Left, example traces of the whisker position upon oDAS (light blue shadow) wit

(green) mouse. Right, grand average of the whisker position upon oDAS (control

(E) SWM (left) and P (whisk) (the probability of whisking initiation, right) during oD

(F) Average (left) and maximal (right) amplitude of whisker angle during oDAS.

(G) Schematic for the nose analysis (top) and a top-view snapshot of mouse face

(H) Same as (B) but for traces of the top-view nose area from control (black) or D

(I) Quantifications for the changes in nose area (left), nose length in the anterior-p

(J) Latencies of movement of the whisker (green) and nose (orange) upon oDAS.

Filled circles and error bars show mean ± SEM. Lightly colored lines correspond

multiple comparison test, control vs. DAT-ChR2 in (E), (F), and (I) or whisker vs. n

See also Figures S1 and S2 and Video S1.
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WMs all increased, depending on the stimulus frequency

(Figures 2D–2F) and photo-stimulus intensity (Figures S2A and

S2B). In contrast, in control Ai32 mice without ChR2-expression,

photostimulation of VTA did not evoke any consistent WMs

(Figures 2D–2F, S2A, and S2B). Such protracted rhythmic whisk-

ing evoked by oDAS resembled WMs upon reward acquisition in

reward-based learning tasks (Figures 1B and 1F). The oDAS-

induced whisking had an average latency of 402 ± 51 ms

(n = 7 mice, with 20 pulses at 20 Hz; Figure 2J).

We next analyzed nose movements evoked by oDAS using a

deep learning-based toolbox DeepLabCut38 (Figure 2G). Mice

exhibited nose twitches upon oDAS: the top-view nose area

decreased (peak change from baseline [Dnose area]: 22.0 ±

2.3%, n = 7) (Figures 2H and 2I), and the nose length in an ante-

rior-posterior axis became shortened (peak change from base-

line [Dnose length]: 16.5 ± 1.6%, n = 7) (Figure 2I), indicating con-

tractions of the nasal muscle. The oDAS also induced a lateral

movement of the nose tip (peak lateral movement as the per-

centage of the mean baseline nose length [lateral nose tip move-

ment]: 31.0 ± 4.8%, n = 7) (Figure 2I). The magnitude of such

nose movements depended on the stimulus frequency

(Figures 2H and 2I) and photo-stimulus intensity (Figures S2A

and S2C) and was highly correlated with WMs (Figure S2D).

The latencies of nose movement initiation and whisking initiation

were similar, except for when using the weakest stimulation (Fig-

ure 2J). Thus, transient activation of VTA-DA neurons is sufficient

to facilitate movements in the whisker and nose. In contrast, op-

togenetic stimulation of DA neurons in the substantia nigra pars

compacta (SNc), which are implicated in the coordination of

locomotion in mice,39,40 did not induce whisker and nose move-

ments (Figures S2E–S2G).

Orofacial movements time-locked to reward-predicting
cues
We next examined whether the cue-locked WP can be induced

without anticipatory or goal-directed licking. We presented a

sound cue (5 s) paired with oDAS during the last 1 s of the

cue to head-restrained DAT-ChR2 or control (Ai32) mice

(Figures 3A and 3B). Mice experienced �20 trials of the paired

stimulation per day, with random intertrial intervals between

180 and 240 s. On the first day of this conditioning (day 1),

both DAT-ChR2 and control mice similarly exhibited aWP imme-

diately after the sound presentation with a high probability (Fig-

ure 3C), which might represent a reflex motor action to a salient

auditory stimulus as observed in the auditory Go/No-Go task
y heatmaps overlaid onto the face line drawings from the mice shown in left.

ar during oDAS. Medians of the boxplots are shown in red.

h different stimulus frequencies, obtained from a control (black) and DAT-ChR2

: n = 7 mice; DAT-ChR2: n = 7 mice). Shadows of traces: ±SEM.

AS.

(bottom).

AT-ChR2 (orange) mice.

osterior axis (middle), and lateral movements of the nose tip (right).

to individual data. ****p < 0.0001, **p < 0.01; N.S., not significant; Bonferroni’s

ose in (J).
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Figure 3. Orofacial movements during a stimulus-oDAS association task

(A) Schematic for the sound-oDAS pairing conditioning.

(B) Example and grand average traces of the whisker position during the sound-oDAS pairing conditioning on day 2, obtained from a control (black) and DAT-

ChR2 (green) mouse (control: n = 11 mice; DAT-ChR2: n = 26 mice). The timings of the sound cue presentation (black line) and oDAS (light blue shadow) are

indicated. Shadows of grand average traces: ±SEM.

(C) The amplitude of cue-locked WP (top) and P (protraction) (protraction probability, bottom) on days 1 (D1) and 2 (D2).

(D) Same as (B) but for traces of the top-view nose area from control (black) or DAT-ChR2 (orange) mice.

(E) Quantifications for the changes in the nose area and nose length at the cue onset.

(F) Quantifications for the changes in lateral movements of the nose tip at the cue onset.

(G) Latencies of cue-locked WP (green) and nose tip movements (orange) upon sound cue presentation.

(legend continued on next page)

ll
OPEN ACCESS

Current Biology 33, 3436–3451, August 21, 2023 3441

Article



ll
OPEN ACCESS Article
(Figures S1A and S1B). On day 2, however, DAT-ChR2 mice ex-

hibited a rapid, cue-locked WP (24.3� ± 1.6�, n = 26 mice) (Fig-

ure 3B) with a significantly larger magnitude than that on day 1

(18.3� ± 1.3�, n = 26mice, p < 0.0001, Bonferroni’s multiple com-

parison test; Figures 3C and S3A). The magnitude of the cue-

locked WP continued to increase over 4 days of learning (Fig-

ure S3B). In contrast, in control mice, the magnitude and proba-

bility of the cue-locked WP significantly decreased on day 2

(Figures 3B, 3C, and S3A). These results indicate that learning

the sound-oDAS pairing can elicit cue-locked WP even in the

absence of goal-directed action. The latency of WP after the

onset of the sound presentation was 98 ± 7 ms (n = 26 mice)

on day 2 (Figure 3G), which was significantly shorter than that

of oDAS-induced whisker motion (p < 0.0001, with 20 pulses at

20 Hz, Mann-Whitney U test, Figure 2J). In addition to the WP,

a quick nose twitch was also elicited immediately after the sound

onset in DAT-ChR2 mice on day 2 (Dnose area: 25.1 ± 2.2%, n =

26 mice; Dnose length: 22.2 ± 2.0%, n = 26 mice; lateral nose tip

movement: 36.1 ± 2.2%, n = 26 mice), which was absent in con-

trol mice without ChR expression on day 2 (Figures 3D–3F). The

latency of the cue-locked nose twitch (156 ± 10 ms, n = 26 mice)

was significantly longer than that of the cue-locked WP (p =

0.0008, two-way ANOVA; Figure 3G) but still shorter than that

of oDAS-induced nose movement (257 ± 38 ms, upon oDAS at

20 Hz for 1 s, n = 7 mice, p = 0.0006, unpaired t test). The ampli-

tudes of the nose twitch and WP at the cue onset were weakly

but significantly correlated (Figure S3C). Control mice showed

small reflex movements in the whisker and nose at the cue onset

in a small fraction of the trials on day 1 (Figures 3C, 3E, 3F, and

S3A). Its magnitude and probability significantly decreased with

training (Figures 3C, 3E, 3F, and S3A), suggesting that learning of

sound-oDAS association should cause the cue-locked orofacial

motions in DAT-ChR2mice on day 2. Themagnitude ofWMs and

the probability of whisking during oDAS in this task did not

change over 5 days, with a slight tendency to be attenuated after

3 days, although not statistically significant (Figure S3D).

Our machine-learning models, utilizing SWM and WP ampli-

tude, could distinguish oDAS-induced and cue-lockedWMs (de-

coding accuracy, 66.6 ± 3.4%, n = 26, p < 0.0001, one-sample t

test against the chance level [50%]; Figures 3H and 3I). This sug-

gests that the reward-predicting cue and oDAS induceWMswith

distinct properties. However, our models based on nose move-

ments were unable to predict the timing of the data (cue onset

or during oDAS) (Figures 3H and 3I). Additionally, we compared

WMs during the sound-oDAS and auditory Go/No-Go tasks. The

models based on SWM and WP amplitude could not distinguish

cue-locked or oDAS/reward-aligned WMs induced in these two

types of tasks (Figure 3J). However, the models based on the

spectral principal component (PC) could discriminate between
(H) Example decoding analyses of whisker (left) and nose (right) movements at 0

Motion), obtained from a mouse on day 2 (see STAR Methods). True, correctly p

(I) Decoding accuracies by the models for discrimination between cue-locked and

mice). The dotted line indicates the chance level.

(J) Same as (I) but for discrimination between whisker motions during the sound-

Medians of the boxplots in (C), (E), (F), and (I) are shown inmagenta or cyan. Filled

to individual data. ****p < 0.0001, ***p < 0.001, **p < 0.01; N.S., not significant; two-

sample t test vs. the chance level in (I).

See also Figure S3.
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them (Figure 3J). The spectral PC primarily derives from oscilla-

tory WMs associated with goal-directed licking (Figures S1C–

S1F). These results suggest that WMs during the sound-oDAS

pairing task are indistinguishable from those during water-

reward-based learning tasks, except for the presence of

licking-associated oscillatory movements.

Involvement of accumbal D1R in driving orofacial
movements
We next investigated the neuronal circuits downstream of VTA-

DA neurons for inducing orofacial movements. Stimulation of

VTA-DA neurons is known to activate medium spiny neurons ex-

pressing D1 receptors (D1Rs) in the nucleus accumbens (NAc)

through the mesolimbic DA pathway.41 We therefore examined

the role of D1Rs in oDAS-induced orofacial movements. Intra-

peritoneal (i.p.) injection of a D1R antagonist, SCH23390

(0.3 mg/kg), abolished the oDAS-induced whisking (SWM: sa-

line = 487� ± 127� [n = 7 mice], SCH23390 = 32.4� ± 5.3� [n = 7

mice], p = 0.013, paired t test; whisking probability:

saline = 81.6 ± 11.2% [n = 7 mice], SCH23390 = 5.4 ± 5.4%

[n = 7 mice], p = 0.031, Wilcoxon signed rank test) and nose

twitches (Dnose area: saline = 25.0 ± 5.5% [n = 7 mice],

SCH23390 = 5.0 ± 1.3% [n = 7 mice], p = 0.011, paired t test)

in DAT-ChR2 mice (Figures 4A, 4B, and S4A), suggesting the

involvement of D1Rs. The i.p. injection of SCH23390 also

reduced the spontaneousWMs (Figure 4A), suggesting a general

sedative effect of the drug. To specifically examine the role of

D1Rs in the NAc, we used CRISPR-Cas9-mediated in vivo

genome editing. We knocked out D1Rs in the NAc of DAT-

ChR2 mice by local injection of an adeno-associated virus

(AAV) vector harboring saCas9 with guide RNA targeting the

Drd1a gene (AAV-gRNA), which has been previously shown to

have a high cleavage rate42 and no off-target effects

(Figures 4C, S4B, and S4C). These NAc-D1R-knockout (KO)

mice did not show WMs or nose twitches upon oDAS

(Figures 4C, 4D and S4D). In contrast, control mice injected

with a control AAV saCas9-gRNA vector (AAV-control) exhibited

oDAS-induced orofacial motions (Figures 4C, 4D, and S4D).

Spontaneous WMs were unaffected in NAc-D1R-KO mice (Fig-

ure 4C). These results suggest the involvement of accumbal

D1Rs in oDAS-induced orofacial movements. Moreover, opto-

genetic activation of the axons of VTA-DA neurons in the NAc

induced WMs and nose twitches (Figures 4E, 4F, and S4E).

Our results thus indicate that the mesolimbic DA pathway medi-

ates oDAS-induced orofacial movements by activating accum-

bal D1Rs.

We further tested whether D1Rs are also involved in gener-

ating the cue-lockedWP.We performed an i.p. injection of saline

or SCH23390 in the mice that had learned the sound-oDAS
–1 s after the cue onset (red, Cue-Motion) and during 1-s oDAS (blue, oDAS-

redicted; false, incorrectly predicted.

oDAS-aligned whisker/nose movements during the sound-oDAS task (n = 26

oDAS task and those during the auditory Go/No-Go task.

circles and error bars in (G) showmean ± SEM. Lightly colored lines correspond

way ANOVA followed by Bonferroni’smultiple comparison test, except for one-
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Figure 4. Essential involvement of accumbal D1Rs in oDAS-induced orofacial movements

(A) Left, schematic for the experiment. Middle, example and grand average traces of the whisker position upon oDAS (light blue shadow) in trials with i.p. injection

of SCH23390 (red) and saline (black) (n = 7 mice). Right, SWM during oDAS and the magnitude of spontaneous WMs (Spont. WMs, n = 9 mice).

(legend continued on next page)
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pairing for 2 days and analyzed orofacial movements upon the

paired stimulation on the third day. Even with the potent

effects of SCH23390 on spontaneous and oDAS-induced mo-

tions (Figure 4A), it did not affect the cue-locked WP (amplitude:

saline = 33.8� ± 4.4� [n = 6 mice], SCH23390 = 30.0� ± 4.0� [n = 6

mice], p = 0.35, paired t test) (Figures 4G and 4H). The D1R

antagonist did also not significantly attenuate nose twitches

time-locked to the sound cue (Dnose area: saline = 24.0� ±

3.7� [n = 6 mice], SCH23390 = 18.3� ± 3.4� [n = 6 mice], p =

0.20, paired t test) (Figures 4I and 4J). Thus, the oDAS-induced

and cue-locked orofacial movements are differentially driven

by D1R-dependent and -independent neuronal mechanisms,

respectively. An i.p. injection of SCH23390 together with a D2 re-

ceptor (D2R) antagonist, raclopride (3 mg/kg), did not affect cue-

locked WMs (Figures S4F and S4G), but it largely attenuated the

cue-locked nose movements (Figures S4H and S4I), suggesting

that distinct mechanisms regulate whisker and nose movements

time-locked to reward-predicting cue presentation.

Whisker M1 facilitates uninstructed orofacial
movements
Mouse wM1 plays a critical role in triggering exploratory whisk-

ing.30–32 We next examined the involvement of wM1 in oDAS-

induced orofacial movements. Silencing of wM1 by injection

of muscimol (5 mM in Ringer’s solution, total 400 nL), a

GABAA-receptor agonist, led to a dramatic drop in the magni-

tude and probability of oDAS-induced WMs (SWM: before mus-

cimol = 243� ± 40� [n = 6 mice], after muscimol = 55.0� ± 12.0�

[n = 6mice], p = 0.0095, paired t test; whisking probability: before

muscimol = 59.9 ± 6.1% [n = 6 mice], after muscimol = 17.1 ±

6.4% [n = 6 mice], p = 0.0027, paired t test) (Figures 5A and

5B). Inactivation of wM1 by muscimol also attenuated oDAS-

induced nose twitches (Dnose area: before muscimol = 24.2 ±

1.6% [n = 6 mice], after muscimol = 5.6 ± 1.3% [n = 6 mice],

p = 0.0001, paired t test; Figures 5C, 5D, and S5A). Injection of

Ringer’s solution in wM1 did not affect these oDAS-induced or-

ofacial movements (Figures 5C, 5D, and S5A). Thus, neuronal

activity in wM1 is required for the generation of oDAS-induced

orofacial movements.

We further investigatedwhether the cue-lockedorofacialmove-

mentsduring the sound-oDASpairing stimuli alsodependonwM1
(B) Example and grand average traces (left) and quantifications (right) of the top-v

(n = 7 mice).

(C) Left, epifluorescence images of coronal sections containing NAc (dashed cir

(bottom) or control AAV with shuffled RNA (top). Red, Drd1 immunoreactivity; blu

whisker position in NAc-D1R-KO (red) and control (black) mice upon oDAS. Righ

NAc-D1R-KO, n = 7 mice.

(D) Same as (B) but for data from NAc-D1R-KO (orange) and control (black) mice

(E) Left, schematic for the optogenetic experiment.Middle, example and grand ave

(black) expressing mice. Right, data for each mouse (thin lines) and boxplots for

(F) Same as (B) but for data from bReaChES- (orange) and GFP- (black) express

(G) Example and grand average traces of the whisker position in trials with i.p. injec

pairing experiments on day 3 (n = 6 mice). The timings of the sound cue present

(H) Quantification of cue-locked WP and WM with SCH23390 or saline injection.

(I) Same as (G) but for traces of the nose area with i.p. injection of SCH23390 (or

(J) Same as (H) but for the parameters of cue-locked nose movements.

Medians of the boxplots are shown in magenta or cyan. Shadows of grand averag

data. **p < 0.01, *p < 0.05; N.S., not significant; paired t test in (A) and (B), Cue-lock

P (protraction) in (H) or unpaired t test (Spont. WMs in C and D).

See also Figure S4.
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activity. We used DAT-ChR2 mice that learned the sound-oDAS

pairing for 2–4 days and tested injection of muscimol or Ringer’s

solution into wM1 on the next day. Inactivation of wM1 by musci-

mol largely attenuated the cue-locked WP (amplitude: before

muscimol = 25.8� ± 4.0� [n = 6 mice], after muscimol = 4.6� ±

1.4� [n = 6mice], p = 0.031,Wilcoxon signed rank test; probability:

before muscimol = 95.8 ± 2.7% [n = 6 mice], after muscimol =

22.7 ± 8.5% [n = 6 mice], p = 0.031, Wilcoxon signed rank test;

Figures 5E, 5F, and S5B) and nose twitch (Dnose area: before

muscimol = 24.0 ± 5.2% [n = 6 mice], after muscimol = 6.5 ±

1.7% [n = 6 mice], p = 0.013, paired t test; Figures 5G, 5H, and

S5C). Injection of Ringer’s solution did not affect the cue-locked

orofacial movements (Figures 5G, 5H, and S5C). Our results

thus suggest that wM1 activity is crucial for the generation of

both oDAS-induced and cue-locked orofacial movements.

Representation of uninstructed orofacial movements in
wM1
wM1 thus appears to play a pivotal role in orchestrating unin-

structed orofacial movements, which led us to investigate the

neuronal signals within this region during these movements.

Using multisite silicone probes, we measured the action poten-

tial firing in the wM1 of head-restrained DAT-ChR2 mice during

sound-oDAS pairing stimulation. We performed recordings in

four DAT-ChR2 mice that had already experienced the

sound-oDAS pairing conditioning for 3 days. The orofacial be-

haviors of these mice on the recording day were essentially

the same as those on day 2 (Figures S6A and S6B). Among

the 174 units we identified, 103 units (59.2%) significantly

increased or decreased their firing rate at the cue onset and/

or during oDAS. To examine the correlation between the activ-

ity of individual neurons and whisker behavior, we first catego-

rized trials based on the behavior (Figures 6A and 6B). In 20.8%

of trials, both cue-locked WP and whisking during oDAS were

observed (‘‘CL + OA trials’’, n = 4 mice). There were also trials

with only Cue-WP but not oDAS-aligned WMs (‘‘CL trials’’,

37.6%) and those with only oDAS-aligned WMs but not Cue-

WP (‘‘OA trials’’, 11.9%). We next analyzed the correlation be-

tween the firing rates of each neuron and whisker behaviors in

these trials. We found that the neurons specifically representing

cue-locked motion (‘‘CL cells’’) showed a correlation of their
iew nose area in trials with i.p. injection of saline (black) or SCH23390 (orange)

cles) from mice with bilateral injection of AAV with guide RNA targeting Drd1a

e, DAPI. Scale bars, 1 mm. Middle, example and grand average traces of the

t, SWM and the magnitude of Spont. WMs during oDAS. Control, n = 5 mice;

.

rage traces of thewhisker position upon oDAS in bReaChES- (green) andGFP-

the SWM during oDAS (n = 7 mice for each).

ing mice. Green shadow, stimulation timing.

tion of SCH23390 (red) or saline (black) in DAT-ChR2mice during sound-oDAS

ation (black line) and oDAS (light blue shadow) are indicated.

ange) or saline (black).

e traces, ± SEM. Open circles and lightly colored lines correspond to individual

edWP and SWM in (H) and (J), Mann-WhitneyU test in SWM in (C) and (E), and
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Figure 5. Dominant role of wM1 in driving reward-related orofacial movements

(A) Left, an epifluorescence image of a coronal section indicating the muscimol injection site. A small volume of Chicago sky blue (red) was dissolved into the

vehicle. Blue, DAPI (right); example and grand average traces of the whisker position upon oDAS (light blue shadow) before (black) and after (red) muscimol

injection in wM1 of DAT-ChR2 mice (n = 6 mice).

(B) SWM and the probability of whisking initiation in trials before (black) and after (red) injection of muscimol or Ringer’s solution (n = 6 mice for each).

(C) Example and grand average traces of the nose area before (black) and after (orange) muscimol injection into wM1.

(D) Same as (B) but for the change in the nose area.

(E) Example and grand average traces of the whisker position before (black) and after (red) muscimol injection into wM1 of DAT-ChR2 mice during sound-oDAS

pairing experiments.

(F) Same as (B) but for the amplitude and occurrence probability of cue-locked WP during sound-oDAS pairing experiments. Ringer, n = 5 mice; muscimol, n = 6

mice.

(G and H) Same as (E) and (F) but for the change in the nose area.

Medians of the boxplots are shown in cyan. Thin lines correspond to individual data. Shadows of grand average traces, ±SEM. ***p < 0.001, **p < 0.01, *p < 0.05;

N.S., not significant; paired t test (all of B, D, and H, and cue-locked WP for Ringer in F) or Wilcoxon signed rank test (two panels for muscimol and P [protraction]

for Ringer in F).

See also Figure S5.
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Figure 6. Neuronal representation of cue-locked and oDAS-induced whisker movements in wM1

(A) Summary of the trial categories. CL, trials with cue-lockedWP (Cue-WP); OA, trials withWMs during oDAS (oDAS-WM); CL +OA, trials with both Cue-WP and

oDAS-WM; +, with motion; �, without motion.

(legend continued on next page)
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firing rates at the cue onset with the amplitudes of WP without

correlating with WMs during oDAS (Figures 6C and S6C). In

contrast, neurons representing oDAS-aligned motion (‘‘OA

cells’’) showed firings correlated with oDAS-aligned motion

but not with the cue-locked motion (Figures 6D and S6C). In

addition, a subset of wM1 units represented both types of

WM (‘‘CL + OA cells’’; Figures 6E and S6C). In our recordings,

12.6% of the units were classified as CL cells, 12.1% as OA

cells, and 3.4% as CL + OA cells (Figure 6E). We also analyzed

the correlation between the cellular activities in wM1 and nose

movements (nose area), finding that only 2.3% of wM1 cells are

significantly correlated only with the nose (but not whisker)

movement. In contrast, wM1 contained 20.1% of cells whose

firings are correlated specifically with whisker motion (either

cue-locked or oDAS-aligned or both of them) and not with

nose motion (Figures S6D and S6E). These results suggest

that the wM1 region we studied is more implicated in WMs

than nose movements.

In wM1, these cells with correlated firings to each type of

whisker motion increased firing rates during the corresponding

motion type than uncorrelated cells but not in trials without

movements (Figures 6F and 6G). We further separated units

into regular spiking (RS) and fast spiking (FS) units, according

to their trough-to-peak time of average spike waveform (Fig-

ure S7A). We found no apparent specificity in the fraction of FS

cells in these CL and OA cells (Figures S7B and S7C) and other

stimulus-modified neurons (Figure S7D). The RS cells correlated

with cue-locked or oDAS-aligned WMs showed an increase in

spike rates slightly before or at around the motion onset

(Figures 6H and 6I). Our results thus suggest that wM1 contains

specific neuronal populations that facilitate the initiation of ste-

reotyped uninstructedWMs at the timings of reward expectation

and acquisition.

Stimulation of wM1 triggers whisker and nose
movements
wM1 may be a circuit node that channels signals related to

reward expectation and acquisition to facilitate distinct orofa-

cial movements. If this hypothesis is true, stimulating wM1

should result in orofacial movements with a shorter onset la-

tency than those observed after oDAS or the reward cue pre-

sentation. Therefore, we investigated the onset latency with
(B) Grand average traces of the whisker position in trial categories indicated in (A

(C) Left, example raster plot (top) and corresponding Z scored peri-stimulus time h

action potential waveform is shown in the inset. Right, Z scored PSTHof the same

(+) or without (�) Cue-WP or oDAS-WM.

(D) Same as (C) but for a representative OA cell.

(E) Left, summary of the cell categories. Right, scatterplot containing 174 neurons

day of conditioning, plotted on the basis of their correlation to the SWM during o

neurons showing significant, positive correlation are colored in orange (CL + OA

(F) Left, average Z scored PSTHs of Cue-WP-correlated (C) and -uncorrelated (U) c

Cue-WP. Right, average Z scored firing rates at 0–1 s after the cue onset.

(G) Same as (F) but for oDAS-WM-correlated (C) and -uncorrelated (U) cells upo

(H) Left, Z scored average PSTHs of Cue-WP-correlated RS cells (n = 24 cells) an

motion onset. Right, averaged Z score of firing rates at baseline (BL, 0.2–0.4 s b

(I) Same as (H) but for oDAS-WM-correlated RS cells (n = 21 cells, 4 mice) upon

A thick line and shadows indicate mean ± SEM. ****p < 0.0001, ***p < 0.001, **p < 0

rank test in (H) and (I).

See also Figures S6 and S7.
which stimulation of wM1 could induce orofacial movements.

To express ChR2 in wM1 neurons, we administered AAV

(AAV9-CaMKII-ChR2-mCherry) injections in wM1 (Figure 7A).

After 4–5 weeks of expression, we delivered blue light pulses

using the same protocol as our strongest oDAS (5 ms, 20 times

at 20 Hz) to the wM1, which led to whisking and nose twitches

with shorter average latencies than oDAS (Figures 7B and 7C).

In control mice with virally induced expression of mCherry in

wM1, blue light stimulation did not evoke whisker and nose

movements (mCherry vs. ChR2, n = 6 for each; SWM:

47.8� ± 4.8� vs. 1,176� ± 113�, p < 0.0001, unpaired t test;

whisking probability: 3.9 ± 2.5% vs. 100 ± 0%, p = 0.0022,

Mann-Whitney U test; Dnose area: 9.2 ± 2.0% vs. 27.4 ±

5.0%, p = 0.0070, unpaired t test; Dnose length: 7.1 ± 1.7%

vs. 22.1 ± 4.5%, p = 0.011, unpaired t test; lateral nose tip

movement: 7.6 ± 1.2% vs. 38.7 ± 6.3%, p = 0.0007, unpaired

t test). We also tested transient stimulation of wM1 neurons

with a brief high-frequency train of blue light pulses (5 ms, 4

times at 100 Hz), which resulted in transient whisker and

nose movements resembling cue-locked orofacial movements

(Figures 7D and 7E). The average latencies of wM1-driven tran-

sient whisker and nose movements were significantly shorter

than those of cue-locked movements (Figures 7D and 7E).

Thus, wM1-driven orofacial movements exhibited shorter onset

latencies than orofacial movements after cue presentation or

oDAS. Next, we explored whether wM1 stimulation could repli-

cate certain aspects of orofacial movements. WMs induced by

sustained stimulation (1 s, 20 Hz, 20 times) exhibited

greater vigor and duration compared with those induced by

transient stimulation (100 Hz, 4 times), differentiable through a

machine-learning model based on WP amplitude and SWM

(Figure 7F). Our model successfully distinguished wM1-driven

transient WMs from oDAS-induced motion (Figure 7G). Howev-

er, the models were unable to differentiate between wM1-

driven transient WMs and cue-locked WMs (Figure 7G).

Through various stimulation protocols on wM1, we discovered

a specific pattern involving 5-ms pulses at 50 Hz for 25

times that induced WMs akin to oDAS-induced but not cue-

locked motion (Figure 7G). These results suggest that wM1

stimulation with different patterns can effectively elicit orofacial

movements similar to those observed during the sound-oDAS

pairing task.
).

istogram (PSTH, bottom) obtained from a representative CL cell. The averaged

cell at around the cue onset (top) and upon oDAS (bottom), comparing data with

from four mice experiencing the sound-oDAS pairing stimulation on the fourth

DAS (OA correlation) and the Cue-WP amplitude (CL correlation). Subsets of

cell), green (CL cell), or cyan (OA cell).

ells at around the cue onset, comparing data with (+, top) or without (�, bottom)

n oDAS.

d corresponding grand-averaged whisker positions (n = 4 mice) aligned at the

efore the onset) and pre-motion (Pre, 0.04–0 s before the onset).

oDAS.

.01; N.S., not significant; Mann-WhitneyU test in (F) and (G) orWilcoxon signed
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Figure 7. Optogenetic stimulation of wM1 induced whisker and nose movements

(A) An epifluorescence image of a coronal section indicating the AAV injection site at wM1. A schematic of the range of blue light illumination (dotted lines) with an

optic fiber is superimposed.

(B) Left, example and grand average traces of the whisker position upon photostimulation (5 ms, 20 pulses at 20 Hz) of wM1 expressing ChR2 (n = 6 mice). Right,

onset latency of the WM upon wM1 photostimulation and oDAS (same data as Figure 2J, 20 Hz 320).

(C) Same as (B) but for the nose area (left) and the onset of nose movement (right).

(D) Same as (A) but with a transient wM1 photostimulation (5ms, 4 pulses at 100 Hz; n = 6mice). The onset latency of whisker movements is comparedwith that of

the cue-locked movements (same data as Figure 3G, D2).

(E) Same as (C) but with the transient stimulation.

(F) Decoding accuracy by amodel based on theWP amplitude (W-amp) and SWM to discriminate between wM1 stimulation with 20 pulses at 20 Hz and that with

4 pulses at 100 Hz.

(G) Decoding accuracies by models based on W-amp and SWM for distinguishing wM1-drivenWMs with different stimulus protocols and those at the cue onset

of the sound-oDAS task on day 2 (left, Cue-WM) or during oDAS (right, oDAS-WM).

(H) Schematic of presumable neural circuits for triggering uninstructed orofacial movements. SNr, substantia nigra pars reticulata; GPi, globus pallidus interna.

Medians of the boxplots are shown in cyan. Shadows of grand average traces, ±SEM. Open circles correspond to individual data.****p < 0.0001, **p < 0.01,

*p < 0.05; N.S., not significant; unpaired t test in (B), (C), and (F), Mann-Whitney U test in (D), or one-sample t test vs. the chance level (50%) in (F) and (G), except

for 50 Hz 325 and 20 Hz 320 vs. Cue-WM and 20 Hz 320 vs. oDAS-WM in (G) with one-sample Wilcoxon test.
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DISCUSSION

Through high-speed filming of orofacial movements of head-

restrained mice performing reward-based learning tasks, we

have characterized uninstructed facial movements at the timings

of expectation and acquisition of a reward. Previous studies

showing task-aligned uninstructed orofacial movements5–8,10–13

used tasks involving motor actions for execution, such as hold-

ing handles, locomotion, and licking. The uninstructed orofacial

motions during a task typically occur along with goal-directed

actions. Using a Pavlovian learning paradigm, however, we

demonstrated that uninstructed orofacial movements would

become task-aligned even without any need for motor action.

WP time-locked to the reward-predicting cue presentation

could be elicited in multiple reward-based tasks. The mean

amplitude of the cue-locked WP increased as the mice learned

the tasks. Such generality and scalability of the behavior suggest

that it may not merely be a reflexive movement upon sensory

stimuli but rather influenced by the expectation of obtaining a

reward.12,14,15 A quick nose twitch is often coupled to the cue-

locked WP. These highly reproducible cue-locked orofacial

movements appeared only transiently, followed bymore random

orofacial movements at the later phases of the cue presentation.

Our observations are in line with the studies showing increased

body and facial activities, including enhanced locomotion and

sniffing at a higher frequency upon reward expectation.12,43–46

The oDAS-induced whisker motions have longer latency, are

more persistent than the cue-locked WP, and generally have a

protracted set point, similar to exploratory whisking30–32 as

well as active whisking upon water reward, except for licking-

associated oscillatory movements (Figure 3J). Nose twitches

also accompany the oDAS-inducedWMs, suggesting the occur-

rence of sniffing.44,47 The oDAS-induced WM displays scalable

positive relationships with the stimulus frequency and intensity,

indicating a connection to reward-prediction error sig-

nals.19,26–28,48 We speculate that the oDAS-induced orofacial

movements could potentially serve as a mechanism for gath-

ering environmental sensory information, thereby leading to

rewarding experiences. Alternatively, these orofacial move-

ments may function as perceptible signals of internal states,

potentially communicated to conspecifics via social facial

touches.

WMs are driven by facial muscles innervated by cholinergic

motor neurons in the lateral facial nucleus. These whisker motor

neurons receive synaptic inputs from distributed premotor neu-

rons in the brain stem, the midbrain, and the neocortex.49,50 Our

studies suggest that VTA-DA neurons could directly or indirectly

regulate these circuits, possibly via an accumbal D1Rs-depen-

dent mechanism. D1R-expressing GABAergic neurons in the

NAc (NAc-D1R neurons), projecting to the substantia nigra

pars reticulata (SNr), can initiate a signal flow resulting in activa-

tion of motor-related nuclei of the thalamus (motor thalamus) and

wM1. wM1 neurons innervate brain stem reticular nuclei contain-

ing whisker premotor neurons,30,31 potentially forming a central

pattern generator for rhythmic whisking.17,51 Such signal trans-

mission from VTA to whisker premotor neurons through wM1

might facilitate the uninstructed orofacial movements in mice

(Figure 7H). However, we cannot exclude the possibility that sig-

nals from NAc-D1R neurons through pathways independent of
wM1 might also contribute to the activation of motor neurons

in the facial nucleus.

The transient WPs upon reward-predicting cues are reminis-

cent of transient firings of VTA-DA neurons and subsequent DA

release in the NAc immediately after reward-predicting cue pre-

sentation.26–28,52 As discussed above, DA released in the NAc

would activate D1R-expressing neurons,41 generating the signal

flow toward wM1. However, D1Rs do not mediate the cue-

locked orofacial movements (Figures 4G–4J). The latency of

cue-locked WP (�100 ms) is much faster than oDAS-induced

motion (�400 ms). Therefore, learning a stimulus-reward associ-

ation might recruit a cortical sensorimotor-coupling for reward

expectation signaling, thereby activating wM1 earlier than the

signals through NAc-D1R neurons. Transient stimulation of

wM1 could evoke transient WMs with protraction, similar to

but with a shorter latency than the cue-locked movements

(Figures 7D and 7G). The oDAS-induced and cue-locked move-

ments are thus likely driven by different signal pathways: the

oDAS-induced movements are dependent on NAc-D1Rs, while

cue-locked movements are not; however, both signals converge

into wM1 (Figure 7H).

Our findings provided insights into the neuronal mechanisms

of uninstructed, task-aligned orofacial movements. We found

that different neuronal populations in the wM1 area signal cue-

locked, transient WPs and oDAS-aligned, active whisking. This

finding supports previous studies32,34,36 that indicate different

cells within the wM1 represent various aspects of WMs. Given

the strong correlation between orofacial movements and brain-

wide neuronal activity,4–7,9 it is likely that the activity of these

wM1 neurons not only contributes to orofacial movements dur-

ing reward-based behaviors but also has a broader impact on

overall brain processing.
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AAV9-saCas9-control guide RNA This paper N/A

AAV9-Ef1a-DIO hChR2(E123T-T159C)-EYFP Addgene Cat# 35509

AAV9-Ef1a-DIO-EYFP Addgene Cat# 27056

AAV9-CaMKIIa-hChR2(ET/TC)-mCherry Addgene Cat# 35512

AAV9-Ef1a-mCherry Addgene Cat# 114470

Chemicals, peptides, and recombinant proteins

SCH23390 hydrochloride Merck Cat# D054

Raclopride tartrate salt Merck Cat# R121

Muscimol Tocris Cat# 0289

Chicago sky blue 6B Merck Cat# C8679

DAPI Thermo Fisher Scientific Cat# D1306

BsaI New England Biolabs Cat# R0535

T4 DNA ligase New England Biolabs Cat# M0202

Benzonase Nuclease Merck Cat# 71205

Hank’s Balanced Salt Solution (HBSS) Merck Cat# H8264

DABCO Merck Cat# D27802

Experimental models: Cell lines

Human: HEK293 cell line Agilent Scientific Instruments Cat#240073

Experimental models: Organisms/strains

Mouse: C57BL/6J wildtype Japan SLC, Inc. C57BL/6JJmsSlc

Mouse: C57BL/6J wildtype Janvier (France) C57BL/6JRj

Mouse: Slc6a3tm1.1(cre)Bkmn/J (DAT-IRES-Cre) The Jackson Laboratory RRID: IMSR_JAX: 006660

Mouse: Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J

(Ai32)

The Jackson Laboratory RRID: IMSR_JAX:024109

Recombinant DNA

pAAV-Ef1a-DIO-bReaChES-TS-eYFP Dr. Karl Deisseroth N/A

pAAV-CMV-DIO-hrGFP This paper N/A

pAAV-saCas9-Drd1a-guide RNA Cui et al.42 N/A

pAAV9-saCas9-control guide RNA This paper N/A

Software and algorithms

ImageJ NIH RRID: SCR_002285

GraphPad Prism 9 GraphPad RRID: SCR_002798

MATLAB Mathworks RRID: SCR_001622

(Continued on next page)
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REAGENT or RESOURCES SOURCE IDENTIFIER

Kilosort Pachitariu et al.53 RRID: SCR_016422

Phy Pachitariu et al.53 https://github.com/cortex-lab/phy

Igor Pro WaveMetrics RRID: SCR_000325

DeepLabCut Mathis et al.38 https://github.com/DeepLabCut/DeepLabCut

Python https://www.python.org/ RRID: SCR_008394

Other

High-speed camera Ditect HAS-L1

470 nm LED Thorlabs M470F3

530 nm LED Thorlabs M530F2

Optic fiber cannula Thorlabs Cat# CFM14L05

Silicon probe NeuroNexus A1x32-Poly2-10mm50s-177

Data acquisition system Open Ephys Open Ephys Acquisition Board

Vibratome Leica VT1000S

Fluorescent microscope Keyence BZ-9000

Image viewer for fluorescence microscope Keyence BZ-X Viewer

Source data This paper https://doi.org/10.5281/zenodo.8119918

Analysis codes This paper https://github.com/FHU-DataScience-Group/

CurrBiol2023-orofacial-movement
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Takayuki

Yamashita (takayuki.yamashita@fujita-hu.ac.jp).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data and analysis codes have been deposited at Zenodo and Github and are publicly available as of the date of publication. DOIs

are listed in the key resources table. Any additional information required to reanalyze the data reported in this paper is available from

the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All experimental procedures were approved by the Swiss Federal Veterinary Office (for whisker detection task experiments), the insti-

tutional review board of the Research Institute of Environmental Medicine, Nagoya University, and the Institutional Animal Care and

Use Committee of Fujita Health University. For optogenetic experiments, we used DAT-ChR2 mice by crossing DAT-IRES-Cre mice

[B6.SJL-Slc6a3tm1.1(cre)Bkmn/J] with Ai32 mice [B6;129S-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J],54 Ai32 mice as control or

DAT-IRES-Cre mice with AAV injected (see below). For behavioral experiments using water reward-based learning tasks (Figure 1),

we used adult male C57BL/6J wild-type mice. Mice were at least 6-week-old at the time of head-post implantation (see below). Mice

were kept in a shifted light/dark cycle (light 0 p.m. to 0 a.m. in Nagoya University and Fujita Health University; light 7 p.m. to 7 a.m. in

EPFL) in ventilated cages at a temperature of 23 ± 3�Cwith food available ad libitum. Behavioral experiments were performed during

the dark period. Water was restricted during the training of water reward-based learning tasks. All mice were weighed and inspected

daily during behavioral training and given wet food, so that mouse weight was kept to be more than 80% of the initial value.

Cell lines
HEK293 (AAV-293) cell line bought from Agilent (catalog#: 240073) was used for AAV production.

Experimental design
This study did not involve randomization or blinding. We did not estimate the sample size before carrying out the study. However, the

sample size in this study is comparable with those used in related studies.5,11,14,32,55
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METHOD DETAILS

Plasmids
For AAV production, pAAV-Ef1a-DIO-bReaChES-TS-eYFPwas obtained fromK. Deisseroth (Stanford University). For CRSPR-Cas9-

mediated gene editing, we used a plasmid containing a saCas9 encoding sequence with Drd1a-targeting short guide RNA42 (target

sequence: 5’-GTATTCCCTAAGAGAGTGGA-3’): pairs of Drd1a-targeting oligo DNAs (forward, 5’-CACCGGGTATTCCCTAAGA

GAGTGGA-3’, reverse, 5’-AAACTCCACTCTCTTAGGGAATACCC-3’) were ligated into a plasmid pX601-AAV-CMV::NLS-SaCas9-

NLS-3xHA-bGHpA;U6::BsaI-sgRNA (pX601, Addgene #61591) digested with BsaI (R0535, New England BioLabs). We constructed

a plasmid with a negative-control saCas9 guide RNA by shuffling bases of the Drd1a-targeting guide RNA sequence (target

sequence: 5’-TCAATAATGAGGTGGTCCGA-3’): the pX601 was linearized with BsaI, and a pair of oligonucleotides (Forward,

5’-CACCGTCAATAATGAGGTGGTCCGA-3’; Reverse, 5’-AAACTCGGACCACCTCATTATTGAC-3’) was ligated with T4 DNA Ligase

(M0202, New England BioLabs).

Viral production
To produce AAV vectors for axonal stimulation experiments (Figures 4E and 4F), HEK293 cells were transfected with vector plasmids

including pAAV encoding bReaChES or hrGFP together with pHelper, and pAAV-RC (serotype 9 or DJ), using a standard calcium

phosphate method. After three days, transfected cells were collected and suspended in lysis buffer (150 mM NaCl, 20 mM Tris

pH 8.0). After four freeze-thaw cycles, the cell lysate was treated with 250 U/ml benzonase nuclease (Merck) at 37 �C for 10–

15 min with adding 1 mM MgCl2 and then centrifuged at 4 �C at 17533g for 20 min. AAV was then purified from the supernatant

by iodixanol gradient ultracentrifugation. The purified AAV solution was concentrated in PBS via filtration and stored at �80�C.
For in vivo genome editing experiment (Figures 4C and 4D), HEK293 cells were transfected with vector plasmids including pAAV

encoding Drd1a-targeting guide RNA or control guide RNA, together with pHelper, and pAAV-RC (serotype 9), using a standard cal-

cium phosphate method. Transfected cells were collected after three days and suspended in Hank’s Balanced Salt Solution (Merck).

The AAV-containing cell lysate was treated with 250 U/ml benzonase at 37 �C for 30 min without adding MgCl2, and then centrifuged

three times at 17,8003g for 10 min at 4�C with the supernatant after each centrifugation used for the next centrifugation. The final

supernatant was then aliquoted and stored at �80�C.

Heteroduplex cleavage assay
To examine the off-target effect of our saCas9-Drd1a-gRNA, we performed T7 endonuclease I (T7EI) assay using Alt-R Genome Edit-

ing Detection Kit (Integrated DNA Technologies). The saCas9-Drd1a-gRNA plasmid or a control hrGFP-expressing plasmid (pAAV-

hrGFP Vector, #240074, Agilent) was transfected into NIH/3T3 cells in a 24-well plate using jetOPTIMUS (PolyPlus). After 72 h post-

transfection, genomic DNA was isolated using Guide-it Mutation Detection Kit (Takara). DNA fragments flanking the targeted Drd1a

locus and off-targets (Figure S4C) were then amplified from the purified genomic DNA with PCR. Positive and negative control DNA

fragments provided by AltR-Genome Editing Kit were also amplified with PCR. PCR products were denatured and hybridized, di-

gested at 37�C for 60 min with T7EI, and analyzed by electrophoresis in 2% agarose gel stained with ethidium bromide. The gel im-

ages were obtained with a transilluminator (E-BOX VX2, Vilber Lourmat).

Animal preparation and surgery
Mice were anesthetized with isoflurane (3.0–3.5% for induction, 1.0–1.5% for maintenance) and head-fixed on a stereotactic device

using ear bars or a nose clamp. Body temperature was maintained at �37�C by a controlled heating pad. An ocular ointment was

applied over the eyes to prevent drying. The scalp was cut open to expose the skull. For in vivo genome editing (Figures 4C and

4D), AAV harboring Drd1a-targeting guide RNA or control guide RNA was bilaterally injected into four sites targeting the NAc (AP:

1 mm, ML: ±1.2 mm, from Bregma, depth: 3.8 mm; and AP: 1.5 mm, ML: ±1.2 mm, from Bregma, depth: 4.0 mm) through small cra-

niotomies (diameter, <�0.5 mm). The injection volume was 500 nl per site. For the experiment with optogenetic axonal stimulation

(Figures 4E and 4F), AAV-Ef1a-DIO-bReaChES-TS-eYFP (titer: 6.0 3 1013 copies/ml) or AAV-CMV-DIO-hrGFP (titer: 6.0 3 1012

copies/ml) was injected bilaterally into the VTA (AP: �3.0 mm, ML: ±0.5 mm, from Bregma, depth: 4.2 mm) of DAT-IRES-Cre

mice. The injection volume was 200 nl per site. For the experiment with optogenetic stimulation of the SNc-DA neurons

(Figures S2E–S2G), AAV9-Ef1a-DIO-hChR2(E123T/T159C)-EYFP (Addgene #35509, obtained from Addgene; the original titer:

2.2 3 1013 copies/ml, diluted to 1/10) or AAV9- Ef1a-DIO-EYFP (Addgene #27056, obtained from Addgene; the original titer:

2.7 3 1013 copies/ml, diluted to 1/10) was injected into the left SNc (AP: -3.1 mm, ML: 1.2 mm, from Bregma, depth: 4.1 mm) of

DAT-IRES-Cre mice. The injection volume was 200 nl. For optogenetic stimulation of wM1, AAV9-CaMKIIa-hChR(E123T/T159C)-

mCherry (Addgene #35512, obtained from Addgene; the original titer, 3.0 3 1013 copies/ml, diluted to 1/10) or AAV9-Ef1a-

mCherry (Addgene # 114470, obtained fromAddgene; the original titer, 1.03 1013 copies/ml, diluted to 1/10) was injected unilaterally

into the left wM1 (AP: 1.0 mm, ML: 1.0 mm, from Bregma, depth: 0.85 mm and 0.35 mm) of wild-type C57BL6/J mice. The injection

volume was 200 nl per site. With the scalp sutured, the mice were returned to their home cages for at least three weeks after the AAV

injection before behavioral experiments.

Prior to behavioral experiments, mice were implanted with a light-weight metal head-holder.37 For optogenetic stimulation, phar-

macological perturbation, or silicone probe recordings in left wM1, a chamber was made on the left hemisphere by building a wall

with dental cement, and a thin layer of glue was applied over the exposed skull. For optogenetic stimulation of deep brain regions,
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we used an optical fiber (0.4 mm diameter) attached to a stainless steel ferrule (CFM14L05, Thorlabs) which was implanted over the

left NAc (AP: 1.25 mm, ML: 1.5 mm, from Bregma, depth: 3.8 mm) or the left VTA (AP: �3.0 or �3.3 mm, ML: ±0.3 or 0.5 mm, from

Bregma, depth: 4.0 mm). The optical fiber cannula was permanently cemented to the skull. For optogenetic stimulation of wM1, we

made a small craniotomy over the left wM1 and placed the optical fiber over the craniotomy.

Behavioral tasks
Whisker detection task

To examine the orofacial movements of mice performing a whisker detection task,10 we analyzed the data obtained from the mice

used for recording in our previous paper.37 The procedure of the whisker detection task was previously described.37 All whiskers

except for the right C2 whisker were trimmed before experiments. We applied a brief (1 ms) magnetic pulse to elicit a vertical deflec-

tion of the right C2 whisker transmitted by small metal particles glued on the whisker. The mice under head-fixation were trained to

learn the availability of water reward within a 1-s window after the whisker stimulation. The whisker was filmed at 500 Hz with a high-

speed camera. The behavioral signals from the lick sensor together with TTL signals to control the water valve and the electromag-

netic coil were recorded through an NI board. In some recordings, it was impossible to extract the whisker position due to the metal

particles covering the basal part of the whisker. Therefore, we only included the data where the basal part of the whisker was partially

exposed. Novice mice had no prior task experience and showed a low hit rate (31.1 ± 4.2%, n = 6 mice). Expert mice analyzed in this

study were trained for the task in 8–17 daily sessions before the recording day and exhibited a high hit rate (79.2 ± 3.6%, n = 6 mice).

Auditory Go/No-Go task

At least three days after implantation of the metal head holder, adult male C57Bl6/J mice started to be water-restricted. The mice

were adapted to head restraint on the experimental setup through initial training to freely lick the water spout for receiving a water

reward (3–5 sessions, one session per day). The mice were then taught, through daily training sessions, to associate a pure tone

(2 s) with water availability within a 1-s window after the offset of tone presentation. Trials were started with a 3 kHz tone (‘‘Go’’

cue) or a 15 kHz tone (‘‘No-Go’’ cue) following random inter-trial intervals ranging from 3 to 9 s. In some experiments, the ‘‘Go’’

tone and ‘‘No-Go’’ tone were swapped. If the mice licked in the 2 s preceding the time when the trial was supposed to occur,

then the trial was aborted, and a subsequent trial started. Lick was detected with a piezo sensor attached to the water spout. After

each training session, 1.0–1.5 g of wet food pellet was given to the mouse to keep its body weight above 80% of the initial value.

Behavioral control was carried out using a custom-written program on Python interfaced through Arduino Uno. All whiskers except

for the right C2 whisker were trimmed before experiments. The whisker was filmed at 200 Hz with a high-speed camera. Behavioral

data were acquired using an NI board. Novice mice were defined by poor performance (daily d’ < 1.0). These mice were typically on

the first day of task training and showed an average hit rate of 33.7 ± 5.5% (n = 9mice). Expert mice were defined as those keeping a

high performance (daily d’> 2.5) for five successive days. These mice showed an average hit rate of 94.1 ± 1.4% (n = 7 mice). One

mouse underwent a reversal-learning: after the mouse learned the task with a 3-kHz tone as a Go-cue, then we swapped the Go and

No-Go tones. The mouse successfully learned the swapped association, and the data were pooled into the dataset as a different

experiment from the initial learning.

Optogenetics
Optogenetic stimulation in head-fixed mice

All the behavioral experiments using optogenetic stimulation followed the habituation of mice to head-fixation for three days. The

duration of habituation was �15 min on the first day, �30 min on the second day, and �60 min on the third day. All whiskers were

trimmed except the left C2 whiskers or the left and right C2 whiskers before the experiments. For optogenetic stimulation of DA

neurons, blue LED (470 nm; M470F3, Thorlabs) light was applied over the VTA or SNc of DAT-ChR2 mice or control Ai32 mice

through the implanted optic fiber. For stimulating bReaChES/hrGFP-expressing DA axons in the NAc, green LED (530 nm;

M530F2, Thorlabs) light was applied over the NAc through the implanted optic fiber. For stimulating ChR2-expressng neurons

in wM1, the blue LED light was applied through the craniotomy made over the left M1. 20 pulses of 5-ms light stimuli were applied

at 20 Hz unless otherwise noted. The light power at the fiber tip was 15.8 mW for the blue light and 6.6 mW for the green light

unless otherwise noted. The frontal mouse face, including its nose and whisker(s), was filmed at 500 Hz from above with a

high-speed camera. Through immunostaining (see below), we routinely checked the location of implanted optical fiber and dis-

carded data when the fiber tip was found to be more than 0.5 mm away from the target or inserted too deep damaging the target

brain structure.

Sound-oDAS pairing conditioning

For the Pavlovian sound-oDAS conditioning, we used the mice that experienced oDAS. We habituated the mice to a 15-kHz tone

presentation (5 s) by being exposed to the tone stimuli 20 times with random intervals of 60–120 s under head fixation on the day

before starting the conditioning. For the conditioning, we presented to the mice the 15-kHz sound cue (5 s) paired with oDAS

(5 ms, 20 times at 20 Hz) at the last 1 s of the cue. The inter-trial interval was set randomly for each trial to be from 180–240 s. A

custom-written program on Python interfaced through Arduino Uno controlled the timings of sound cue presentation and light stim-

ulation, which were synchronized with filming the mouse’s frontal face from above. The mice experienced �20 paired stimuli in each

daily session.
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Pharmacological perturbation
To examine the effect of a D1R antagonist on orofacial movements, we first calculated the injection volume of SCH23390 (0.3 mg/kg)

or raclopride (3 mg/kg) for each experimental mouse and injected saline of the calculated volume intraperitoneally into the mouse.

The behavioral recording was started 15min after injection. After the recording session with saline injection, the mice were subjected

to an IP injection of the D1R/D2R antagonists, and the behavioral recording was resumed 15 min after injection.

To examine the effect of wM1 inactivation on orofacial experiments, we first made a small craniotomy over wM1 of DAT-ChR2mice

under anesthesia. After recovery from anesthesia, the mouse was head-fixed to the experimental setup, and the behavior was re-

corded. Subsequently, 100 nl of Ringer’s solution with or without muscimol (5 mM) was injected into at 900, 700, 500, 300, and

100 mmeach below the surface using a glass pipette inserted through the craniotomy. A small volume of Chicago Sky Blue wasmixed

in themuscimol solution. Thewhole injection periodwas 20–30min. The behavioral tests were resumed after the injection pipette was

slowly withdrawn.

Immunostaining
After behavioral and electrophysiological experiments, we routinely performed transcardial perfusion of the mice with 4% parafor-

maldehyde (PFA). The brain was removed and incubated with 4% PFA solution overnight for post-fixation. The fixed brain was

then kept in phosphate buffer (PB) until further processing. The fixed brain was sectioned into coronal slices on a vibratome (section

thickness: 100 mm). For immunostaining of brain slices, the slices were washed three times with a blocking buffer containing 1%

bovine serum albumin and 0.25% Triton-X in phosphate buffer saline (PBS) and then incubated with primary antibodies (anti-tyrosine

hydroxylase, rabbit polyclonal, 1:1000, Merck Millipore; anti-D1R, guinea pig polyclonal, 1:200, Frontier Institute; anti-GFP, mouse

monoclonal, 1:1000, FujifilmWako Chemicals) in the blocking buffer overnight at 4 �C. The slices were then washed three times with

the blocking buffer and then incubated with secondary antibodies (CF594-conjugated donkey anti-rabbit IgG, 1:1000, Biotium;

CF488A-conjugated goat anti-mouse IgG, 1:1000, Biotium; CF594-conjugated donkey anti-guinea pig IgG, 1:1000, Biotium) in the

blocking buffer for 1–2 h at room temperature (RT). Cellular nuclei were stained by incubation for 10–15 min with DAPI (2 mM in

PB) at RT. The stained samples were mounted using DABCO and observed under a fluorescence microscope (BZ-9000, Keyence).

Images were saved using BZ-X Viewer (Keyence).

Electrophysiology
A small craniotomy was made over the left wM1 (1 mm anterior, 1 mm lateral from Bregma). Extracellular spikes were recorded in

head-fixed mice using a silicon probe (A1x32-Poly2-10mm50s-177, NeuroNexus) with 32 recording sites along a single shank,

covering 775 mm of the cortical depth. The probe was lowered gradually until the tip was positioned at a depth of 1.0–1.1 mm under

the wM1 pial surface. The craniotomy site was then covered with 1.5% agarose dissolved in Ringer’s solution. Neural data were

filtered between 0.5 Hz and 7.5 kHz, amplified using a digital head-stage (RHD2132, Intan Technologies), and digitized with a sam-

pling frequency of 30 kHz. The digitized neural signal was transferred to an acquisition board (Open Ephys) and stored on an internal

HDD of the host PC for offline analysis. The TTL pulses for the sound and light stimulation were also recorded through theOpen Ephys

acquisition board. Spiking activity on each probe was detected and sorted into different clusters using Kilosort (https://github.com/

cortex-lab/KiloSort). After an automated clustering step, clusters were manually sorted and refined using Phy (https://github.com/

cortex-lab/phy). Only well-isolated single units (174 units) were included in the dataset.

QUANTIFICATION AND STATISTICAL ANALYSIS

Motion energy analysis
Mouse facial movements were quantified by analyzing the side-view (Figure 2B) and top-view (Figure 2C) movies. Motion energy was

computed as the absolute value of the difference of consecutive frames obtained during oDAS (for 1 s) and at the baseline (0–1 s

before the stimulus onset). The motion energy heat-map is shown as the difference between motion energy during oDAS and at

the baseline in each pixel. For quantification (Figure 2B), we set polygonal regions of interest around the ear or orofacial area and

calculated the mean change in motion energy evoked by the oDAS by comparing values during oDAS and at baseline.

Analysis of whisker movements
Movements of the right C2 whisker were quantified offline with ImageJ using an open source macro (https://github.com/tarokiritani/

WhiskerTracking) and the data were analyzed with Igor Pro or MATLAB. The total whisker movements (SWM) were calculated as the

cumulative WMs during oDAS (Figures 2, 4, 5, S2, S3D, and S6), at 0–1 s after the reward time window for the data in the reward-

based learning tasks (Figure 1) or at 0–0.5 s after the cue onset in the sound-oDAS pairing task (Figures 4H, 4J, S3B, S4G, S4I,

S5B, and S6A). Data with the prominent whisking starting during the 1-s period before the onset of oDAS (Figures 2, 4, 5A–5D, 7,

S2, S4, S5A, and S5C) or the conditioning stimulus (Figures 3, 4G-4I, 5E–5H, 6, S3, S4F-S4I, S5B, S6, and S7) were excluded

from the analysis. When the SWM during oDAS exceeded 90 deg, the data were defined as epochs with whisking induced

(WM+). A cue-locked WP was defined as a WP of more than 5 deg above baseline within 0.5 s after the onset of cue presentation.

The onset time of WM orWPwas taken as the time at which the whisker angle exceeded 1 deg above baseline, among these epochs

with WM or cue-locked WP.
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Analysis of nose movements
We quantified nose movement using the markerless video tracking software, DeepLabCut.38 As illustrated in Figure 2G, wemanually

annotated the five points of the top-view nose (left and right anterior/posterior edges and nose tip) using 60–340 frames per movie to

train a deep neural network. An estimated position with a low likelihood (<0.8) was omitted and replaced with a pixel value obtained

using linear interpolation of neighboring values.55 The nose area was the area of the pentagon formed by the estimated five points.

The nose length in the anterior-posterior axis was taken as the distance between the nose tip and the middle point of the posterior

nose edges. The lateral movement of the nose tip was the displacement of the horizontal coordinate of the nose tip quantified as the

percentage with the average anterior-posterior nose length taken as 100%. The onset of lateral nose tip movement was defined as

the time point where the trace exceeded three times of standard deviation of the baseline (0–1 s before the stimulus/cue onset). The

latency of nosemovement was defined as the time difference between the stimulus/cue onset and the onset of lateral nose tip move-

ment. The data with whisking at the pre-stimulus period (1 s) were excluded from the analysis of nose movement.

Machine learning models
Weutilizedmachine learningmodels to decode trial categories ("Hit" or "CR") of the auditory Go/No-Go task usingwhisker time plots.

We selected "Hit" and "CR" trials from the dataset while excluding "Miss" and "False Alarm (FA)" trials. We filtered the data for each

trial with a band-pass filter (4–20 Hz) and transformed it into a power spectrogram using short-term Fourier transformation with

200-ms or 100-ms bins. The power spectrogram was then extracted at 4-20 Hz and linearly normalized so that the sum of powers

equaled one in each time bin. We created power spectrummatrices with 240 dimensions (24 frequency domains x 10 time domains)

for the data during the cue period (2 s) or 0-1 s after the reward time window (after RA). Among the data from seven expert mice, we

pooled the data from six mice as training data, excluding the one from one mouse as test data, and applied the principal component

analysis (PCA) onMATLAB tomake a PC spacewith two dimensions.We used this PC space to obtain the first and second PC scores

for each trial of the test data and plotted them (Figure S1C). We constructed a logistic regression model using the PC plot obtained

from training data, which outputs a likelihood (minimum: 0, maximum: 1) of being ‘‘Hit’’ for each trial of the test data. The trials with a

likelihood of more than 0.5 were predicted as ‘‘Hit’’ trials, and otherwise, the trials were predicted as ‘‘CR’’ trials. The decoding ac-

curacy is a fraction of the number of correct predictions over the total trial number of the test data. We repeated the same procedure

for the other six mice (a process called leave-one-subject-out cross-validation).

We also used leave-one-subject-out cross-validation to train logistic regression models for discriminating between cue-locked

and reward-alignedWMs during the auditory Go/No-Go task (Figure 1H), oDAS-aligned and cue-locked orofacial movements during

the sound-oDAS pairing task (Figures 3H and 3I), WMs during the sound-oDAS pairing task and those during the auditory Go/No-Go

task (Figure 3J), WMs with different wM1 stimulus patterns (Figure 7F), and wM1-driven WMs and those in the sound-oDAS pairing

task (Figure 7G). As decoding features, we used the amplitude, total movements, and first PC score of multidimensional power spec-

trum matrices (see above) of whisker (W-amp, SWM, and W-spectral PC) and/or nose (N-amp, SNM, and N-spectral PC) obtained

from 1-second traces during the cue onset, after RA, during oDAS or upon wM1 stimulation.

Classification of single units
Single units recordedwith the silicone probewere classified as fast-spiking (FS) putative interneurons or regular-spiking (RS) putative

pyramidal cells based on their trough-to-peak time of average spike waveform. Single units with a trough-to-peak time < 0.35 ms

were classified as FS cells, and units with a trough-to-peak time > 0.35 ms were classified as RS cells.

Analysis of the correlation between spike rates and whisker behavior
We classified wM1 cells based on their correlation with whisker behavior during the sound-oDAS pairing tests. We first categorized

the trials into four categories (Figure 6A): ‘‘CL+OA trials’’ are trials with both cue-locked WP and oDAS-aligned WM; ‘‘CL trials’’ are

trials with cue-locked WP but without oDAS-aligned WM; ‘‘OA trials’’ are trials with oDAS-aligned WMs but without cue-locked WP;

and ‘‘No reward-related WMs trials’’ are trials with neither cue-lockedWP nor oDAS-aligned WM. We used different trial categories:

‘‘Cue-WP+ trials’’ are CL+OA and CL trials; ‘‘Cue-WP- trials’’ are OA and No reward-related WMs trials; ‘‘oDAS-WM+ trials’’ are

CL+OA andOA trials; and ‘‘oDAS-WM- trials’’ are CL andNo reward-relatedWMs trials.We defined the cellular categories as follows:

‘‘CL+OA cells’’ showed a significantly higher firing rate at the cue onset (1 s) in Cue-WP+ trials than in Cue-WP- trials, and also

showed a significantly higher firing rate during oDAS in oDAS-WM+ trials than in oDAS-WM- trials; ‘‘CL cells’’ showed a significantly

higher firing rate at the cue onset (1 s) in Cue-WP+ trials than in Cue-WP- trials, and exhibit similar firing during oDAS in oDAS-WM+

and oDAS-WM- trials; ‘‘OA cells’’ showed a significantly higher firing rate during oDAS in oDAS-WM+ trials than in oDAS-WM- trials,

and exhibit similar firing at the cue onset (1 s) in Cue-WP+ and Cue-WP- trials. In Figure 6E, we plotted ‘‘CL correlation’’ as the Pear-

son correlation coefficients between spike rates and the maximal WP amplitudes during 1 s at the cue onset and ‘‘OA correlation’’ as

the Pearson correlation coefficients between spike rates and the variances of the whisker position during oDAS. Formotion-triggered

PSTHs upon oDAS (Figure 6I), the data with whisking at 0–0.2 s before oDAS were excluded from the analysis.

Statistics
All values are expressed as mean ± SEM except for the boxplots in the figures. Boxplots indicate median and 1st/3rd quartile, with

whiskers showing maximal and minimal data points. Statistical tests were performed using GraphPad Prism. The normality of data

distribution was routinely tested. Analyses of two sample comparisons were performed using unpaired or paired t tests when each
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sample was normally distributed, or Wilcoxon signed rank test (paired) or Mann-Whitney U test (unpaired) when at least one of the

samples in every two-sample comparison was not normally distributed. Tests for two-sample comparison were two-sided. Statistical

analyses for multiple comparisons were carried out using one- or two-way ANOVA followed by Bonferroni’s multiple comparison

tests or Dunnett’s multiple comparison tests vs. the control, unless otherwise noted. For correlation analysis, Pearson’s correlation

coefficient (r) for normally distributed sets of data or Spearman’s rank correlation coefficient (rho) for randomly distributed data was

calculated.
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