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SUMMARY

A fundamental issue in cortical processing of sen-
sory information is whether top-down control circuits
from higher brain areas to primary sensory areas not
only modulate but actively engage in perception.
Here, we report the identification of a neural circuit
for top-down control in the mouse somatosensory
system. The circuit consisted of a long-range recip-
rocal projection betweenM2 secondarymotor cortex
and S1 primary somatosensory cortex. In vivo phys-
iological recordings revealed that sensory stimula-
tion induced sequential S1 to M2 followed by M2 to
S1 neural activity. The top-down projection from
M2 to S1 initiated dendritic spikes and persistent
firing of S1 layer 5 (L5) neurons. Optogenetic inhibi-
tion of M2 input to S1 decreased L5 firing and the
accurate perception of tactile surfaces. These find-
ings demonstrate that recurrent input to sensory
areas is essential for accurate perception and
provide a physiological model for one type of top-
down control circuit.

INTRODUCTION

The capacity for complex behavior requires top-down control

(Mesulam, 1998; Miller and Cohen, 2001). In physiological terms,

top-down control is defined as the regulation by higher brain

areas (i.e., top) of neuronal activity and information processing

in lower brain areas (i.e., bottom). Hence, top-down control

serves to modulate the neural signals from bottom-up sensory
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input to refine behavior as a function of an animal’s goal

orientation. This regulation can be as simple as the refinement

of sensory experience or as complex as executive control of a

behavioral program. Given the diverse perceptual and cognitive

behaviors governed by top-down control, the range of associ-

ated neural signals is vast, including attention, value, and mem-

ory (Corbetta and Shulman, 2002; Meyer, 2011; Tomita et al.,

1999; Zanto et al., 2011). Thus, top-down control is a major

component of complex behavior and in neural systems imple-

menting cognition (Dehaene et al., 2006; Gilbert and Sigman,

2007).

Despite the fundamental role of top-down control in animal

behavior, the anatomical structure and physiological mecha-

nisms of the responsible neural circuits remain unclear.

Anatomically, top-down signals are presumed in mammals to

use long-range intracortical horizontal projections between

higher and lower brain areas (Cauller et al., 1998; Felleman

and Van Essen, 1991; Johnson and Burkhalter, 1996). In one

example, bottom-up sensory input typically evokes an early

and late activity component in primary sensory areas. The

late component is believed to involve top-down control and

correlate with conscious perception (Del Cul et al., 2007). Kulics

and colleagues described touch stimulus responses in monkey

(Cauller, 1995; Cauller and Kulics, 1988; Kulics, 1982; Kulics

et al., 1977) and found that the early component correlates

with stimulus intensity related to thalamic input and the late

component with behavioral responses. Consistent with these

findings, during a whisker-stimulation detection task, inhibition

of the late component in barrel cortex correlated with suppres-

sion of behavior (Sachidhanandam et al., 2013). Collectively,

these data suggest a potential link between the late component

of cortical activity and top-down control, but the functional and

anatomical neural circuit architecture of the late component re-

mains poorly defined.
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There are several potential sources of top-down input to S1

primary somatosensory cortex, including motor cortex (Pet-

reanu et al., 2012; Xu et al., 2012), secondary somatosensory

cortex (S2) (Cauller et al., 1998), and second-order thalamic

nuclei (Rubio-Garrido et al., 2009). According to current models

of cortical processing in sensory perception, prefrontal cortical

areas receive bottom-up neural signals from primary sensory

areas and return feedback to the sensory areas (Gilbert and

Sigman, 2007; Lamme, 2001; Olson et al., 2001; Tomita

et al., 1999; Zanto et al., 2011), although this arrangement re-

mains conjecture (Gilbert and Sigman, 2007). Among prefrontal

cortical areas governing top-down input to somatosensory cor-

tex, secondary motor cortex, called M2, is well positioned. In

rodent, motor cortex is divided into primary motor cortex

(M1) for direct motor control and located adjacent to S1 and

the more rostral M2 (Neafsey et al., 1986), also called medial

agranular cortex (AGm), that is linked to higher brain functions

including value-based decision making (Sul et al., 2011) and

self-initiated action (Murakami et al., 2014). There is indirect ev-

idence that M2 may transmit top-down information to control

sensory perception where corollary discharge, an efferent

copy of motor input from M2 to sensory cortices, is hypothe-

sized to modulate perception (Schneider et al., 2014). More-

over, lesions of M2 can produce somatosensation neglect in

rodents (Vargo et al., 1988), consistent with anatomical data

showing reciprocal anatomical connectivity between S1 and

M2 (Neafsey et al., 1986; Reep et al., 1984, 1987, 1990).

Despite this circumstantial evidence, the causal identification

of a horizontal circuit from M2 to S1, and whether M2 input is

responsible for sensory stimulus-evoked late activity in S1, is

unknown. In more general terms, it remains unclear in any sen-

sory system whether top-down projections innervating sensory

areas merely modulate perception or are fundamentally

involved in perception.

In this study, we identify and characterize a top-down control

circuit in the mouse somatosensory system. Using wide-field

voltage-sensitive dye imaging during somatosensory hindpaw

stimulation, we identified a functional top-down projection be-

tween M2 and S1 with early and late activity components.

The middle anterior part of the hindpaw somatosensory area

overlaps with hindpaw primary motor area (M1) in rodents

(Ayling et al., 2009). However, in this study we define S1 based

on recorded neural activity from a lateral posterior part of the

hindpaw area where L4 exists and neural activity correlated

with sensory input, as well as in the forepaw area (Milenkovic

et al., 2014). We studied the anatomical projection from M2

to S1 and measured physiological signals in S1 during hindpaw

stimulation using viral tracing and multiunit recordings, respec-

tively. We found that top-down signals to both the upper

and lower layers of S1 correlate with sustained dendritic activity

in S1 layer 5 (L5) pyramidal neurons. Two-photon dendritic

calcium (Ca2+) imaging and multiunit recordings from these

neurons indicated that L5 dendritic activity promotes effi-

cient cortical output. Finally, optogenetic inactivation of the

top-down projection from M2 to S1 demonstrated that top-

down input does not merely modulate perception but can

have a direct role in the formation of accurate somatosensory

perception.
RESULTS

Identification of a Top-Down Cortical Circuit
During mouse hindpaw stimulation, we used wide-field cortical

voltage-sensitive dye (cVSD) imaging (Ferezou et al., 2007)

(Figure 1A) to search for a reciprocal functional connection

between S1 (hindpaw area; hereafter called S1) and M2 (Neaf-

sey et al., 1986; Reep et al., 1984, 1987; Reep et al., 1990)

associated with somatosensory perception. Under anesthesia,

a mild electrical stimulation (single pulse, 0.1 ms duration,

100 V) of the hindpaw evoked early neural activity in S1 fol-

lowed by a subsequent response in an anterior medial area

often referred to as AGm (Figure 1B) (Neafsey et al., 1986;

Reep et al., 1990) and also known in mice as the secondary

motor area (M2) (Paxinos and Watson, 1998). The location of

this area could be distinguished from forepaw M2 via forepaw

stimulation, and from vibrissal primary and secondary motor

cortices (vM1 and vM2) (see Figure S1 available online), indi-

cating somatotopic map within M2, analogous to S1 and M1.

Next we examined whether M2 and S1 form a functional

connection using a sodium channel blocker, tetrodotoxin

(TTX, 3 mM), or an AMPA/kainate receptor blocker, CNQX

(100 mM), applied to either S1 or M2 during hindpaw stimulation

under anesthesia. The pharmacological inactivation of S1

decreased the early component of cVSD activity in M2 (Figures

1D and 1H), and the inactivation of M2 decreased the late

component of cVSD activity in S1 (Figures 1I and 1M).

Together, these findings suggest that M2 and S1 form a recip-

rocal circuit that may be involved in somatosensory processing.

Previous studies indicated that top-down corticocortical pro-

jections from higher areas to primary areas generally terminate

in the upper and lower layers, whereas bottom-up feedforward

projections terminate primarily in the middle layers (Cauller,

1995; Coogan and Burkhalter, 1990; Felleman and Van Essen,

1991; Ueta et al., 2013). To confirm these axonal projections,

we used anterograde viral tracing to examine the anatomical

connectivity between S1 and M2. An adeno-associated viral

tracer carrying green fluorescent protein (GFP) with a CAG-

driven promoter, AAV-CAG-GFP (AAV-GFP), was injected into

either S1 or M2 to anterogradely label axons (Figures S2A and

S3A), and the retrograde tracer cholera toxin subunit B (CT-B)

conjugated to Alexa 555 was used to label the somata of projec-

tion neurons (Figures S2F and S3D). The M2 axonal innervation

pattern estimated from fluorescence density and total intensity

showed targeting to layer 1 (L1) and deep cortical layers, with

less in the middle layers (Figures S2B–S2E and S2I), suggestive

of previously described top-down connections. Boutons from

M2 axons were also observed in all layers (Figure S2E). L2/3,

L5a, and L6 neurons in M2 sent their axons to S1 (Figures

S2G–S2I), similar to a top-down projection from M2 to M1

(Ueta et al., 2013). Reverse tracing experiments (i.e., AAV-GFP

in S1 and CT-B in M2) revealed a predominance of projecting

neurons from layers 2/3, 5a, and lower layer 6 of S1 to M2

(Figure S3) that terminated in a feedforward (bottom-up) connec-

tivity pattern (Coogan and Burkhalter, 1990; Felleman and

Van Essen, 1991). We confirmed that these long-range pro-

jections consisted of calcium/calmodulin-dependent protein ki-

nase II (CaMKII)-positive excitatory neurons by using glutamate
Neuron 86, 1304–1316, June 3, 2015 ª2015 Elsevier Inc. 1305
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Figure 1. Identification of a Reciprocal Top-Down Control Circuit

(A) Diagram showing macroscopic recording of cortical activity by using voltage-sensitive dye (cVSD) imaging.

(B) Spatiotemporal dynamics of cVSD response evoked by hindpaw (HP) stimulation (single pulse, 0.1ms duration, 100V) under anesthesia. Time after stimulation

is indicated. A, anterior; P, posterior; M, middle; L, lateral; S1, hindpaw area of the primary somatosensory cortex; M2, hindpaw area of the secondary motor

cortex.

(C) Cortical activity traces. Inset, expanded traces. Vertical axis, 0.2% DF/F. Horizontal axis, 30 ms.

(D) Experimental diagram. TTX was applied locally to S1. Cortical activity was evoked by hindpaw stimulation under anesthesia.

(E) Examples of spatiotemporal dynamics of cVSD response.

(F) M2 (orange) and S1 activities (inset, blue) before and after TTX application.

(G) Summary of (F) (40.7% ± 12.3% of control, n = 8 mice, t7 = 4.82, *p < 0.05, Student’s paired t test).

(H) Summary of M2 activity after local application of CNQX to S1 (56.6% ± 7.9% of control, n = 6 mice, t5 = 5.50, *p < 0.01, Student’s paired t test).

(I) Experimental diagram. TTX was applied locally to M2. Cortical activity was evoked by hindpaw stimulation under anesthesia.

(J) Examples of the spatiotemporal dynamics of cVSD responses.

(K) S1 and M2 activities (inset) before and after TTX application.

(L) Summary of (K) (64.6% ± 7.0% of control, n = 8 mice, t7 = 5.02, *p < 0.05, Student’s paired t test).

(M) Summary of S1 activity after local application of CNQX to M2 (63.4% ± 4.5% of control, n = 6 mice, t5 = 8.08, *p < 0.01, Student’s paired t test). Data are

represented as mean ± SEM. See also Figures S1–S4.
decarboxylase 67-green fluorescent protein (GAD67-GFP)

knock-in mice to label inhibitory neurons (Figure S4) (Tamamaki

et al., 2003).

Functional M2 Projection to S1 Upper and Lower Layers
Anatomically, the M2 axonal projection pattern to S1 indicated

termination in upper and lower layers. To examine the functional

M2 to S1 projection, we performed multiunit recordings (MUR)

from all layers of S1 using a vertical array of up to 16 electrodes

(Michigan Probes) during hindpaw stimulation (Figure 2). After
1306 Neuron 86, 1304–1316, June 3, 2015 ª2015 Elsevier Inc.
hindpaw stimulation under anesthesia, we observed action

potential (AP) activity in S1, with two peaks occurring early at

�23 ms and late �110 ms in L5 (Figures 2A–2C). Although

more physiological stimulation (air puff) to the hindpaw also

induced the firing activity including two or more components

(Figure S5A), we used the same mild electrical stimulation

protocol throughout the study for precise control of stimulus

intensity. APs were first detected in the middle layer (L4, 300–

400 mm below the cortical surface), consistent with bottom-up

thalamic input (Figure 2B, top) (Armstrong-James et al., 1992;
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Figure 2. Top-Down Input Activates a Late Response in Somatosensory Cortex

(A) Top, multiunit activity (MUA) evoked by hindpaw stimulation (single pulse, 0.1 ms duration, 100 V) was recorded from S1 (inset) under anesthesia. Raster plots

show the MUA recorded 600 mm below the cortical surface across 128 trials. The orange line indicates the estimated spike rates. Hindpaw stimulation was

applied at 0 ms. Bottom, the estimated spike rates recorded from seven sites. The vertical black lines indicate the time of stimulation. Note the decreased spike

rate around the hindpaw stimulation due to stimulation artifact.

(B) The latency (top) and number of spikes (bottom) of the first peak (component).

(C) The latency (top) and number of spikes (bottom) of the second peak (component).

(D) TheMUA evoked by hindpaw stimulation was recorded fromM2 (600–700 mmbelow the surface, blue), which peaked during the first and second components

of the S1 (orange).

(E) S1 firing activity (600 mm below the surface) before (orange) and after (gray) TTX application to M2 (see also Figure S5 for other layers).

(F) S1 firing activity (600 mm below the surface) before (orange) and after (gray) CNQX application to M2.

(G) Summary of the TTX and CNQX effects on the first and second components of the estimated spike rate (each experiment, n = 11 mice for TTX experiment,

n = 6 mice for CNQX experiment; TTX, t10 = �4.45; CNQX, t5 = 7.05, *p < 0.05, Student’s paired t test). The numbers in parentheses show the numbers of mice

used in each experiment. Data are represented as mean ± SEM; n.s., not significant.
Constantinople and Bruno, 2013), followed within �4 ms by APs

in other cortical layers that indicated general activation of the

entire cortical column (Figure 2B, bottom). Notably, the propaga-

tion of the late activity component was sequential, starting in

lower layers followed by upper layers (Figure 2C, top). Hindpaw

stimulation evoked AP activity in S1 L5 during the late compo-

nent and only sparsely in the other layers (upper layers and L6)

(Figure 2C, bottom). We next asked whether the late S1 L5 activ-

ity was due to the influence of M2 activity as suggested by our

cortical VSD imaging data which indicated that the late S1

response was dependent on M2 (Figures 1K–1M).

To examine the source of the S1 late activity, we performed

MUR in M2 and found that the average peak latency for firing

in L5 of M2 was 80.0 ± 6.0 ms (n = 4 mice, Figure 2D), indicating

an intermediate time between the early and late components re-

corded in S1. We further examined how M2 influenced the two

activity phases in S1 by injecting TTX or CNQX into M2 and

recording from S1 during hindpaw stimulation (Figures 2E–2G).

The inactivation of M2 had no effect on the early component
but caused a marked decrease in the late component in all

layers, especially L5 of S1 (Figures 2E–2G; see Figures S5B–

S5D for a summary of other layers and for TTX injection to visual

cortex as a control experiment). These experiments also indi-

cated that drug application to M2 did not directly affect the

recording site in S1. Our results demonstrated that M2 firing

and synaptic activity are necessary for L5 firing in S1 during

the hindpaw stimulation-evoked late component. This M2-

required L5 firing is, however, inconsistent with the M2 axon

projection that targets mainly L6 and L1 of S1.

The apparent inconsistency may result from a large synaptic

input from M2 to L5 of S1, not evident from the anatomical

data. To understand the pattern and strength of M2 synaptic

input to S1, we performed current source density (CSD) analysis

with linear probes during hindpaw stimulation (Figures 3A–3C).

Similar to the observed AP activity, we also found two compo-

nents of synaptic input (defined as current sinks). The first sink

activity observed at L4 was consistent with thalamic input

(Figure 3D). Notably, we found that although L5 dominated spike
Neuron 86, 1304–1316, June 3, 2015 ª2015 Elsevier Inc. 1307
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Figure 3. Top-Down Input Activates the Lower and Upper Layers of S1

(A) Top, local field potentials (LFPs) induced by hindpaw stimulation (single pulse, 0.1 ms duration, 100 V) were measured in S1 under anesthesia. Bottom,

examples of the LFPs recorded at different depths. The vertical line indicates hindpaw stimulation timing (gray dotted line). Note that stimulus artifacts were

removed for clarity.

(B) Example of a current source density (CSD) profile as a color image plot in response to mouse hindpaw stimulation.

(C) Enhanced color map of (B). Arrowheads indicate sink activity during the second sink.

(D) The latency (top) and peak amplitude (bottom) of sink activity during the first sink.

(E) The latency (top) and peak amplitude of sink activity (bottom) during the second sink. The numbers in parentheses show the numbers of mice used in each

experiment. Data are represented as mean ± SEM.
activity (Figure 2C, bottom), sinks corresponding to the late

component were found in the lower and upper layers (Figure 3E),

consistent with the anatomical tracing data. The averaged over-

lap period of sinks between 800 mm and 200 mm below from the

cortical surfacewas�30ms (n = 8; Figure S5E). To examine if the

lower and upper layer sink activity was due to M2 synaptic input,

we used M2 intracortical microstimulation (ICMS) or hindpaw

stimulation before and after application of CNQX to the S1

cortical surface (Figure S5F). S1 sink activity was significantly

blocked by CNQX application, indicating a dependence on M2

synaptic activity.

M2 Synaptic Control of the S1 L5 Dendritic Spike
Our CSD data (Figure 3E, bottom) suggested that more M2 syn-

aptic input arrives at the lower (L6) and upper layers (L1 and L2/3)

than at L5, consistent with the anatomical data. However, this

finding was inconsistent with the multiunit data indicating the

highest firing activity in L5 (Figure 2C, bottom). One explanation

for this inconsistency was that synaptic input to the lower and

upper layers caused local Ca2+ spikes in L5 apical dendrites

and increased firing in L5 neurons (Larkum et al., 1999; Xu

et al., 2012). To examine this hypothesis, we measured Ca2+ ac-

tivity in single dendrites of L5 pyramidal neurons. Using a trans-

genic mouse line in which layer 5 pyramidal neurons express the

GECI (genetically encoded Ca2+ indicator) G-CaMP7 (Ohkura

et al., 2012; Sato et al., 2013), we performed two-photon imaging

of distal apical dendritic Ca2+ activity�200 mmbelow the cortical
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surface under anesthesia before and after CNQX injection to M2

(Figures 4A and 4B). Before CNQX application, hindpaw stimula-

tion evoked dendritic activity with either early and small dendritic

activity (Figure 4C, light blue arrowhead), followed by late and

large activity (Figure 4C, deep blue arrowhead). After CNQX

application to M2, the large but not the small component was

blocked (Figures 4C and 4D), indicating that the late and large

dendritic activity observed S1 L5 neurons required activity

from the M2 projection.

We further studied cellular mechanisms of the large and small

dendritic activity. Dendritic Ca2+ activity can be caused by back-

propagating action potentials (BPAPs) or local dendritic spikes;

however, only the latter should be affected by glutamatergic

blockers in the upper layers (Kondo et al., 2013). Moreover, it

is known that dendritic spiking induces larger fluorescence

changes in distal dendrites than that from BPAPs (Murayama

et al., 2007, 2009). We therefore attributed CNQX-insensitive

dendritic activity to BPAPs. To examine whether the large den-

dritic activity was due to dendritic Ca2+ spikes, we performed

dendritic Ca2+ imaging before and after CNQX application to

the cortical surface in S1 (Figures 5A and 5B). We used intracort-

ical microstimulation (ICMS, 100 Hz 10 pulses) to M2 to mimic

M2 activity (Figure 2), instead of hindpaw stimulation, because

CNQX application to apical dendrites (or S1 cortical surface) of

L5 neurons in vivo can block the early activity in S1 as seen in

the cVSD imaging data (Figure 1) and multi-unit recording data

(Figure S5G) which, in turn, would block activity in M2. The M2
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Figure 4. Top-Down Input Evokes Late Dendritic Ca2+ Signals in S1

L5 Neurons
(A) Experimental diagram of dendritic 2-photon Ca2+ imaging from S1 in the

anesthetized mice with and without CNQX application to M2. Dendritic activity

(measured 200 mm below the cortical surface) was evoked by hindpaw stim-

ulation (single pulse, 0.1 ms duration, 100 V) in G-CaMP7 transgenic mice.

(B) Top, an example of an L5 neuron dendritic field imaged with a two-photon

microscope. Five region of interests (ROIs) were evoked by the stimulation and

marked (red boxes). Middle, dendritic activity in ROI 1 before (green) and after

(pink) CNQX application to M2. The thin and thick traces show the activity for

30 trials and the averaged activity, respectively. Bottom, dendritic activity

in ROI 2.

(C) Dendritic activity averaged in fiveROIs. The light and deep blue arrowheads

indicate the first (D.-1st) and second components (D.-2nd) of dendritic activity,

respectively.

(D) Summary of (C) (n = 16 mice, 125 dendrites, F(3, 60) = 23.12, one-way

ANOVA; D.-1st Ctr. and D.-1st CNQX, F(4, 60) = 0.017; D.-1st Ctr. and D.-2nd

Ctr., F(4, 60) = 15.74; D.-2nd Ctr. and D.-2nd CNQX, F(4, 60) = 2.95, *p < 0.05,

Scheffe’s test). Data are represented as mean ± SEM.
ICMS evoked both small or large activity in different dendrites in

S1 (Figures 5C, S6A, and S6B; see the Experimental Procedures

for the categorization of dendritic activity). Notably, CNQX had a

much larger effect on dendrites that had larger initial responses

than on those with smaller initial responses (Figures 5C and 5D).

CNQX application to the S1 cortical surface blocked M2 ICMS-

evoked L2/3 and L5 firing activity in S1 (Figures S5F and S5G),

indicating that ICMS evoked synaptic activity in S1 but not anti-

dromic activation. Together, these data suggest that the small

dendritic Ca2+ responses we observed in S1 arise from BPAPs,
while large responses are due to local dendritic Ca2+ spikes

evoked by the M2 originated input to S1.

To further validate this conclusion, we studied small and large

dendritic activity with another approach. It is known that distal

dendrites of L5 neurons are inhibited by deep cortical interneu-

rons (putative Martinotti cells) (Murayama et al., 2009). In an

earlier study we showed that inhibition of the deep cortical layers

(with either TTX or CNQX) leads to a paradoxical increase in

dendritic Ca2+ activities due to release from dendritic inhibition.

Here, we repeated the experiment to examine the effect of

deep-layer interneuron activation on small and large dendritic

Ca2+ activity by injecting CNQX into L5 of S1 during M2 ICMS

(Figure 5E). With CNQX applied to L5, only the initially small den-

dritic Ca2+ responses were increased, with no significant change

in the larger responses (Figures 5F, S6C, and S6D). As a control,

the activation of deep layer interneurons in S1 could be evoked

by hindpaw stimulation or M2 ICMS (Figure S7). These results

suggest that small and large dendritic activity in L5 neurons is

due to BPAPs and dendritic Ca2+ spikes, respectively, under

control of S1 interneurons.

Accurate Sensory Perception Requires Top-Down
Projection
Our results suggested that M2 regulates dendritic spiking in S1

L5 pyramidal neurons. We causally tested whether the M2 to

S1 projection can influence somatosensory perception with op-

togenetic manipulation to inhibit axon terminals of the M2 fibers

in S1 (Kitamura et al., 2014; Yamamoto et al., 2014). First, to

ensure that we could reliably evoke and measure the optoge-

netic suppression of activity in M2 fibers projecting to S1, we

locally expressed Archaerhodopsin (ArchT) (Han et al., 2011)

in M2 neurons via viral infection with AAV-CMV-ArchT-EGFP

(AAV-ArchT; see Figure S5H for injection site) and performed

multiunit recordings with and without LED illumination of S1

during hindpaw stimulation (Figures 6A–6D). Light-induced inac-

tivation of M2 fibers in S1 did not suppress the early component

but did affect the late phase of L5 activity to �70% of control

(Figure 6C; see Figures S5K–S5M for other layers and for AAV-

GFP-injected mice as a control experiment). Optogenetic inacti-

vation of M2 fibers did not affect the membrane potential of M2

neurons (Figures S5I and S5J). In vivo patch-clamp recordings

from L5 neurons confirmed that subthreshold slow responses

following hindpaw stimulation were suppressed to �70% of

control during LED illumination of S1 (Figures 6E–6H). These

findings provide confirmation and quantification of the strength

and specificity of optogenetic inhibition of the M2-S1 projection.

To examine behaviors based on somatosensory perception,

mice performed three different tasks: (1) spontaneous place

preference test (SPPT), (2) stimulation-induced limb movement

test (SILMT), and (3) tactile discrimination task (TDT). To specif-

ically inactivate M2 fibers projecting to S1 during these

behaviors, we injected AAV-ArchT into hindpaw M2 in both

hemispheres (for SPPT and TDT) or in the right hemisphere (for

SILMT) and employed a miniature LED illumination device

mounted over hindpaw S1 through the skull (Figure 7A). We

confirmed that almost no light from the LED bulb of the device

reached M2 (Figure S8) and that the light to S1 did not

affect somatic activity in M2, while direct illumination to M2 did
Neuron 86, 1304–1316, June 3, 2015 ª2015 Elsevier Inc. 1309
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Figure 5. M2 Stimulation Evokes Dendritic Spiking in S1 L5 Neurons

(A) Experimental diagram of CNQX application to S1 cortical surface under

anesthesia. Dendritic Ca2+ activity was evoked by intracortical micro-

stimulations (ICMS, L2/3, 0.2 mA, 1 ms duration, 10 pulses, 100 Hz) to M2 in

G-CaMP7 transgenic mice.

(B) An example of dendrites of L5 neurons.

(C) Example of individual dendritic activity from the regions indicated in (B).

See Figure S6 for dendritic activity categorization.

(D) Summary of activities in individual dendrites (n = 7 mice, D.-small, n = 23

dendrites, t22 = 1.64; D.-large, n = 25 dendrites, t24 = 8.29, *p < 0.01, Student’s

paired t test).

(E) Experimental diagram of CNQX application to L5 neurons in the S1.

(F) Summary of the experiment (n = 6 mice, D.-small, n = 22 dendrites, t21 =

5.47; D.-large, n = 19 dendrites, t18 = 0.21, *p < 0.01, Student’s paired t test,

n.s., not significant). Data are represented as mean ± SEM.
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(Figure S9). In the SPPT (Figure 7B), whisker-trimmedmice could

freely move and select their natural tactile preference in an open

field square box containing two different textures (smooth and

rough). Most (12 out of 15) control mice showed a clear innate

texture preference for the rough surface, and the remainder

(3 out of 15) preferred the smooth surface (Figure 7C). We quan-

tified texture preference by recording the percent of cumulative

time spent on the smooth or rough surface in bothmouse groups

and combined their preferences into a single data set. Control

mice expressing GFP alone, or the experimental group express-

ing ArchT in the absence of LED illumination, also exhibited a

strong texture preference. However, upon optogenetic bilateral

(i.e., both hemispheres) inactivation of the projection from M2

to S1, texture preference in ArchT-expressing mice was elimi-

nated, as observed by a reduction in time spent on the preferred

texture (Figure 7D). These results indicate that sensory percep-

tion and/or preference for a particular texture depends on M2-

mediated top-down control of S1.

Although we targeted AAV-ArchT injection to hindpawM2 (the

size of the injected area was�750 mmdiameter; Figure S5H), the

AAV could in principle affect forepaw M2 that is �900 mm away

from hindpawM2 (Figure S1C), to cause the behavioral changes.

To examine this possibility, we performed SILMT by stimulating

the contralateral forepaw or hindpawwith mild electrical stimula-

tion in different trials, and thenmeasured themovements of each

limb (Figures 7E and 7F; see Experimental Procedures). The LED

light was unilaterally (i.e., one side hemisphere) applied 50 ms

after the stimulation for 450 ms to avoid the early sensory

component of neural activity in S1 and selectively inactivate

the late component. Limb movements were measured after the

LED-on state for 1.0 s. We observed that M2 fiber inactivation

at hindpaw S1 during the late component significantly reduced

the probability of hindlimb movements (Figures 7G and 7H),

and slightly reduced forelimb movements (p = 0.17) (see Table

S1). These results indicate that hindpaw M2 axon inactivation

at hindpaw S1 had little effect on forepaw perception and sug-

gest that the M2-dependent late component in S1 is required

for tactile perceptual behavior.

If sensory perception is affected byM2 fiber inactivation, other

brain functions that are based on this perception must be also

altered. In the TDT (Figures 7I and S10), mice with their whiskers

trimmed were trained to discriminate between two different

tactile stimuli randomly applied at track positions just before a

Y branchpoint. Thus, the branchpoint decision was linked to

texture discrimination in the maze. Bilateral optogenetic inacti-

vation of the M2-S1 projection significantly inhibited correct per-

formance in this task (see Figure 7J). The observed behavioral

deficit in ArchT-injected mice was not caused by a motivational

or attentional deficit, since there was no significant difference in

the time that animals took to reach the texture nor in the time that

they remained on the texture (Bushnell and Strupp, 2009) (Table

S1). To examine whether this behavioral output was due to

deficient sensory perception and not other factors such as deci-

sion-making, short-term memory, or behavioral asymmetry, we

performed a conditioned alternation task (CAT). In the CAT (Fig-

ure 7K), mice were trained to choose each side arm alternately

(i.e., one side arm first, then the other arm in the next trial, and

so on). Optogenetic M2 fiber inactivation did not decrease the
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Figure 6. Optogenetic Inactivation of Top-

Down Input Suppressed S1 L5 Firing

(A) Experimental diagram of optogenetic inhibition

of the projection from M2 to S1. Top, AAV-CMV-

ArchT-EGFP was injected into M2 (see also Fig-

ure S5H for injection site and M2 axons). Bottom,

MUAwas recorded fromS1, which was illuminated

with green light to inactivate axons coming from

M2. The firing activity was evoked by hindpaw

stimulation (single pulse, 0.1 ms duration, 100 V).

(B) Example of the estimated spike rates at 600 mm

below the cortical surface (L5) calculated from

MUA is shown. MUA was evoked by hindpaw

stimulation during light (LED)-off (black trace)

and -on (green trace) conditions during anesthesia.

Inset, timing of hindpaw stimulation and light

illumination.

(C) Summary of the effect of LED illumination on the

first and second components. The areas under the

spike rate curvesweremeasuredandnormalized to

that recorded in the absence of LED illumination

(n=9mice, 1st, t8 =�1.52; 2nd, t8=�3.89, *p<0.02,

Student’s paired t test; see also Figures S5K–S5M

for other layers, and GFP experiments as control).

(D) The peak latencies of the spike rates from the hindpaw stimulation with and without LED illumination (n = 9 mice, 1st, t8 = �2.28; 2nd, t8 = �0.63, Student’s

paired t test).

(E) Experimental diagram showing whole-cell recording of membrane potential (Vm) in L5 pyramidal neurons of S1.

(F) Examples of averaged Vm (300 trials in each) evoked by a single hindpaw stimulation with (green) and without (black) LED illumination during anesthesia.

(G) Summary of the effects of LED illumination on the peak amplitude and the area under the Vm curve evoked by hindpaw stimulation (n = 7 mice, peak

amplitude, t12 = 1.36; the area under the Vm curve, t12 = 3.78, *p < 0.01, Student’s t test).

(H) Summary of the effect of LED illumination on the spontaneous firing rate and resting membrane potential (RMP) (n = 7 mice, spontaneous firing rate,

t12 = 0.54; RMP, t12 = 0.63, Student’s t test). Data are represented as mean ± SEM; n.s., not significant.
success rate in this task (Figure 7L), which would otherwise have

indicated deficient perception. Therefore, the mice in the TDT

simply failed to recognize an accurate texture when the M2 to

S1 projection was inhibited.

Together, the SPPT, SILMT, and TDT behavioral results sup-

port the hypothesis that sensory perception and/or preference

for texture somatosensation via their hindpaws were inaccurate

during inactivation of the M2 top-down input to S1. We also

performed an extensive battery of control behaviors during opto-

genetic manipulation to rule out spurious effects of M2 top-down

input on normal visual perception, motor function, anxiety, and

acute pain in tests that included the open field test, gait analysis

during treadmill walking, and a hot plate test with whisker-

trimmed mice (Table S1). Together, these behavioral findings

demonstrate that the M2 top-down projection to the S1 tactile

region is required for accurate sensory perception in awake-

behaving mice.

DISCUSSION

In this study, we characterized a neural circuit for top-down

control in mouse somatosensory cortex, including its physiolog-

ical mechanism and role in sensory perception. L5 pyramidal

neurons are hypothesized to be associative elements for the

coincident detection of bottom-up and top-down inputs (Felle-

man and Van Essen, 1991; Gilbert and Sigman, 2007; Larkum,

2013; Larkum et al., 1999). In this study, we confirmed that

thalamic and M2 top-down inputs converge in S1, but we found

that the association could be divided into discrete early (bottom-
up) and late (top-down) temporal components. In the late

component, M2 triggered the S1 cortical column from lower to

upper layers for dendritic spiking and robust firing of L5 pyrami-

dal neurons.

Primary sensory cortex has been hypothesized to receive top-

down information in the late activity component to generate

conscious perception (Cauller, 1995; Gilbert and Sigman,

2007; Lamme, 2001; Meyer, 2011; Sachidhanandam et al.,

2013; Supèr et al., 2001). One proposed mechanism for late

component activation with support in vitro (Larkum et al., 1999)

and in vivo (Xu et al., 2012) is that coincident activation of bot-

tom-up and top-down inputs trigger back-propagating action-

potential-activated calcium spike (BAC) firing (Larkum, 2013).

For this mechanism to apply, top-down and bottom-up inputs

to apical dendrites in primary sensory cortex must converge

within a 30 ms time window (Ledergerber and Larkum, 2012).

However, in the majority of sensory processing, top-down input

reaches primary sensory cortex long after (50–150ms) the arrival

of bottom-up sensory information. On the other hand, our data

suggest that it is hypothetically possible that the BAC firing

mechanism can be triggered by the top-down projection from

M2 alone, without required bottom-up input convergence,

because M2 axons terminate in both S1 L1 and L6 (Figure S11).

Consistent with this hypothesis, we observed synaptic inputs

(sinks in the CSD analysis) at depths of 200 and 800 mm with

average overlap periods of�30ms (Figure S5E).Within this over-

lap period, L5 neurons can probabilistically integrate inputs to

basal dendrites first and distal dendrites in a late phase, or

vice versa, to produce a L5 dendritic spike (Ledergerber and
Neuron 86, 1304–1316, June 3, 2015 ª2015 Elsevier Inc. 1311



CBA

GFE

D

I

70

80

50

60

   
  %

 o
f t

im
e 

sp
en

t o
n 

a 
pr

ef
er

ed
 ta

ct
ile

 in
 S

P
P

T

O
ff 

(7
)

O
n 

(8
)

O
ff 

(8
)

O
n 

(8
)

GFP ArchT

*n.s.

LE
D

-o
n 

(A
rc

hT
)

LE
D

-o
ff 

(A
rc

hT
)

Camera

Rough
(R)

Smooth
(S)

(R)(S)

Spontaneous place 
preference test (SPPT)

SPPT

M2
S1

Wire-less 
LED-illumination

Dental
cement

Skull

Both hemispheres

SS1S1S1SS1

15 cm

H

GFP ArchT

(R) (S)

Tactile discrimination task
(TDT)

5 cm

Start
gate

Reward
gate

One-way
       gate

     Tactile
stimulator

Start / End

J

15

10

*n.s.

HP-stim.
HL-EMG

On or off

off period Measurement period
50 ms

1 s

HP-stim.

Light

Recording
limb movements

450 ms

Stimulation induced 
limb-movement test (SILMT)

Light on the right 
hemisphere

0 0.5 1 1.5

N
um

be
r o

f E
M

G
 e

ve
nt

s

Off

On

Measurement 
period

1
0

2
3
4

-0.5

1
0

2
3
4

-0.5 0 0.5 1 1.5
Time (s)HP-stim.

S
uc

ce
ss

 ra
te

 in
 T

D
T 

(%
)

O
ff 

(8
)

O
n

O
ff 

(8
)

O
n

*n.s.

5

0

O
ff 

(7
)

O
n

O
ff 

(8
)

O
n

GFP ArchT

P
ro

ba
bi

lit
y 

of
 li

m
b 

m
ov

em
en

ts
 (%

)

50

60

70

80

90

HL-EMG

HP-stim.

0.2 mV

0.1 mV
0.05 mV

500 ms

3 s.d.
Absolute value

1 event

Off Measurement period

L

50

60

70

80

90

O
ff 

(1
0)

O
n

GFP

n.s.K Conditioned alternation task
(CAT)

Start / End
ArchT

O
ff 

(1
0)

O
n

e.g., Left - Right - Left - Right -

n.s.

S
uc

ce
ss

 ra
te

 in
 C

A
T 

(%
)

Figure 7. Optogenetic Inactivation of Top-Down Input Alters Sensory Perception

(A) Experimental diagram of a miniature wireless LED device attached to the S1 in the both hemispheres. AAV-ArchT or GFP was also injected to M2 in the both

hemispheres. A sagittal image is shown.

(B) Diagram showing the mouse behavioral setup for the spontaneous place preference test (SPPT).

(C) Place preference location plots from two representative ArchT injected mice showing the animal’s position over the course of the 4 min session with and

without LED illumination.

(D) Summary of the preference in the SPPT. Two-way ANOVA revealed a significant interaction effect of injection substrate (GFP or ArchT) and LED (on or off)

(F(1, 27) = 5.29, p < 0.05), and a post hoc test revealed a significant of LED effect on ArchT group (LED-off, 71.2% ± 3.3% versus LED-on, 55.7% ± 1.8%, F(1, 27) =

12.94, *p < 0.01).

(E) Experimental diagram of stimulation induced limb movement test (SILMT). Contralateral hindpaw stimulation (single pulse, 0.1 ms duration, 1.0 mA) was

applied and LED light (450 ms duration) was applied 50 ms after the stimulation.

(F) Example of EMG recording during hindpaw stimulation without LED illumination.

(G) Example of detected hindlimb movements (see Experimental Procedures) during LED-off state (top) and on state (bottom) in an AAV-ArchT injected mouse.

(H) Summary of (G) in ArchT and GFP injected mice. Two-way repeated-measures ANOVA revealed a significant interaction effect of injection substrate (GFP or

ArchT) and LED (on or off) (F(1, 14) = 7.08, p < 0.05), and a post hoc test revealed a significant of LED effect on ArchT group (F(1, 14) = 5.1, p < 0.05). See also Table S1

for forelimb movements.

(I) Diagrams of mouse behavior in the tactile discrimination task (TDT). See Figure S10 for additional details. M2 fibers were optogenetically inactivated in both

hemispheres likewise (A).

(J) Summary of the success rate in the TDT. Two-way repeated-measures ANOVA revealed a significant interaction effect of injection substrate (GFP or ArchT)

and LED (on or off) (F(1, 14) = 4.82, p < 0.05), and a post hoc test revealed a significant of LED effect on ArchT group (LED-off, 79.5% ± 5.0% versus LED-on,

64.5% ± 4.2%, F(1, 14) = 9.78, *p < 0.01).

(K) Diagrams of mouse behavior in the conditioned alternation task (CAT).

(L) Summary of the CAT success rate. No significant main and interaction effect were found with two-way repeated-measures ANOVA. Data are represented as

mean ± SEM; n.s., not significant. The numbers in parentheses in each graph show the number of mice used in each experiment.

1312 Neuron 86, 1304–1316, June 3, 2015 ª2015 Elsevier Inc.



L2/3

L5a

L6

L1

L2/3

L5a

L6

b5Lb5L

L4

L1

L2/3

L5a

L6

L5b

L4

L1

Other cortical and 
subcortical areas

Other cortical and 
subcortical areas

Other cortical and 
subcortical areasThalamus

B
ot

to
m

-u
p 

in
pu

t

To
p-

do
w

n 
in

pu
t

O
ut

pu
t

In
pu

t

High-S/N output
among S1 layers

Low-S/N output 
among S1 layers

High

Low

Dendritic 
spike

Burst firing

M2 input to
lower and upper layers

S1 (early activity) )ytivitcaetal(1S2MsumalahT
Information flow Figure 8. Diagram of a Top-Down Signal

Processing Circuit for Sensory Perception

Summary of the top-down control circuit between

M2 and S1. Sensory thalamic inputs arrive at S1

and recruit neurons uniformly across all layers,

creating a low-contrast early bottom-up output

from S1 to M2. Neurons in L2/3, L5a, and L6 of S1

project their axons to all layers of M2. From M2,

neurons in L2/3, L6, and L5a project axons

preferentially to the deep and upper layers of S1.

These M2 inputs reach at S1, which drives

dendritic spike and burst firing in L5b neurons,

resulting in higher activity to other layers. See also

Figure S11.
Larkum, 2012). The axonal pattern of innervation by top-down

input is ubiquitous across the cortex (Felleman and Van Essen,

1991), suggesting that this form of top-down connectivity might

operate throughout cortex to maintain top-down activation of L5

pyramidal neurons. TheM2-S1 top-down input that we observed

is qualitatively different from conventionally described top-down

inputs for cognitive priorities like attention, expectation, motiva-

tion, or memory, that are internally generated and transmitted

from higher-order to lower sensory areas (Figure S11). Due to

M2’s direct activation of L5 dendrites in the absence of temporal

coincidence with a bottom-up input, we propose that the M2-S1

neural circuit may serve as a safety mechanism to enable

reliable, accurate, and continuous sensory perception without

internally generated top-down inputs. This class of sensory-

type top-down circuit would operate in parallel with conventional

cognitive-type top-down circuits, but further investigation is

required to validate this hypothesis.

The M2 to S1 neural circuit is summarized in Figure 8. In this

model, sensory information travels to S1 from thalamus, which

then relays the early phase of output to other brain areas,

including M2 (Figure 1). Next, top-down input fromM2 to S1 trig-

gers a second (late) phase of output (Figure 2). Activation of the

S1 cortical column in the early and late phases is layer depen-

dent (Figure 2); in the early phase, the circuit processes simple

features of the sensory stimulus, resulting in uniform activity in

neurons of all layers to generate a low signal-to-noise (S/N)

cortical output from all layers (Figure 2) that is transmitted to

other areas including M2. This information is then returned

from M2 to S1 via the recurrent top-down projection (Figure 2)

to both the upper and lower layers of the S1 column (Figure 3),

resulting in increased dendritic spiking in L5 neurons (Figure 4)

and a second component as high S/N cortical output (Figure 2).

Also, L2/3 and L6 neurons and inhibitory neurons may contribute

to the robust firing activity of L5 neurons. M2 input can also

trigger the firing of deep layer Martinotti-type interneurons (Fig-

ures 5 andS7), which can inhibit the dendritic spike in L5 neurons

(Murayama et al., 2009). Thus, the M2 projections to S1 contains

multiple, parallel pathways to refine L5 synaptic activity.
Neuron 86, 1304–13
While our findings support a direct cor-

ticocortical connection between M2 and

S1, we do not exclude the involvement

of additional indirect pathways to M2 via

the thalamus (Ueta et al., 2013) and other
cortical areas. For instance, M1 also projects to S1 with a similar

pattern of axonal terminations (Matyas et al., 2010), and the pro-

jection to S1 L1 profoundly influences Ca2+ in L5 pyramidal

neuron distal dendrites (Xu et al., 2012). Since M1 is also acti-

vated byM2 (Ueta et al., 2013), it remains possible that M2 could

project to S1 indirectly via M1. We include these putative indirect

pathways in Figure 8. It should be noted, however, that our opto-

genetic inactivation of M2 fibers in S1 showed negligible deficits

in M1-based motor behavior but instead demonstrate a role for

the M2-S1 top-down connection in sensory perception.

Regarding our findings on the effect of optogenetic inhibition

of M2 axons in S1 on somatosensory perception, we can only

infer what mice experience based on their overt decision-

making, and therefore our behavioral findings must be inter-

preted with caution. However, in the three different behavioral

tasks we used to examine somatosensory tactile perception on

the paws, the LED-on mice showed remarkable alterations in

sensory function. The most plausible explanation of these

findings is that the mice experienced either absent or fictive

perception of tactile surfaces in the tasks resulting in inaccurate

judgment of the sensory input. These overall conclusions are

consistent with a human study using transcranial magnetic stim-

ulation (Wokke et al., 2013) where feedback to early sensory

areas contributed to veridical perception as subjects reported

subjective fictive perception during the stimulation. Therefore,

the mouse behaviors during functional inactivation of the M2 to

S1 projection are consistent with a switch from accurate to inac-

curate sensory perception. The findings imply that top-down

control, at least for the M2 to S1 circuit we describe, is an

intrinsic component involved in the direct sensory perception

of tactile stimuli to the paws.

As discussed in the Introduction, the sensory stimulus-evoked

late component neuronal activity in primary sensory cortex is

hypothesized to be associated with conscious awareness of

the stimulus (Cauller and Kulics, 1991; Supèr et al., 2001). For

example, Dehaene and colleagues (Dehaene and Changeux,

2005; Dehaene et al., 2003) have proposed models in which

the level of conscious perception can be estimated from the
16, June 3, 2015 ª2015 Elsevier Inc. 1313



late component activity. It is tempting to speculate that the late

activity component we observe in our studies may be respon-

sible for conscious sensory perception. In the SILMT, the prob-

ability of hindpaw movement decreased (Figures 7G and 7H)

with optogenetic inactivation during the late component, and

sensory perception and animal movement was suppressed by

optogenetic inactivation, consistent with the interpretation that

the late component activity in S1, which we showed involves

regenerative dendritic spiking and S1 L5 persistent neuron firing,

is necessary for sensory perception of the stimulus. We showed

that the M2 to S1 top-down connection drives L5 dendritic

spiking during the late component, and that this is required for

accurate tactile sensory perception. However, definitive evi-

dence for the role of this neural circuit in conscious perception

would require manipulation of L5 activity in vivo.

EXPERIMENTAL PROCEDURES

Wild-type (C57BL/6JJmsSlc) mice, G-CaMP7 transgenic mice, and GAD67-

GFP knock-in mice were used. The animals’ ages were older than postnatal

day 28 (P28). Animals were anesthetized with isoflurane (1%–2%, vol/vol).

The voltage-sensitive dye (VSD) RH1691 was applied to the cortex. The

fluorescence of the VSD was collected by a high-speed CMOS camera (Brain-

vision). In vivo whole-cell recordings from L5 pyramidal neurons were made

with a ‘‘blind’’ patch-clamp recording technique. A Pipette (5–8 MU) was filled

with intracellular solution composed of (in mM) 135 K-gluconate, 4 KCl, 10

HEPES, 10 Na2-phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, and 20 mM Alexa

Fluor 594 hydrazide sodium salt (Alexa594) and had a pH of 7.2 (adjusted

with KOH) and osmolarity of 300 mOsm. The G-CaMP7 transgenic mice

were used for in vivo dendritic Ca2+ imaging from L5 pyramidal neurons with

a custom-modified multiphoton microscope (Nikon Corporation, Tokyo,

Japan). Silicon probes with a single shank (NeuroNexus) containing 16

recording sites were used to simultaneously sample LFP and MUA. Each

probe site was a circle, 30 mm in diameter, which was separated vertically

by 100 mm and had impedances of 0.3–0.8 MU at 1 kHz. Ag/AgCl wires

were used as a reference electrode and were set on a chamber that was

placed on the skull. AAV-CMV-ArchT-EGFP or AAV-CAG-GFP (�300 nl) was

pressure injected into M2 two to three times (for �30 min in each). Physiolog-

ical and behavioral experiments were performed 4–8 weeks after the injection.

For behavioral experiments, the bilateral M2 of wild-type mice were injected

with the virus, and then a custom-made wireless LED illumination device

(Bio Research Center, Aichi, Japan) was attached to the skull over the S1

area. Mice were randomly assigned to the experimental and control groups

at the beginning of the experiments (e.g., before virus infection). Although

data collection and statistical analyses were not performed blindly (e.g.,

repeated treatment and trials), automated experimental apparatuses and

data analyzing software should minimize biases due to experimental proce-

dures. For physiological experiments, statistical analyses were performed us-

ing Microsoft Excel (Microsoft, Redmond, WA, USA) Matlab 2013 (MathWorks

Inc., Natick, MA, USA) or Igor Pro (WaveMetrics, Portland, OR, USA) software

programs. For behavioral experiments, statistical analyses were performed

with SPSS software version 17 (SPSS Inc., Chicago, IL, USA). Additional infor-

mation can be found in Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes 11 figures, one table, and Supplemental

Experimental Procedures and can be found with this article at http://dx.doi.

org/10.1016/j.neuron.2015.05.006.
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Figure S1. Somatotopic map in sensory and motor cortices, Related to Figure 1 

(A) Experimental diagram of cortical voltage-sensitive dye (cVSD) imaging. (B) Top, 

Example of the spatiotemporal dynamics of the cVSD response evoked by whisker 

stimulation (air-puff) in the anesthetized state. The time indicates time after whisker 

stimulation. A, anterior; P, posterior; M, middle; L, lateral; vS1, vibrissal primary 

somatosensory cortex; vM1, vibrissal primary motor cortex; vM2, vibrissal secondary 

motor cortex. Bottom, Graphed traces of cortical activity depicted in the top panel. Inset, 

Expanded traces. (C) Activity map of hindpaw S1 (hpS1, n = 17 mice), hpM2 (n = 17), 

vibrissal S1 (vS1, n = 12), vM1 (n = 12), vM2 (n = 9) and forepaw S1 (fpS1, n = 5) and 

fpM2 (n = 5) in anesthetized mice. vS1, vM1, and vM2 were activated by whisker 

stimulation. hpS1, fpS1 and vS1 responded first to hindpaw, forepaw and whisker 

stimulation, respectively. hpM2, fpM2, vM1, and vM2 responded to the stimulation 

later than S1 in each. The black circles represent the averages for each area. (* P < 

0.001, Wilks’ lambda). Data are represented as mean ± SEM. 



3 
 

 



4 
 

 

Figure S2. Laminar patterns of top-down projections to the somatosensory cortex, 

Related to Figure 1 

(A) Experimental diagram of anterograde tracing from M2 neurons. Left, 

AAV-CAG-GFP (green) was injected into M2. Middle and Right, parasagittal brain 

slices were prepared. (B) Fluorescence images of a parasagittal brain slice cut parallel to 

the M2-S1 axis. (C) Expanded image of the area indicated by the white square in (B). 

(D) Examples of an AAV-GFP locally infected mouse. Left, Localized M2 injection site 

in a sagittal slice (50 m thickness). Middle, Stacked image (150 m thickness) of S1 

region. M2 to S1 projecting axons. Right, Fluorescent image of GFP from the middle 

panel overlaid with the 4',6-diamidino-2-phenylindole (DAPI)-stained image. The 

sagittal slice values indicate distance from the midline. (E) Higher resolution GFP 

images from the slice (50 µm thickness) shown in (D) middle. The arrowheads indicate 

examples of M2 buttons in S1. (F) Experimental diagram of retrograde labeling of M2 

neurons via a cholera toxin-B (CT-B) Alexa 555 injection into S1 (red). (G) Fluorescent 

images of M2 in a sagittal brain slice. M2 neurons were stained with DAPI (left, blue) 

and CT-B Alexa 555 (middle, red). The merged image is also shown (right). (H) Top, S1 

injection site for CT-B Alexa 555 in a coronal slice stained with DAPI. Bottom, M2 

region. The coronal slice values indicate distance in the anterior (+) - posterior (-) axis 

from the bregma. (I) Summary of the anterograde (A-C) and retrograde (F and G) 

labeling experiments. Left: Laminar profile of M2 neurons that project to S1 as a 

function of cortical depth. The normalized number of CT-B Alexa 555-positive neurons 

in M2 was measured (n = 3 mice). Right: Laminar profile of M2 projection fibers in S1 

that were visualized by AAV-GFP injected into M2 (n = 3). c.g., cingulum. n.d., not 

detected. 
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Figure S3. Laminar pattern of S1 projection to M2, Related to Figure 1 

(A) Experimental diagram of anterograde tracing from S1 neurons. AAV-CAG-GFP 

(green) was injected into S1. (B) Fluorescence image of a parasagittal brain slice cut 

parallel to the S1-M2 axis. (C) Expanded image of the area indicated by the red square 

in (B). (D) Experimental diagram of retrograde tracing of S1 neurons. CT-B Alexa 555 

(red) was injected into M2. (E) Fluorescent images of S1 in a sagittal brain slice. S1 

neurons were stained with DAPI (left, blue) and CT-B Alexa 555 (middle, red). The 

merged image is also shown (right). (F) Left: Laminar profile of S1 projection fibers in 

M2 visualized by AAV-CAG-GFP injected into S1 (n = 3 mice). Right: Laminar profile 

of S1 neurons that project to M2 as a function of cortical depth. The normalized number 

of CT-B Alexa 555-positive neurons in the S1 was measured (n = 3). c.g., cingulum. n.d., 

not detected.
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Figure S4. Excitatory neurons project axons between M2 and S1, 

Related to Figure 1 

(A) Top, Experimental diagram of retrograde M2 neuron tracing. Bottom, Diagram of a 

sagittal section. CT-B Alexa 555 was injected into S1 of mice expressing GFP in 

GAD67-positive GABAergic neurons. (B) Top left, Neurons retrogradely labeled with 

CT-B Alexa 555 in M2. Top right, GFP-positive GABAergic neurons in the same area. 

Bottom left, Neurons labeled with an antibody raised against CaMKIIα. Bottom right, 

Merged image. (C) Top, Experimental diagram of retrograde S1 neuron tracing. Bottom, 

Diagram of a sagittal section. CT-B Alexa 555 was injected into M2 of mice expressing 

GFP in GAD67-positive GABAergic neurons. (D) Top left, Neurons retrogradely 

labeled with CT-B Alexa 555 in S1. Top right, GFP-positive GABAergic neurons in the 

same area. Bottom left, Excitatory neurons labeled with a CaMKIIα antibody. 

Bottom-right, Merged image. 
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Figure S5. Controls for physiological, pharmacological and optogenetic 

experiments  
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(A) Air-puff stimulation to the contralateral hindpaw evokes firing activity with multiple 

peaks. Left, Multi-unit recordings (MUR) were performed in the hindpaw S1 area in 

anesthetized mice (n = 3). Single air-puff stimulation (40-ms duration, 100 kPa) was 

applied to a hindpaw. Right, Representative firing rate (summary of 128 trials) from 600 

μm below the cortical surface is shown as a gray trace. (B) Injection of TTX into the 

primary visual cortex (V1) did not affect the hindpaw stimulation (single pulse, 0.1-ms 

duration, 100 V)-evoked activity (n = 3). Left, Experimental diagram of MUR from S1 

following a TTX injection into V1. Right, Firing rate evoked by hindpaw stimulation in 

the control (orange trace) and after the TTX injection (gray trace). (C, D) Left, 

Experimental diagram of TTX (C) and CNQX (D) injections into M2 during hindpaw 

stimulation. Right, Summary of the effects of a TTX injection (C) and a CNQX 

injection (D) into M2 on the firing activity in L2/3 (200 μm from the cortical surface), 

L5 (600 μm from the surface), and L6 (900 μm from the surface) in S1. The same data 

set was used in Figure 2. * P < 0.05, Student’s paired t-test. (E) Overlap period of sink 

activities between lower and upper layers in S1. Left, Local field potentials recordings 

(LFPRs) were performed with a liner probe in S1 for current source density analysis. 

Right, Averaged overlap period (n = 8) of sink activity between 800 m (orange) and 

200 m (light blue) below the cortical surface. Dashed lines indicate onset or offset time 

of the sink activities. (F) Synaptic input-based sink activity. Left, LFPRs in S1 were 

performed before and after CNQX application to S1 cortical surface. LFP was evoked 

by M2 intracortical microstimulation (ICMS, L2/3, single pulse, 0.2 mA, 1-ms duration) 

or hindpaw stimulation. Right, Example of repetitive sink activity in a mouse (left, M2 

ICMS; middle, with CNQX; right, hindpaw stimulation with CNQX, see also Figure 2C 

as a control experiment) (n = 4). Note that we did not analyze sink activity evoked by 
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M2 ICMS with 10 pulses at 100 Hz because large and slow artifacts distorted LFP. (G) 

Left, Experimental diagram of M2 ICMS. Firing activity was recorded in L2/3 and L5 

in S1 before and after the CNQX application to S1 cortical surface. Right, 

Representative example of the firing activity. (H) Left, Injection site of AAV-ArchT in 

an M2 sagittal slice stained with 3,3'-diaminobenzidine tetrahydrochloride (DAB). The 

averaged size of the injected area was 764 ± 42 μm in the anterior-posterior axis (n = 4). 

Right, Higher magnification of M2 axons in S1. The values indicate the distance from 

the midline. (I) Left, Experimental diagram of the controls for ArchT in M2. The brain 

slices were prepared from mice previously been injected with AAV-ArchT in vivo. 

Patch-clamp recordings were performed on M2 L5 neurons in vitro. A LED light was 

applied to the soma area and axons through an objective. Right, Light intensity profile 

of the LED illumination through the objective. (J) Left, Example of the effect of light 

illumination on recorded membrane potentials. A reconstructed neuron with schematic 

illustration of the light applications. Light (~125-μm diameter) was applied to the soma 

and axons of the same cell. The values indicate the distance from the soma to the center 

of the light. Right, Summary of the left panel (n = 15 cells, 6 mice). RMP, resting 

membrane potential. (K) Left, Experimental diagram of the optogenetic inhibition 

(ArchT) of the projection from M2 to S1. MUAs were recorded from S1, which was 

illuminated with green light to inactivate the axons coming from M2. The firing activity 

was evoked by hindpaw stimulation (single pulse, 0.1-ms duration, 100 V). The same 

data set as in (K) was used in Figure 6. Right, Summary of the left panel in each layer. 

L2/3: n = 9 mice, L5: n = 9, L6: n = 9, * P < 0.05, Student’s paired t-test. (L) 

Normalized reduction in the number of spikes during the second component with LED 

illumination. The spike numbers were calculated as (# of spikes in LED-off state) - (# of 
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spikes in LED-on state) in each layer. * P < 0.01 by one-way ANOVA with a 

Tukey-Kramer post hoc test, n = 5 mice. (M) Summary of AAV-GFP injected mice. 

The experimental procedures are the same as in (K). n = 5,* P < 0.05, Student’s paired 

t-test. Data are represented as mean ± SEM. n.s., not significant. 
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Figure S6. Analysis of individual dendrite Ca2+ activity, Related to Figure 5 

(A and C) Scatter plots of individual dendritic activity evoked by hindpaw stimulation 

during the anesthetized state before and after CNQX application to L1 (A) or L5 

neurons (C). Data were categorized into two groups according to their normalized peak 

amplitudes: larger than or equal to the average (Large, blue dots) and smaller than the 

average (Small, light blue dots). The green lines indicate the average of the normalized 

peak amplitudes across all mice. (B and D) Histograms of dendritic activity. The graph 

shows the same data depicted in (A) and (C), respectively.  



12 
 

 

 



13 
 

Figure S7. Firing properties of GAD67-positive GABAergic L5 neurons in S1, 

Related to Figure 5 

(A) Experimental diagram of targeted cell-attached patch-clamp recordings in the 

anesthetized state. L5 neurons in S1 of transgenic mice that expressed GFP in 

GAD67-positive GABAergic neurons were visualized with 2-photon microscopy after 

either hindpaw stimulation or ICMS to M2. (B) Example of visualized GAD67-positive 

neurons. (C and D) Firing activity of two S1 GABAergic L5 neurons evoked by 

hindpaw stimulation (top) and M2 stimulation (bottom). Black traces depict individual 

data, and colored traces show individual sample trials. The histograms show the number 

of spikes before and after M2 stimulation. GABAergic interneuron firing activity was 

measured using targeted cell-attached patch-clamp recordings from L5 neurons in 

anesthetized mice that expressed GFP in GAD67-positive GABAergic neurons. (E) The 

pie diagram summarizes the results of these experiments. The recorded neurons were 

divided into four groups: those that responded to both M2 and hindpaw (HP) 

stimulation (blue), only to M2 stimulation (red, single pulse stimulation), to hindpaw 

stimulation only (green), and to neither stimulus (purple). The values shown in 

parentheses indicate the number of recorded neurons. n. d., stimulus-evoked firing was 

not detected. 
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Figure S8. Wireless LED illumination device, Related to Figure 7 

(A-B) Illustrations of device configuration on a mouse skull. Both LED bulbs were set 

on the skull almost above the center of the hindpaw S1 in both hemispheres. The device 

was fixed on the skull with dental cement mixed with black ink to prevent light 

scattering from the bulbs. (C-F) Side, front, and bottom views of the device. The 

diameter of the each bulb is 3 mm. (G) Light scattering though the skull. The LED 

device was attached to the skull of a mouse that was used for behavioral tasks. The view 

of the skull is from the mouse brain. Red circles indicate the centers of hindpaw S1 and 

M2. B, bregma; B.S, bregmatic suture. (H) Normalized light intensity profile of an LED 

bulb measured though the skull. Zero (0) mm indicates the center of S1. We measured 

the light intensity at the center of S1 with an optical power meter attached to an optical 

fiber (200-m diameter).  
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Figure S9. Illumination at S1 with an LED bulb does not change M2 firing, 

Related to Figure 7 

(A) Top, Bi-polar tungsten electrodes were used for multi-unit recordings (MUR) from M2 with 

light illumination through an optical fiber. Bottom, An example of multi-unit activity during the 

awake state (red trace, a single trial; black traces, overlay of other trials). The gray line indicates 

the time of hindpaw stimulation. (B) Top, Illustration of multi-unit activity with and without the 

illumination of S1 through the LED bulbs that were used for behavioral tasks. The activity was 

shown as spike histogram (32 trials). Bottom, An example of hindpaw stimulation-evoked 

multi-unit activity from the same mouse in (A). (C) Top, Expanded spike histogram of the 

dashed rectangle in (B). Bottom, Summary of (B). Data are represented as mean ± SEM. 

Student’s paired t-test. n.s., not significant (n = 4 mice). 
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Figure S10. Tactile discrimination task (TDT) design and results,  

Related to Figure 7 

(A) Top view of a modified-Y maze. Whisker-trimmed mice were used. (B) Mean 

success rates during TDT training without LED illumination. (n = 16 mice, t15 = -22.45, 

* P < 0.01 compared with the mean of first 5 sessions, Student’s paired t-test) (C) Mean 

success rates in the TDT in dark conditions without illumination. To verify whether 

mice use visual cues related to the tactile stimuli, the TDT was performed in complete 

darkness. (n = 16 mice, t15 = -12.50, * P < 0.01 compared with the mean of first 5 

sessions, Student’s paired t-test) (D) Diagram of the sequence of the TDT with LED 

illumination. Place numbers denote different locations of a mouse in the Y maze, as 

shown in panel (A).  
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Figure S11. Hypothesized diagram of two types of top-down input to sensory area., 

Related to Figure 8 

(A) In the conventional top-down input model, input from two different brain areas to 

the basal and tuft dendrites is needed to activate the BAC firing mechanism to produce a 

dendritic spike in an L5 neuron. (B) In contrast, top-down input (here from S1 activity 

evoked M2 area) propagate from the bottom to the top layers of the sensory cortex to 

reliably drive BAC firing and dendrite spiking without temporal association between 

top-down and bottom-up inputs. BPAP, backpropagating action potential; EPSP, 

excitatory postsynaptic potential. 



18 
 

 

Behavioral 
Test 

Age 
(w) 

Measurement AAV 
LED off LED on 

Statistics 

Two way ANOVA 
Post hoc test 

Mean SEM N Mean SEM N main effect, interaction, P value 

Open field 7-14 

%Preference 

GFP 58.25 2.08 7 56.86 1.97 8 AAV: F(1,27) = 1.38, n.s. 

 

ArchT 54.34 1.42 8 56.91 0.94 8 LED: F(1,27) = 0.03, n.s. 

Interaction: F(1,27) = 1.01, n.s. 

Total Distance 
(cm) 

GFP 1149.37 129.77 7 1104.02 110.76 8 AAV: F(1,27) = 0.004, n.s. 

ArchT 1135.10 89.99 8 1133.14 155.45 8 LED: F(1,27) = 0.04, n.s. 

Interaction: F(1,27) = 0.03, n.s. 

%Center 

GFP 11.22 1.41 7 11.23 1.27 8 AAV: F(1,27) = 0.67, n.s. 

ArchT 10.63 1.71 8 9.36 1.54 8 LED: F(1,27) = 0.18, n.s. 

Interaction: F(1,27) = 0.18, n.s. 

Number of 
Rearing 

GFP 15.00 4.69 7 16.88 3.13 8 AAV: F(1,27) = 0.93, n.s. 

ArchT 18.25 3.03 8 21.50 5.17 8 LED: F(1,27) = 0.39, n.s. 

Interaction: F(1,27) = 0.03, n.s. 

SPPT 8-14 Distance (cm) 

GFP 1009.63 128.69 7 975.52 112.81 8 AAV: F(1,27) = 0.43, n.s. 
 
 

ArchT 1054.31 83.39 8 1088.68 149.02 8 LED: F(1,27) = 0.000, n.s. 

Interaction: F(1,27) = 0.08, n.s. 

SPPT (Visual 
preference) 

8-15 

%Preference 

GFP 61.44 3.8 5 62.75 4.46 6 AAV: F(1,18) = 0.03, n.s. 

 

ArchT 63.67 4.04 5 61.94 4.36 6 LED: F(1,18) = 0.002, n.s. 

Interaction: F(1,18) = 0.13, n.s. 

Distance (cm) 

GFP 935.95 151.21 5 779.38 136.33 6 AAV: F(1,18) = 0.000, n.s. 

ArchT 828.78 129.30 5 888.05 104.90 6 LED: F(1,18) = 0.14, n.s. 

Interaction: F(1,18) = 0.68, n.s. 

Gait Analysis 16-20 

Stance (ms) 

GFP 245.96 11.68 5 220.74 11.30 4 AAV: F(1,15) = 0.05, n.s. 

 

ArchT 233.30 5.94 5 228.89 10.32 5 LED: F(1,15) = 2.18, n.s. 

Interaction: F(1,15) = 1.08, n.s. 

Break (ms) 

GFP 128.22 18.73 5 127.04 10.55 4 AAV: F(1,15) = 0.26, n.s. 

ArchT 116.55 14.16 5 123.77 11.58 5 LED: F(1,15) = 0.04, n.s. 

Interaction: F(1,15) = 0.08, n.s. 

Propel (ms) 

GFP 117.74 15.59 5 93.70 12.87 4 AAV: F(1,15) = 0.09, n.s. 

ArchT 114.94 13.30 5 105.13 15.22 5 LED: F(1,15) = 1.35, n.s. 

Interaction: F(1,15) = 0.24, n.s. 

Swing (ms) 

GFP 188.60 17.79 5 163.68 15.85 4 AAV: F(1,15) = 0.06, n.s. 

ArchT 186.08 27.38 5 177.94 30.26 5 LED: F(1,15) = 0.45, n.s. 

Interaction: F(1,15) = 0.12, n.s. 

Stride Time 
(ms) 

GFP 434.56 16.17 5 384.42 6.48 4 AAV: F(1,15) = 0.21, n.s. 

ArchT 392.55 18.97 5 406.84 31.71 5 LED: F(1,15) = 0.69, n.s. 

Interaction: F(1,15) = 2.22, n.s. 

Stride Length 
(mm) 

GFP 63.45 3.32 5 60.34 1.66 4 AAV: F(1,15) = 3.06, n.s. 

ArchT 54.63 2.95 5 57.16 4.48 5 LED: F(1,15) = 0.007, n.s. 

Interaction: F(1,15) = 0.68, n.s. 

Hot plate 24-30 

Latency to 
Flinch (s) 

GFP 4.56 0.99 5 4.12 0.54 6 AAV: F(1,15) = 0.09, n.s. 

 

ArchT 4.03 0.25 4 5.15 1.31 4 LED: F(1,15) = 0.16, n.s. 

Interaction: F(1,15) = 0.86, n.s. 

Latency to Lick 
(s) 

GFP 19.58 4.40 5 20.33 3.73 6 AAV: F(1,15) = 0.14, n.s. 

ArchT 15.78 5.46 4 20.9 3.10 4 LED: F(1,15) = 0.47, n.s. 

Interaction: F(1,15) = 0.26, n.s. 

Latency to 
Jump (s) 

GFP 27.22 1.94 5 24.62 3.18 6 AAV: F(1,15) = 0.78, n.s. 

ArchT 23.43 -2.29 4 23.68 2.18 4 LED: F(1,15) = 0.19, n.s. 

Interaction: F(1,15) = 0.28, n.s. 

SILMT 9-22 
Probability of 

Forelimb 
Movement (%) 

GFP 11.51 1.46 8 11.02 2.31 8 AAV: F(1, 13) = 68.3, P < 0.01 GFP group: F(1, 13) = 0.07, n.s. 

Arch 6.44 1.4 7 3.64 1.08 7 LED: F(1, 13) = 1.53, n.s. ArchT group: F(1, 13) = 2.08, n.s. 

Interaction: F(1, 13) = 0.76, n.s. 

TDT 
25-69, 

and 
130 

Latency to 
entrance of 

tactile stimuli 
(s) 

GFP 7.47 4.12 7 7.95 4.79 7 AAV: F (1,14) = 0.95, n.s. 

 
Arch 3.69 1.43 8 2.36 0.79 8 LED: F (1,14) = 0.12, n.s. 

Interaction: F (1,14) = 0.42, n.s. 

Time spent of 
tactile stimuli 

(s) 

GFP 0.69 0.17 7 0.6 0.07 7 AAV: F (1,14) = 1.79, n.s. 

Arch 0.87 0.12 8 0.81 0.1 8 LED: F (1,14) = 1.52, n.s. 
 Interaction: F (1,14) = 0.23, n.s. 

Table S1 Statistical summary of behavioral test data for AAV-injected mice, 

Related to Figure 7 
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All data were analyzed using two-way ANOVA with post hoc comparisons. SPPT: 

spontaneous place preference task, SILMT: stimulation induced limb movement test, 

TDT: tactile discrimination test. n.s., not significant. 
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Supplemental Experimental Procedures 

Mouse lines and surgery 

All animal experiments were performed in accordance with institutional guidelines and 

were approved by the Animal Experiment Committee of the RIKEN BSI. Wild-type 

(C57BL/6JJmsSlc, Japan SLC, Shizuoka, Japan) mice, Thy1-G-CaMP7-T2A-DsRed2 

mice (G-CaMP7 transgenic mice) that express an improved G-CaMP variant G-CaMP7 

and the red fluorescent protein DsRed2 under the control of the Thy1 promoter (Sato et 

al., 2013), and GAD67-GFP knock-in mice that express green fluorescent protein (GFP) 

in GAD67-expressing interneurons (Tamamaki et al., 2003) were used. Transgenic mice 

were maintained on a C57BL/6J background. The animals’ ages were older than 

postnatal day 28 (P28). Animals were anesthetized with isoflurane (1–2%, vol/vol, 

Abbott Laboratories, North Chicago, IL, USA) with anesthesia equipment (AN-487-0T, 

Shinano, Tokyo, Japan). Throughout the procedure, body temperature was maintained at 

36–37°C with a heating pad (BWT-100, Bio Research Center, Aichi, Japan). A 

head-fixation plate was fixed to the skull with dental cement (Super Bond, Sun Medical, 

Shiga, Japan). After the primary somatosensory cortex of the hindpaw (S1) and the 

secondary motor cortex (M2) were identified using transcranial cortical imaging (see 

below), craniotomies were performed over S1 and M2 under a stereomicroscope (SZX7, 

Olympus, Tokyo, Japan). For GAD67-GFP knock-in mice, transcranial cortical imaging 

was not performed because of GFP expression in the cortex; instead, we identified S1 

and M2 by their distances from the bregma (coordinates relative to bregma, S1: 

posterior, 0.73 mm and lateral, 1.95 mm; M2: anterior, 2.19 mm and lateral, 0.63 mm) 

which were acquired from the voltage-sensitive dye (VSD) imaging data. For all 

physiological experiments, the composition of Ringer’s solution was (in mM) 135 NaCl, 
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5.4 KCl, 1.8 CaCl2, 1 MgCl2, 5 HEPES (pH 7.2 adjusted with NaOH), unless otherwise 

stated. For experiments in awake animals, the mouse was placed in a modified plastic 

tube (30-mm diameter and 115-mm length) and was allowed to recover from anesthesia 

for at least 2 h prior to the experiment. 

 

Hindpaw and M2 electrical stimulation 

A single pulse electrical stimulation (0.1-ms duration, 100 V) was applied to 

contralateral hindpaw with metal electrodes. Intracortical microstimulation (ICMS) 

(1-ms duration, 0.2-mA amplitude, 1 or 10 pulses, 100 Hz) to M2 was performed by a 

monopolar glass electrode (tip diameter 5–10 µm) filled with Ringer’s solution. The 

electrical stimulation pulse was produced by an isolator (SS-203J, NIHON KOHDEN, 

Tokyo, Japan; ISO-Flex, A.M.P.I., Jerusalem, Israel; or BSI-950, Dagan, MN, USA) and 

a digital stimulator (Master-8 or -9, A.M.P.I.; DS8000, World Precision Instruments, FL, 

USA; or SEN-3401, NIHON KOHDEN). 

 

Transcranial flavoprotein fluorescence imaging 

To identify the locations of S1, M1 and M2, we measured cortical activities with 

transcranial flavoprotein fluorescence imaging in wild-type mice or with transcranial 

Ca2+ imaging of G-CaMP7 transgenic mice during contralateral hindpaw stimulation 

(100 Hz, 100 pulses) under anesthesia. The cortex was illuminated with a blue LED 

light with a center wavelength of 460/80 nm (LEX2-B, Brainvision, Tokyo, Japan) 

through a 506-nm dichroic mirror and green fluorescence was corrected through a 

536/40-nm filter. Fluorescent changes were recorded by a CCD or CMOS camera 

(CCD: ORCA-R2, Hamamatsu Photonics K.K., Shizuoka, Japan; CMOS: MiCAM 
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ULTIMA, Brainvision) with software programs (AQUACOSMOS, Hamamatsu 

Photonics K.K. or UL-Acq, Brainvision) under a tandem-lens (objective lens: 1.6× or 

2.0× and projection lens: 1× or 1.6×) fluorescence microscope (THT-microscope, 

Brainvision). Fluorescence images were taken every 100 ms for 5 s or 50 ms for 12.8 s 

and averaged over more than eight trials. The data were analyzed with ImageJ 

(http://rsbweb.nih.gov/ij/; National Institutes of Health, Bethesda, MD, USA) or 

BV_Ana (Brainvision) software programs. Cortical activity was expressed as ΔF/F, 

where F is the fluorescence intensity when the cortex is at rest and ΔF is the change in 

fluorescence after stimulation. The locations of S1 and M2 were identified by criteria 

where S1 showed the earliest response and M2 exhibited the late response after hindpaw 

stimulation, which matched the locations identified by VSD imaging. 

 

In vivo cVSD imaging 

A craniotomy was performed over a large portion of the right hemisphere spanning 

hindpaw S1, vibrissal S1, M1 and M2. The VSD, RH1691 (2 mg/mL in Ringer’s 

solution, Optical Imaging Ltd., Rehovot, Israel) was applied for 90 min to allow 

diffusion into the cortex. The cortex was subsequently washed to remove unbound dye, 

and the area of the craniotomy was then submerged in Ringer’s solution before placing 

a coverslip over the area. The fluorescence of the VSD was excited with a 625-nm LED 

light (REVOX Inc., Kanagawa, Japan). The excitation light was filtered with a 

632/22-nm band pass filter, reflected using a 655-nm dichroic mirror, and focused 375 

µm below the cortical surface. The fluorescence was filtered with a 665-nm long pass 

filter and was collected by a high-speed CMOS camera (MiCAM ULTIMA, 

Brainvision). The high-speed camera had a detector with 100 × 100 pixels. The field of 
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view was 8 × 8 mm; therefore, every pixel collected light from a cortical region of 80 × 

80 µm. Images were collected with a 2-ms temporal resolution and were analyzed 

offline using a software program (BV_Ana, Brainvision). Fluorescence bleaching of 

was corrected by the subtraction of a single-exponential fitted with the baseline curve. 

Fluorescence changes were quantified as ΔF/F = Ft/F0, where Ft was the fluorescence 

intensity within the regions of interest (ROIs) covering 7 × 7 pixels at time t during the 

imaging experiment and F0 was the value of fluorescence intensity before stimulation. 

To compare VSD signals from different animals, ROIs were centered on the locations of 

the earliest responses in S1 and M2 (hindpaw stimulation), vibrissal S1 (vS1), vM1, and 

vM2 (whisker stimulation). The vS1, vM1, and vM2 responses were evoked by a brief 

air-puff (30-ms duration, 50 psi) to the contralateral whiskers. Tetrodotoxin (TTX, 3 

µM; Tocris Biosciences, Bristol, UK) and 6-Cyano-2, 3-dihydroxy-7-nitro-quinoxaline 

disodium salt hydrate (CNQX, 100 µM, Sigma-Aldrich, St. Louis, MO, USA) were 

diluted in Ringer’s solution. The 1 µL of TTX or CNQX solutions were loaded into a 

glass pipette (tip diameter, 40–50 µm) and were pressure injected to the identified S1 or 

M2 at three or four different depths (100–300 nL injection in each depth). 

 

In vivo whole-cell and loose patch recording 

The size of craniotomy were approximately 4 × 3 mm and 1 × 1 mm for S1 and M2, 

respectively. The coordinates for the center of the craniotomies relative to the bregma 

were: posterior, 0.73 mm and lateral, 1.95 mm for S1 and anterior, 2.19 mm and lateral, 

0.63 mm for M2. The craniotomy was covered with agar and a glass coverslip to which 

gentle downward pressure was applied. In vivo whole-cell recordings from L5 

pyramidal neurons were made with a “blind” patch-clamp recording technique with a 
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three-axis motorized micromanipulator (EMM-3NV, Narishige, Tokyo, Japan) and a 

microelectrode amplifier (Axon Multiclamp 700B, Molecular Devices, Sunnyvale, CA, 

USA). The pipette was inserted to L1 of the cortex through a slit between the coverslip 

and agar. A pipette (5–8 MΩ) was filled with intracellular solution composed of (in 

mM): 135 K-gluconate, 4 KCl, 10 HEPES, 10 Na2-phosphocreatine, 4 Mg-ATP, 0.3 

Na-GTP, and 20 µM Alexa Fluor 594 hydrazide sodium salt (Alexa594) and had a pH of 

7.2 (adjusted with KOH) and osmolarity of 300 mOsm. Data were acquired at a 

sampling rate of 5 kHz using the software Clampex 10 (Molecular Devices) and 

analyzed off-line using pClamp 10. L5 pyramidal neurons were identified by (1) their 

characteristic apical dendrites and distal tufts and (2) the depth of the soma below the 

pia (600 μm), which was visualized by Alexa594 fluorescence under the two-photon 

microscope (see below). GAD67-positive neurons recordings were performed in 

GAD67-GFP knock-in mice. Loose-patch recordings from L5 GAD67-positive neurons 

expressing GFP were performed with a Ringer-filled pipette (7–12 MΩ) under the 

two-photon microscope. 

 

In vivo dendritic Ca2+ imaging 

The G-CaMP7 transgenic mice were used for in vivo dendritic Ca2+ imaging from L5 

pyramidal neurons. The methods for performing the craniotomy and stabilizing the 

preparation with agar and a coverslip were the same as those used described above for 

in vivo whole-cell recording. Ca2+ imaging was performed with a custom-modified 

multiphoton microscope (A1 MP multiphoton confocal, Nikon Corporation, Tokyo, 

Japan). Dendrites in the G-CaMP7 transgenic mice were excited using a Ti:sapphire 

laser (Mai Tai DeepSee, Spectra-Physics K.K, Osaka, Japan) tuned to 910 nm with a 
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16× water immersion objective with an NA of 0.8 (Nikon Corporation). Emission light 

from the dendrites was collected through a 560-nm long-pass dichroic mirror and 525 ± 

50-nm and 630 ± 30-nm band-pass filters with photomultiplier tubes (Hamamatsu 

Photonics K.K.). The images were recorded in frame-scan mode at 120 Hz or 15 Hz 

using a 512 × 128 or a 512 × 512 pixel spatial resolutions (100 × 25 µm or 100 × 100 

µm) with software programs (HawkEye or NIS-Elements, Nikon Instruments Inc.). 

Motion artifacts were analyzed with ImageJ software and were corrected using the 

StackReg plugin. The images from the same dendrites were averaged across trials. The 

Ca2+ fluorescence changes were displayed as ΔF/F, where F was the fluorescence 

intensity before stimulation and ΔF was the change in fluorescence after stimulation. 

ROIs were set at locations where Ca2+ changes occurred after stimulations. The Ca2+ 

change data were analyzed using the Matlab 2013 (MathWorks Inc., Natick, MA, USA) 

and Igor Pro (WaveMetrics, Portland, OR, USA) software programs. Fluorescence 

bleaching was corrected by subtracting a single exponential fitted trace. 

Autofluorescence of brain tissue was not corrected. Individual dendritic Ca2+ signals 

were filtered with a Savitzky-Golay filter (polynomial order 7, frame size 51 points) 

averaged across 30 or 10 sweeps, and the peak amplitudes of signals were measured in 

control and test conditions, respectively. The stimulation induced-Ca2+ response was 

defined from the fluorescence changes during 1 s after the stimulation as all peak 

amplitudes exceeding a threshold of 3 standard deviations (S.D.) above the noise signal. 

If the fluorescence change before the stimulation was exceeded a threshold of 3 S.D. 

above the noise signal, it was discarded. The first and second components of dendritic 

Ca2+ signals (Figure 4) were categorized by the peak latency from the stimulation 

(0–200 ms for the 1st and 200–800 ms for the 2nd component). 
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In the experiment in which glutamatergic inputs were blocked in M2 or S1, 100-µM 

CNQX was pressure injected (100 kPa, 0.5–1 h) into L2/3 of M2 or L5 of S1. The tip of 

the electrode was located 250 or 600 µm below the cortical surface, respectively. To 

block glutamatergic inputs in the upper layers of S1, CNQX (1 mM) was applied 

directly to the exposed S1 surface. The dura mater on S1 was opened so that CNQX 

could diffuse directly into the upper layers of S1. 

We assumed that larger dendritic activity may be due to local dendritic spikes and 

smaller activity was due to BPAPs. Due to experimental variability, for example, 

differences in G-CaMP7 expression level or recording depth among dendrites, it was 

necessary to normalize the data. Firstly the peak amplitudes were normalized to the 

maximum peak amplitude, which was recorded before (control condition) and after 

CNQX application (test condition) in the same mouse. Secondly, the normalized peak 

amplitudes in the control condition were averaged across all mice. Finally, we 

categorized the dendritic signals in the control condition into two groups based on their 

normalized peak amplitudes: larger than or equal to the average (group A) and smaller 

than the average (group B). The respective dendritic Ca2+ signals in the test condition 

were categorized group A’ and group B’ for the test condition. We compared the 

differences between groups A and A’ and groups B and B’ with two-sample tests 

(Student’s t-test). The pairs of the control and test conditions were as follows: (1) before 

and after CNQX application to L1 (Figure 5D, Figure S6B) and (2) before and after 

CNQX application to L5 (Figure 5F, Figure S6D). 

 

Local field potential (LFP) and multi-unit activity (MUA) recordings 

Wild-type or G-CaMP7 transgenic mice were used in these experiments. Silicon probes 
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with a single shank (A1x16-3mm-100-703, NeuroNexus, Ann Arbor, MI, USA) 

containing 16 recording sites were used to simultaneously sample LFP and MUA 

throughout all cortical layers. Each probe sites was a circle, 30 μm in diameter, which 

was separated vertically by 100 μm and had impedances of 0.3–0.8 MΩ at 1 kHz. 

Ag/AgCl wires were used as a reference electrode, and these were set on a chamber that 

was placed on the skull. The probe was aligned under a visual guide to be orthogonal to 

the cortical surface and was advanced into S1 using a micromanipulator until the 

deepest recording site was just at 1.6 mm in depth (white matter). Recordings began 

after a recovery period of at least 1 h. Extracellular voltage changes were recorded after 

amplification (gain: 251 times) with filtering (bandpass filter 0.1 Hz to 5 kHz; Medusa 

Preamp or PZ2 Preamp, Tucker-Davis Technologies, Alachua, FL, USA) and recorded 

on a computer by continuously digitizing with 16-bit resolution at 24.41406 kHz (RZ5 

or RZ5D, Tucker-Davis Technologies), and analyzed offline. For the LFP and MUA 

data, analyses and statistics were calculated using custom scripts written for Matlab 

2013 (MathWorks). MUA was defined from the wide band signals as all spike peak 

amplitudes exceeding a threshold of 3 × S.D. above that of the noise of the high-pass 

filtered (300 Hz) signal. Spike rates (spike/s) were estimated from a spike data set of 

128 or 32 trials using the variable kernel method, in which the bandwidth of the kernel 

was optimized locally in time (Shimazaki and Shinomoto, 2010). The onset time was 

defined as the time taken for a 10% increase in the peak amplitude of the estimated 

spike rates compared with the background spike rates. The peak latency from 

stimulations was defined as the time from onset to the peak time of the estimated spike 

rates. The number of spikes evoked by stimuli was defined as the sum of the numbers of 

spike rates from the onset to the peak time. For current source-density (CSD) analysis 
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(Mitzdorf, 1985), the LFP were filtered (bandpass filter 0.1 Hz to 300 Hz). 

One-dimensional CSD was calculated in one direction (depth) as the second spatial 

derivative from the averaged LFP (32 sweeps). This approach presumes that the 

resistivity of the extracellular field is similar at different depths. 

 

In vitro whole-cell patch-clamp recording 

Sagittal cortical slices (400-µm thick) were prepared from mice after 3 weeks of 

injection with AAV-ArchT. Mice were deeply anesthetized with urethane and 

transcardially perfused with ice-cold artificial cerebrospinal fluid (ACSF) consisting of 

(in mM): 124 NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 1.25 NaH2PO4, 26 NaHCO3 and 10 

glucose, which was bubbled with a mixture of 95% O2-5% CO2, which made the final 

pH 7.4, and decapitated. Slices were cut in ice-cold ACSF with a microslicer (VT1000S, 

Leica Microsystems, Wetzlar, Germany) and incubated at 35°C for at least 1 h. The slice 

was placed on a chamber fixed that was on a microscope (BX51WI, Olympus 

Corporation, Tokyo, Japan) and perfused with ACSF (32–34°C). Conventional in vitro 

somatic whole-cell patch recording with infrared differential interference contrast 

(IR-DIC) video microscopy was used to measure the membrane potential changes from 

L2/3 or L5 neurons. The intracellular solution was composed of (in mM): 135 

K-gluconate, 4 KCl, 10 HEPES, 10 Na2-phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, 0.2% 

biocytin and 20 µM Alexa Fluor 594 hydrazide sodium salt at a pH of 7.2 (adjusted with 

KOH) and an osmolarity of 300 mOsm. A micromanipulator, microelectrode amplifier, 

glass pipettes, and data analysis software were used in the same way as in vivo 

whole-cell recording techniques. ArchT was activated by illumination of 520–550 nm 

light from a white LED fiber optic illuminator (SLG-50, REVOX Inc., Kanagawa, 
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Japan) with a band pass (520–550 nm) optic filter. The light was focused through the 

objective to make a circle ~125 μm in diameter with the 60× objective lens on the soma 

and 50, 100, 200, and 300 µm away from the soma. The timing of the illumination and 

data acquisition were controlled with a digital pulse stimulator (Master-9, A.M.P.I., 

Jerusalem, Israel). The ArchT-mediated hyperpolarization was calculated for each 

location by averaging 50–100 trials during the light illumination. After the whole-cell 

recording, the slice was fixed by incubation in 4% paraformaldehyde (PFA) overnight 

and washed with phosphate-buffered saline (PBS, pH7.4). The slice was incubated 

overnight at 4°C with Alexa Fluor 594 streptavidin. The fluorescence of the recorded 

cell was observed under a confocal laser scanning microscope (FV1000, Olympus 

Corporation). 

 

Brain histology 

Tissue preparation: Mice were deeply anesthetized with urethane and transcardially 

perfused with PBS, followed by 4% paraformaldehyde in PBS. Brains were removed 

and postfixed in 4% PFA at 4°C for 1 day, before they were rinsed in PBS for 5 min. 

Sagittal or parasagittal sections of 30–100 µm thickness were obtained using a 

microslicer (VT1000S, Leica Microsystems, Wetzlar, Germany) or cryostat (CM3050S, 

Leica Microsystems). 

 

Virus injection 

An adeno-associated virus carrying GFP (AAV-CAG-GFP, serotype 2, SignaGen 

Laboratories, Rockville, MD, USA) or ArchT (AAV-CMV-ArchT-EGFP, serotype 2, 10) 

was used for anterograde neuronal tracing or optogenetic inactivation, respectively. We 
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performed a single 100–300 nL injection of the viral vector into S1 or M2 (determined 

by transcranial flavoprotein fluorescence imaging or VSD imaging), and the injection 

was repeated 2–3 times with 20–30-min intervals. Therefore, the total amount of vector 

was less than 1 L.  

 

GFP and ArchT visualization 

GFP: Three weeks after the AAV-GFP injection the brains were processed for GFP 

immunolabeling. Free-floating vibratome sections (100 µm) were incubated in blocking 

solution (10% normal goat serum and 0.3% Triton X-100 in PBS) at room temperature 

for 1 h, followed by incubation with a primary anti-GFP antibody (rat, 1:2,000 

NACALAI TESQUE, INC., Kyoto, Japan) overnight at 4°C. Immunostaining was 

visualized with Alexa 488-conjugated secondary antibodies (1:500; Life Technologies, 

Grand Island, NY, USA). The slices were mounted on glass slides and coverslipped with 

Fluoromount/Plus anti-fading agent (Diagnostic BioSystems, Pleasanton, CA, USA). 

Immunofluorescence micrographs were obtained with a confocal laser scanning 

microscope (FV1000, Olympus Corporation, Tokyo, Japan) or a fluorescence 

microscope (BZ-9000, Keyence Corporation, Osaka, Japan) and analyzed for labeling 

localization with the ImageJ software. The background fluorescence intensity was 

subtracted from that of M2 projection fibers. 

ArchT: After fixation, GFP immunoreactivity was detected by combining the 

avidin-biotinylated peroxidase complex (ABC) method with the biotinylated tyramine 

(BT)-glucose oxidase (GO) amplification method (Kuramoto et al., 2009). Briefly, 

free-floating vibratome sections were incubated in blocking solution (PBS -XCD) at 

room temperature for 1 h, followed by incubation with an anti-GFP primary antibody 
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(rabbit, 1:2,000; Medical & Biological Laboratories, Co., Ltd., Nagoya, Japan) 

overnight at 4°C.After rinsing in PBS-X, the sections were incubated for 2 h with 10 

µg/mL biotinylated anti-rabbit IgG goat antibody (BA-1000; Vector Laboratories, Inc., 

Burlingame, CA, USA) and then for 1 h in the ABC solution (1:100; Vector 

Laboratories, Inc.) in PBS-X. After rinsing in 0.1 M sodium phosphate buffer (PB; pH 

7.4), the sections were incubated for 30 min in the BT-GO reaction mixture, followed by 

washing with PBS. Subsequently, the sections were again incubated for 1 h with ABC in 

PBS-X and reacted with 3,3'-diaminobenzidine tetrahydrochloride (DAB). 

 

Retrograde neuronal tracing 

Cholera toxin subunit B-Alexa Fluor 555 (CT-B, Life Technologies) was used as a 

retrograde tracer. GAD67-GFP knock-in mice received microinjections of CT-B. Briefly, 

CT-B was loaded into a glass pipette (tip diameter: 40–50 µm) and pressure-injected at 

three points of M2 or S1 for 1 h. Four days after the injection, the brains were sectioned, 

and CT-B and GFP fluorescence were observed. To prepare tissue for triple-labeling, 

postfixed brains were cryoprotected in 30% sucrose (wt/vol) in PBS for 48 h at 4°C, 

embedded in optimal cutting tissue (OCT) compound, and frozen on dry ice. Sections 

were cut at 30 µm using a cryostat and incubated in the blocking solution at room 

temperature for 1 h, followed by incubation with an antibody raised against the α 

subunit of CAMKII (mouse, 1:1000, Millipore, Billerica, MA, USA) at 4°C for 3 days. 

CaMKII α subunit immunoreactivity was visualized with Alexa 647-conjugated 

secondary antibodies (Life Technologies). 

The laminar boundaries were identified according to their anatomical properties 

visualized by the DAPI or Nissl stains. The numbers of CT-B-positive cells and the total 
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immunofluorescence intensity of GFP were measured from L1–L6 in S1 or M2. The 

fluorescent density was calculated by dividing the total immunofluorescence intensity 

by the area. The numbers of CT-B positive cells, total immunofluorescence intensities, 

and fluorescent densities were normalized by their maximum values. 

 

Optogenetics 

Physiological experiments 

Four to eight weeks after the AAV-ArchT injection to M2, the mouse was anesthetized, 

and S1 cortex was exposed. S1 was illuminated with a 530-nm high-power green LED 

through a 200-μm diameter optic fiber (M530F1 and BFL37-200, Thorlabs Japan Inc., 

Tokyo, Japan) during the whole-cell or LFP recording. The tip of the illumination fiber 

was located above the surface of S1. The illumination pulse was generated for 1 s by a 

digital stimulator. The hindpaw was stimulated 0.5 s after the illumination. 

 

LED illumination device 

A custom-made wireless LED illumination device (Bio Research Center, Aichi, Japan) 

was attached to the skull on S1 area of an AAV-ArchT or GFP injected mouse (Figure 

S8). The device consisted of a doublet LED (TeleLP-g-d, weighing 0.2 g, 525 nm green 

light, each with 3-mm diameter) and a receiver containing a battery that provided power 

to the LED according to the infrared signal (TeleR-2-P, 12×24×10 mm, weighing 2.4 

g, Bio Research Center). The onset and offset timings of the illumination were 

controlled by an infrared remote controller (TeleRemocon, Bio Research Center). All 

the LEDs were tested before and after the experiments. The intensity of the LED was 14 

mW at the front of the illumination unit. LED illumination was applied continuously for 
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the duration of each behavioral test (see Mouse behaviors), except in the tactile 

discrimination task (TDT) and conditioned alternation task (CAT) (see Mouse behavior). 

Both the ArchT and GFP mice were randomly divided into two subgroups, with or 

without LED illumination (LED-on or LED-off). The same mice were used in the 

following order: open field test, spontaneous place preference test (SPPT), gait analysis, 

and hot plate test. Before each behavioral test, a LED illumination device was attached 

to the head after 5 min of isoflurane anesthesia, and the animal was allowed an 

additional 5-min recovery period in their home cage. All behavioral procedures were 

conducted between 10:00 and 19:00. The number of mice used and their ages are noted 

in Table S1. All mice were handled from 4 weeks of age. The whiskers and hairs on the 

mystacial pad and jaw were trimmed before each experiment.  

 

Mouse behavior 

Spontaneous place preference test (SPPT) 

Before the SPPT, we conducted an open field test in an arena (30 × 30-cm transparent 

acrylic box with 30-cm walls). A white PVC sheet was attached to the inner walls and 

floor of the arena to track general locomotor activity and anxiety-like behavior. The 

following parameters were measured: (1) percentage of time spent on the sides, either 

left or right, (% preference); (2) total distance travelled; (3) percentage of time spent in 

the central area, defined as the 15 cm × 15-cm central square area (% center); and (4) 

number of rearings (Table S1). Mice (4 out of 35) were excluded from the study if they 

exhibited high immobility in the open field test. Following the open field test, the SPPT 

was conducted in the same arena used for the open field test described above. Half of 

the area of the open field was covered with sandpaper (P60, Noritake coated abrasive, 



34 
 

Aichi, Japan), and the other half was covered with the reverse, smooth side of the 

sandpaper. The side (left versus right) with the sandpaper was counterbalanced across 

mice. In the SPPT, the % preference texture and total distance travelled were measured. 

In addition, to assess the potential effect of visual cues of the tactile stimuli on SPPT, 

we removed the PVC sheet on the floor and placed the tactile stimulus sheets under the 

arena floor (Table S1, SPPT visual preference). In all tests, mice were individually 

placed in arena for 4 min (60 lux) and recorded with a digital camera mounted above the 

arena. Offline video analyses were conducted using Ethovision software (Noldus 

Information Technologies, Wageningen, The Netherlands). 

 

Stimulation induced limb movement test (SILMT) 

A mild stimulation (single pulse, 0.1-ms duration, 1.0 mA, STG4002, Multi Channel 

Systems, MCS GmbH, Reutlingen, Germany) was applied to the contralateral hindpaw 

or forepaw, and an LED-light (450-ms duration) was applied predominantly to hindpaw 

S1 50 ms after the stimulation. We repeated the LED-off and on trials for at least 100 

trials in the off and on conditions, respectively. Hindlimb or forelimb movement was 

detected with electromyogram (EMG) recordings (1-s duration) of the biceps femoris 

muscles after the LED illumination with bipolar tungsten electrodes (#79550, 50-µm 

diameter, Teflon-coated, A-M Systems, Carlsberg, WA, USA) and a microelectrode 

amplifier (Axon Multiclamp 700B). The EMGs were recorded at a sampling rate of 10 

kHz with Clampex 10 and analyzed off-line with MATLAB. The EMGs were converted 

to absolute values and smoothed with a 1,000 points moving average. Hindlimb or 

forelimb movement was defined as the peak amplitude that exceeded a threshold of 3 

times the standard deviation above that of the noise of the EMGs (Figure 7F). The 
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probability of limb movements was calculated as the ratio of the hindlimb or forelimb 

movement per trial and per mouse. 

 

Motor ability and pain response 

Gait analysis: To assess gait pattern, mice were habituated to the treadmill apparatus 

(ExerGait Treadmill, Columbus, OH, USA) for 2 days prior to the test trial. On the first 

day, each mouse (1) freely explored the runway (4 × 18 × 16 [h] cm) of the treadmill for 

5 min and (2) walked on the moving treadmill (made of clear soft vinyl) at 2 cm/s for 5 

min. On the second day, each mouse (1) explored the runway for 5 min and was then 2) 

forced to walk on the belt at speeds of 2, 4, 6, 8, 10 cm/s (2 min at each speed). On the 

third day, a series of test trials was conducted. The belt of the treadmill was run at a 

speed of 12 cm/s once the mouse turned toward the appropriate moving direction after 

being placed on the runway. Five test trials were conducted for each mouse with a 60- to 

120-s inter-trial interval on 2 consecutive days. The recording and analysis procedure 

was performed as previously described (Beare et al., 2009). Briefly, video images of the 

underside of the mice were recorded by a high-speed CCD camera (BASLER A602fc-2, 

Graftek Imaging, Inc., Austin, TX, USA) at a rate of 100 frames/s for 20 s. After 

completion of the test trials, the videos were previewed to confirm the performance of 

the mice in the task. The best performance of each mouse was used for the analysis 

conducted using TreadScan software (Clever Sys Inc., Reston, VA, USA), in which each 

individual paw of the mouse was identified in each frame as it walked on the treadmill. 

Mice that did not run in the test trial were excluded from the analysis (3 out of 11). Data 

analysis was restricted to the measurement of the right hindpaw (Table S1). 

Hot plate test: Pain sensation was assessed using the hot plate test. Mice were placed on 
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a hot plate (Hot Plate Analgesia Meter MK-350C, Muromachi Kikai, Tokyo, Japan) at 

55.0 ± 5°C with a 30-s cut-off time. The latencies of flinching and licking their hindpaw 

and jumping were measured (Table S1). 

 

Tactile discrimination task (TDT) 

Prior to training, mice (over 8 weeks) were habituated to a custom-made automated 

Y-maze (Daiwa Riken, Saitama, Japan) (Figure 7I and Figure S10A), which consisted of 

a start gate, a tactile stimulator, two reward gates, and four one-way gates. Mice were 

placed in the maze for 30 min per day, for 2 days for habituation. Their body weights 

were maintained at over 85% by water restriction after the start of this session. 

Following habituation, mice were trained in a training session that required the 

following sequence of behaviors to be learned: (1) wait at start zone, (2) pass through 

tactile stimulator, (3) reach the reward port, and (4) return to start zone. In this session, 

the mice received a food reward (4:1 vol/vol water/full-fat sweetened condensed milk) 

from both sides of the reward port for 5 s. Because of the one-way gate, mice had a left 

versus right choice to make at the branch point. After mice reached a criterion of >80% 

correct contact to the reward port in an entire session, discrimination training was 

conducted in 1 session/day. Mice were trained to discriminate between specific tactile 

stimuli, smooth versus rough (thick paper versus sand paper P60) on the maze floor at 

the Y branch point, requiring them to respond to those cues by selecting each maze end 

arm to receive the reward. The correct side of each stimulus was counterbalanced across 

the mice. After each discrimination, regardless of whether the mouse was successful in 

obtaining the food reward, the mouse was returned to the start area, and the next 

discrimination trial began after the start gate was opened (20–30-s inter-trial interval). 
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The daily training session consisted of two phases. In Phase 1, the texture pairs were 

varied in three successive blocks of trials to facilitate their learning (30–60 

trials/session). This training was continued until the mice reached the performance 

criteria (three consecutive successive sessions, >70% correct responses). Phase 2 was a 

semi-random test session (30 trials/session). In this phase, the rewarded tactile stimulus 

was randomly shown but consecutive identical stimulus were less than four. We also 

conducted the random discrimination sessions (10 trials/session) in darkness with the 

same mice to eliminate the possibility that the mice were using visual cues of the tactile 

stimuli to make their discrimination. Each performance criteria for Phases 2 and in the 

dark condition were >70% correct responses of the mean of consecutive five days. 

~80% mice (n = 15) met the criteria. After the mice reached the performance criteria in 

all the training phases, the mice were injected with AAV, and a wireless LED was 

attached as previously described. After recovering from surgery and verifying that their 

success rate was > 70% in three consecutive Phase 3 training sessions, a session with 

LED illumination was conducted. The LED was lit randomly in 50% of the 20–32 

trials/session, from the moment the start gate was opened to the moment that the mouse 

moved past the limit of tactile stimulus. The timing of passing the stimulus was detected 

by a photoelectric sensor (E3C-LDA, Omron Co., Kyoto, Japan) that was located next 

to the end of the tactile stimulus. The whiskers and hairs of the mystacial pad and jaw 

were trimmed every other day. All TDT trainings were performed using a data 

acquisition interface (USB-6008; National Instruments, Austin, TX, USA) and 

custom-written LabVIEW software (National Instruments) to control the devices (ex. 

the start gate, stimulator, and reward gates) required for the task and for recording the 

behavioral results from each trial. Offline visual observations were made by trained 
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observers to measure some behavioral indexes (Table S1). 

 

Conditioned alternation task (CAT) 

In this task, mice were trained to select the left or right arm alternately with the same 

maze in the TDT (Figure 7K). Mice received a reward if they chose the other side that 

the mouse did not choose in the previous trial. After the mice reached the performance 

criterion during training (five consecutive sessions with > 70% correct responses) a 

session with LED illumination was conducted as previously described for the TDT. 
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