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In the reductionist view, the act of walking, or locomotion, can 
be considered a simple rhythmic behavior generated by paired 
oscillators1. The basic rhythm and pattern associated with walk-

ing is generated by a spinal neural network known as the locomotor 
central pattern generator (CPG)2,3. While the component neurons of 
the CPG are distributed across numerous spinal cord segments, the 
interneurons with the greatest rhythmogenic potential are located 
in the ventromedial aspect (laminae VII, VIII, X) of the lower tho-
racic and upper lumbar spinal cord4 in most mammals studied. To 
execute purposeful locomotion, activity in the locomotor CPG must 
first be initiated based on desire/need, and then modulated based 
on cues from the environment. The cortical and bulbar sites that 
initiate activity in the locomotor CPG have been well described5–12. 
These descending inputs play a critical role in initiating and main-
taining or halting locomotion12,13. However, walking in the complex 
environment is directed and executed by the continual detection 
and integration of multimodal cues14. It is not known how the 
higher centers responsible for feedforward and feedback modu-
lation directly control the spinal locomotor circuit in response to 
higher order somatosensory cues.

It has previously been demonstrated in non-human primates15, 
cats14 and rodents16,17 that locomotor-related activity can be 
encoded from neurons in the primary somatosensory cortex (SI). 
Interestingly, in some cases, this activity precedes the generation 
of limb movements18 and it has been interpreted as anticipatory or 
predictive. However, it is possible that SI neurons not only encode 
spatiotemporal information, but that they can also generate a 
motor response. Indeed, others19 have demonstrated that the barrel 
somatosensory cortex forms a parallel motor pathway independent 
of the motor cortex to direct the whisker system. More recently, 
optogenetic stimulation of the whisker SI has been shown to evoke 
short latency retraction of contralateral whiskers20. However, it is 
unclear whether the role of the sensory cortex in motor control is 
a general feature, or if it is specific to that of the mouse whisker 
system. Interestingly, early motor mapping experiments in mon-
keys21 and humans22 have described movements evoked in response 

to stimulation of both the SI and the motor cortex. Additionally, in 
the monkey, retrograde trans-synaptic tracing from finger muscles 
labeled neurons in the SI. As such, motor control by the sensory 
cortex may represent a more general phenomenon. Support for the 
former hypothesis also stems from previous findings demonstrat-
ing motor function deficits after lesioning of the sensory cortex23,24. 
Therefore, it is plausible that the SI participates in controlling loco-
motion. However, so far there are no studies that have examined 
whether the SI has a direct and independent motor control of loco-
motor function.

To examine whether the SI has a direct motor control role on 
locomotion, we first recorded neuronal activity from the pyrami-
dal neurons of the SI in freely moving mice. We observed a high 
degree of correlation between the SI neural activity and the speed 
of movement. Notably, this activity always commenced prior to 
movement onset, supporting our notion that SI may play a role in 
initiating and directing movement. Anatomical and electrophysi-
ological probing demonstrated an efferent connectivity between the 
SI pyramidal neurons and the rhythmogenic regions of the lumbar  
spinal cord via excitatory interneurons located in the cervical spinal 
cord. Furthermore, stimulation of these SI neurons increased loco-
motor speed, while silencing had the opposite effect and impaired 
the animal’s ability to maintain locomotion. Together, our data 
indicate the existence of a novel neural pathway that enables the 
somatosensory cortex to directly control movement. We speculate 
that this pathway, based on integrated information about the envi-
ronment and the position of the animal within the environment, 
modulates locomotor activity by directly interfacing with the spinal 
locomotor network.

Results
SI neuronal activity is highly correlated with the onset and veloc-
ity of movement. Initially, we set out to examine whether neurons 
of the SI participate in the control of locomotion. To this end, we 
implanted bipolar electrodes in the SI (Fig. 1a) and recorded local 
field potentials in freely behaving animals while concurrently  
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performing behavioral imaging to track the motion of the mice 
precisely in an open field setting (Fig. 1b). Quantitative analy-
sis revealed a high degree of correlation between the velocity of 
locomotion and bilaterally asymmetric changes in local cortical 
activity (Fig. 1c,d). To examine the temporal specificity of this 
correlation, frame shifts were applied to the local field potential 
(LFP) data to disrupt temporal relationships between locomotor 
velocity and SI activity. Following a forward shift (median = 75 ms, 
Q1–Q3 = 50–115 ms) and backward shift (median = 195 ms,  
Q1–Q3 = 125–310 ms) in the LFP, the correlation was reduced 
below the level of statistical significance (Extended Data Fig. 1), 
suggesting that the correlation between SI LFPs and locomotor 
activity is related to their temporal coincidence.

Further analysis indicates that, in all eight animals, SI activity 
commenced before the onset of, and peaked during, movement 
(Fig. 1e). The median latency of SI activity to the onset was 1.5 s 
(Q1–Q3, 0.9–1.6 s) based on the minimum activity weighted tem-
poral skew (Fig. 1e). Thus, we identified that the activity of layer 5 
neurons of the SI precedes the onset of movement and is tightly cor-
related with the speed of locomotion in freely behaving mice, sug-
gesting that SI contributes towards movement initiation and speed 
programming of locomotion.

Activating pyramidal neurons of the somatosensory cortex 
triggers neuronal activity in the lumbar spinal cord in  vivo.  
To further understand how SI neuronal activity (Fig. 1) controls 

LFP-L

Bregma –0.9 mm
1 mm

10 cm

Correlations of
traces in c

Sqrt(activity)

S
qr

t(
ve

lo
ci

y)

z = 49.8 17.1

25.941.146.3

37.3 37.4 21.0

LFP-R Velocity Mean

Onset

1

0

1

0

1

0

1

0

1

0

1

0

1

0

1

0

–3

Time (s)

–2 –1 0 1 2 3

–3 –2 –1 0 1 2 3

–3 –2 –1 0 1 2 3

–3 –2 –1 0 1 2 3

–3 –2 –1 0 1 2 3

–3 –2 –1 0 1 2 3

–3 –2 –1 0 1 2 3

–3 –2 –1 0 1 2 3

S.d.

1

0

1

0

1

0

1

0

1

0

1

0

1

0

0

1

0 1 2 3 4 5 6

Time (min)

N
or

m
al

iz
ed

 v
al

ue
 o

f v
ar

(d
el

ta
-L

F
P

) 
an

d 
ve

lo
ci

ty

M
ea

n 
el

ec
tr

og
ra

ph
ic

 a
ct

iv
ity

 a
t m

ot
io

n 
on

se
t

7 8 9 10

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10 11

0 1 2 3 4 5 6 7 8 9 10 11

0 1 2 3 4 5 6 7 8 9 10 11

0 1 2 3 4 5 6 7 8 9 10 11

0 1 2 3 4 5 6 7 8 9 10 11

Activity
a c e

b

d
i

i

ii

iii

iv

v

vi

vii

viii

ii

iviii v

viivi viii

Fig. 1 | electrophysiological recording of somatosensory activity in freely behaving mice. a, Location of implanted penetrating electrodes for recording of the  
local field potential (LFP). The central target is the SI. b, Image taken from concurrent video recording of animal movement and SI activity (see Supplementary  
Video, which shows the position tracking accuracy). c, Velocity of animal locomotion (green trace) and variance of differential somatosensory activity 
(blue trace), explicitly var(LFPR – LFPL)(t | ∆t = 1 s). The difference between contralateral recordings was chosen to isolate asymmetric limb movement 
during locomotion. d, Correlation of animal velocity and somatosensory activity from c. The left-to-right orientation in d corresponds to the top-to-
bottom orientation in c; roman numerals in both panels indicate individual mice. The axes were rescaled by the square root (that is, sqrt(v(t)) versus 
std(LFPR – LFPL)(t | ∆t = 1 s)). The statistical significance of correlations is indicated by the inset z score (Pearson correlation, P < 0.001, z critical = 3.2). 
Note that the calculated animal positions were digitally low-passed at 5.0 Hz (from the 30 f.p.s. recording) and LFP signals were digitally bandpassed 
between 0.1 and 50.0 Hz. Sqrt, square root. e, Mean electrographic activity at motion onset defined as 10% of maximum locomotion speed from c.  
The detection of activity preceding onset is indicated by vertical lines. (n = 8 adult mice for this experiment.).
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locomotion, we injected an adeno-associated virus (AAV) encod-
ing a cre-dependent channelrhodopsin 2 (ChR2)-eYFP (enhanced 
yellow fluorescent protein) fusion protein (AAV-efIa-DIO-hChR2-
eYFP) into the SI area of Emx1::cre mice (Fig. 2a). The targeting 
specificity to SI layer 5 pyramidal neurons was confirmed post hoc 
by eYFP fluorescence (Fig. 2b). The SI region of control animals was 
injected with AAV-efIa-DIO-eYFP. Two weeks after the injection, 
a recording electrode was placed into the ventromedial aspect of 
the rostral lumbar spinal cord containing the rhythmogenic core of 
the locomotor CPG (‘lumbar cord’ hereafter) in order to detect field 
potentials in this region.

Blue light stimulation of the Ch2R-expressing SI pyramidal neu-
rons triggered field potentials in the lumbar cord with an average 
latency of 21.30 ± 0.76 ms (Fig. 2c,d). In contrast, light stimula-
tion did not result in any detectable activity in control mice that 
received AAV injections lacking the ChR2 gene (Fig. 2c). To control 
for the possibility that these responses were the result of spontane-
ous neuronal activity, a shuffle distribution was generated based on 
the recordings of the ChR2 mice, effectively removing all tempo-
ral information while preserving the activity characteristics of the 
recordings (Fig. 2d,e). This shuffle distribution was then compared 
to the average probability distribution of a spike in activity across 
the recording timescale. We found a statistically significant dif-
ference between the two distributions (two-sample Kolmogorov–
Smirnov test, P < 0.001), suggesting that the activity observed in the 
lumbar LFP recordings is not random, but is the result of optoge-
netic stimulation of the SI pyramidal neurons. Given the location 
of these recordings in the area of the locomotor CPG, these data 
support an efferent electrical connectivity between the SI and the 
lumbar spinal locomotor network.

Lack of monosynaptic connectivity between SI and lumbar spi-
nal cord. Next, we used an anatomical approach to investigate 
whether the SI is directly connected to rhythmogenic neurons in 
the lumbar spinal cord. The retrograde virus canine adenovirus 
type-2 (CAV2)-cre, containing LoxP-stop-LoxP cassettes ahead of 

tdTomato, was unilaterally injected into the lumbar segments of Ai9 
adult mice (Fig. 3a). This resulted in the expression of the reporter 
protein tdTomato in all neurons that directly synapse with infected 
neurons in the lumbar cord. Inspection of the SI in these mice two 
weeks following injection revealed a lack of labeled neurons in the 
SI, indicating no direct anatomical connectivity between these 
regions (Fig. 3b), while the locus coeruleus25 and reticular forma-
tion12, two sites known to play a key role in initiating locomotor 
activity, contained tdTomato-expressing cells (Fig. 3c). This find-
ing, together with the polysynaptic latency of the lumbar LFPs ini-
tiated by SI stimulation, suggests that the SI modulates the lumbar 
cord via relay neurons.

Stimulation of SI pyramidal neurons increases the frequency of 
locomotor-like activity. Locomotion in vertebrates is characterized 
by rhythmic alternation of ipsilateral antagonist, and contralateral 
agonist, motoneuron pools. This basic rhythmic activity can be 
observed in the isolated spinal cord in  vitro by adding excitatory 
neurotransmitter agonists to the perfusate. To confirm that the 
somatosensory cortex is able to modulate locomotion, we developed 
a new preparation that included the left cerebral hemisphere (with 
the motor cortex removed), the entire brainstem, and the spinal 
cord of Emx1::cre;Ai27D mouse pups in a three-chamber split bath 
(Fig. 4a). Using this new preparation, we monitored the L2 (flexor) 
and L5 (extensor) ventral roots of P0–3 Emx1::cre;Ai27D offspring. 
The expression of ChR2 in cortical pyramidal cells allowed for the 
selective activation of SI pyramidal cells through the placement of 
the optical probe in the SI area (Fig. 4b).

The compartment containing the lumbar spinal cord was bathed 
with minimal concentrations of neuro-active substances NMDA 
(5–7 μM) and serotonin (5-HT) (8–10 μM) that were sufficient to 
induce slow to intermediate frequency locomotor-like activity (up 
to 0.5 Hz). To preclude the possibility that SI pyramidal neurons 
could be acting on the locomotor CPG through other supraspinal 
centres, kynurenic acid (KA; known to block NMDA and AMPA/
kainate receptors) was added in the compartment containing the 
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Fig. 2 | Photostimulation of SI pyramidal neurons induces activity in the lumbar cord. a, Schematic depicting the strategy used to express ChR2-YFP 
in the SI pyramidal neurons. b, SI pyramidal neurons expressing ChR2-YFP at the AAV-DIO-ChR2-YFP injection site. c, In vivo light-evoked lumbar LFP 
recorded from the lumbar cord area. The traces from individual mice show the lumbar cord field potentials in SI ChR2+ (top) or control (bottom) mice 
before, during and after light stimulation. d, Distribution of probability of observing an above-average LFP signal relative to the latency from SI light 
stimulation. e, Probability distribution based on shuffled (1,000 times) trial data (two-sample Kolmogorov–Smirnov test, n = 8 mice).

NAtuRe NeuRoScIeNce | www.nature.com/natureneuroscience

http://www.nature.com/natureneuroscience


Articles Nature NeuroscieNce

hemibrain and the brainstem (A in Fig. 4a) to block all glutama-
tergic transmission and neural processing within the cortical and 
subcortical regions. Optical stimulation of the SI induced an imme-
diate and significant increase in the frequency of locomotor activ-
ity (Fig. 4c), demonstrating that the SI acts on the locomotor CPG 
through a descending corticospinal pathway independently of the 
motor cortex, brainstem and other supraspinal locomotor centers. 
Application of the same protocol on Ch2R-negative mice did not 
alter the locomotor frequency (Extended Data Fig. 2a,b). This evi-
dence, along with the data presented in Fig. 2, indicates that SI acti-
vation directly modulates the locomotor CPG without orthodromic 
or antidromic involvement of the motor cortex or other supraspinal 
locomotor centers.

SI modulates locomotion via cervical excitatory connections. 
Given the lack of direct connectivity between the SI and the rhyth-
mogenic region of the lumbar cord (Fig. 3b), our next aim was to 
trace the neural pathway by which the somatosensory cortex mod-
ulates activity in the locomotor CPG. Previous work has shown 
that the cervical spinal cord of mammals receives input from the 
somatosensory cortex26,27 and that neurochemical stimulation of the 
caudal cervical spinal cord can activate the locomotor CPG28. Here, 
anterograde tracing from the SI pyramidal neurons using AAVDJ-
syn1-DIO-eGFP injected into Emx1::cre mice revealed dense inner-
vation in the intermediate gray matter of C4–C7 (Extended Data 
Fig. 3). Corticospinal axons from the SI project to the dorsomedial 
laminae III–VII, with highest densities observed in laminae IV and 
V. The previous findings, along with our current anatomical data, 
made this region a particularly compelling candidate region for the 
relay site between the SI and locomotor CPG.

To investigate this, we used the in vitro experimental approach 
described in Fig. 4a. However, this time we recorded locomotor-
like activity in response to light stimulation of SI before and after 
adding KA to the compartment containing the cervical spinal cord 
(B) to block excitatory transmission within the cervical spinal  
cord. Following addition of KA in the cervical compartment,  
photostimulation of the SI had no effect on locomotor frequency 
(Fig. 4b,c). However, upon washout of KA, photostimulation of SI 
was once again able to increase the frequency of locomotor-like 
activity (Extended Data Fig. 4). Together, these data indicate that 
the output pathway from the SI to locomotor CPG acts via excit-
atory connections in the cervical enlargement.

SI locomotor pathway plays a critical role in driving locomotion.  
To understand how SI neuronal activity translates to the modu-
lation of locomotion in  vivo, we employed a pharmacogenetic 
approach to transiently activate or silence the sensory cortical pyra-
midal neurons projecting to the ventromedial region of the cervi-
cal enlargement. A mixture of AAV-DIO-hM3Dq-mCherry and  

AAV-FLEXloxP-PSAML141F–GlyR-IRES-eGFP was stereotaxically 
injected bilaterally into the SI two weeks after bilateral CAV2-cre 
injection into the ventromedial region of C4–C5 (Fig. 5a). This 
injection strategy resulted in the selective expression of hM3Dq-
mCherry29,30 and PSAML141F–GlyR/eGFP (ref. 31) in SI pyramidal 
cells with direct projections to the ventromedial C4–C5 region, 
allowing their reversible activation or silencing via administration 
of clozapine N-oxide (CNO) or pharmacologically selective effector 
molecule (PSEM) 308 (PSEM308), respectively.

Stimulation of this pathway via CNO administration led to a 
marked increase in the overall speed of locomotion and the distance 
traveled in an open field setting compared to control saline adminis-
tration (Fig. 5c). In contrast, inactivation of the pathway via PSEM308 
administration diminished the locomotor speed and consequently 
the distance traveled (Fig. 5b,c). Given the apparent importance of 
this pathway in governing locomotor speed, spatiotemporal gait 
parameters were examined during voluntary and uninterrupted 
passage on a glass walkway. Following SI stimulation, there was an 
increase in speed and decrease in step cycle duration (Fig. 5d,e), 
independent of the animal’s stride length (Extended Data Fig. 5). 
As expected, silencing of the SI pathway had the opposite effects on 
speed and step cycle duration (Fig. 5d,e). Further examination of the 
effect of SI stimulation using kinematic analysis of hindlimb move-
ments revealed a dramatic increase in acceleration (Fig. 5f,g), poten-
tially contributing to the average increase in locomotor velocity.

In addition to decreasing locomotor speed, silencing of the  
SI pathway also caused animals to stop more frequently during  
periods of locomotion. Further analysis of the frequency and  
duration of spontaneous locomotor bouts from the open field data 
demonstrated that inhibition of the SI locomotor pathway resulted 
in a disproportionate decrease (~50%) in the number of locomo-
tor bouts greater than 1 s in duration (Fig. 6a,b). Hence, these data 
indicate that inhibition of the SI locomotor pathway impairs the 
animals’ ability to maintain ongoing locomotor activity.

Manipulation of the SI locomotor pathway does not alter coor-
dination and paw function. Importantly, activation and silencing 
of this pathway did not disrupt balance or coordination32 during 
locomotion (Extended Data Fig. 5). Manipulation of the SI efferent 
pathway also did not appear to alter pain sensation, as evidenced by 
the absence of changes in pain-related parameters of catwalk gait 
analysis (Extended Data Fig. 6) or the perception of noxious stimuli  
as assessed by von Frey filament and tail flick tests (Extended 
Data Fig. 7), thereby excluding the possibility that the increase in 
locomotor speed is due to increased nociception. Finally, the inac-
tivation of this pathway did not cause any impairment of distal fore- 
and hindlimb function as measured by fore paw grip strength and 
catwalk assessments, respectively23 (Extended Data Figs. 8 and 3, 
respectively).

SI LC RF 100 µm100 µm100 µmAi9
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Fig. 3 | Somatosensory cortical connectivity and lumbar spinal cord. a, Schematic depicting the strategy used to map connectivity between SI and lumbar 
cord. b, There was a lack of direct SI projections to the lumbar cord, indicated by the absence of any tdTomato+ cells in the SI area (n = 3 mice). c, Confocal 
images of 30-μm-thick transverse sections of the same animal contained tdTomato+ cells at the locus coeruleus (LC) and reticular formation (RF), 
demonstrating direct projection from these regions to the ventromedial area of the upper lumbar spinal cord (n = 3 mice).
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SI motor signal is relayed to the locomotor CPG via cervical excit-
atory interneurons. To refine the characterization of the corticospi-
nal locomotor pathway controlled by SI, we aimed to confirm that 
the relay neurons located in the cervical cord are excitatory using 
a multipronged approach consisting of in  vivo electrophysiology  

and cellular-specific pharmacogenetics. Initially we character-
ized the spatial distribution of cervical excitatory interneurons 
(eINs) projecting to the lumbar spinal cord using an intersectional 
strategy on the double transgenic Slc17a6 (hereafter referred to 
as Vglut2)::cre;Ai65 mice. These mice allow for the conditional  

KA

P0–3 Emx1::cre;Ai27D L2, L5 recordings

Lo
co

m
ot

or
 fr

eq
ue

nc
y

(r
el

at
iv

e 
to

 b
as

el
in

e)

1.6 ** **

1.4

1.2

1.0

0.8

L5

L2

Baseline

SI stimulation

SI stimulation +
cervical block (KA)

L5

L2

L5

L2

2 s

Bas
eli

ne

SI s
tim

ula
tio

n

SI s
tim

ula
tio

n 
+ 

ce
rv

ica
l K

A

+/– KA NMDA + 5-HT

Photostimulation

A B C

500 µm

SI

a

b

c

Fig. 4 | the sensory cortex increased the frequency of locomotor-like activity in vitro via cervical excitatory neurotransmission. a, Schematic of the design  
for electrophysiological experiments in the hemicortex–whole brainstem–spinal cord preparations from P0–P3 postnatal mouse pups. The hemicortical 
section of the Emx1::cre;Ai27D mouse pup demonstrates Ch2R expression in the cortex and shows the position where the optical probe was placed.  
Note that the optical probe was placed on the cortical surface and a needle was inserted at the site of probe placement at the end to anatomically confirm 
the location. b, Representative electroneurogram (ENG) recordings of locomotor-like activity from ipsilateral L2 and L5 ventral roots induced with 7 μM 
NMDA and 10 μM 5-HT. Application of KA to the bath containing the brain and brainstem blocked all glutamatergic transmission. Optogenetic stimulation 
of the SI neurons increased the frequency of locomotor-like bursting activity (middle). Application of KA to the bath containing the cervical spinal cord 
blocked SI recruitment of cervical neurons and prevented the increase in the frequency of locomotor-like activity (bottom). c, Relative change in frequency 
of locomotor-like activity before optical stimulation of SI (red), during stimulation (blue) and during stimulation with KA in the cervical bath (gray). 
**P < 0.01. n = 7 mice. Data are presented as mean ± s.e.m.

NAtuRe NeuRoScIeNce | www.nature.com/natureneuroscience

http://www.nature.com/natureneuroscience


Articles Nature NeuroscieNce

expression of tdTomato in only the excitatory cells that express 
the flippase (Flp) recombinase. Injection of the retrograde CAV2-
FLExloxP–Flp (ref. 33) into the lumbar cord of these mice resulted in 
the expression of the FLP and the subsequent expression of tdTo-
mato in only the lumbar projecting excitatory neurons. Inspection 
of the cervical spinal cords showed a high density of excitatory 

lumbar-projecting cervical neurons to be located in laminae VII 
and X of the cervical spinal cord, with the majority of them span-
ning C4–C5 spinal segments (Extended Data Fig. 9). These results 
along with those described in Extended Data Fig. 3 indicate that the 
cervical excitatory cells that relay the SI motor signal reside in the 
intermediate gray matter of C4–C5 segments.
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To confirm whether indeed these cervical eINs comprise the 
relay between the SI and lumbar spinal cord, CAV2-FLExloxP–Flp 
was bilaterally injected within the lumbar cord of Vglut2::cre mice 
(Fig. 7a). Two weeks later the C4–C5 spinal cord was bilaterally 
injected with AAV-FLExFRT-PSAML141F,Y115F–GlyR (Fig. 7a). This 
injection paradigm resulted in expression of the PSEM-dependent 
chimeric receptor/chloride channel in only those excitatory cells in 
the C4–C5 spinal segments that project axons to the region con-
taining the bulk of the rhythmogenic components of the locomo-
tor CPG7. Two weeks following the injections, electrical stimulation 
of the SI region evoked field potentials in the intermediate gray  
matter of the lumbar cord (Fig. 7b). Transient inhibition of the  

lumbar-projecting eINs in the C4–C5 segments via PSEM308 admin-
istration resulted in a substantial decrease in the amplitude of the 
evoked field potentials recorded in the lumbar cord (Fig. 7b,c). 
These data indicate that the primary sensory cortex has efferent 
control of the locomotor related regions of the lumbar spinal cord 
via eINs in the cervical spinal cord.

Further anatomical support for this pathway came from experi-
ments using cellular specific monosynaptic tracing originating 
from the lumbar projecting cervical eINs. Specifically, retrograde 
CAV2-FLExloxP–Flp was injected unilaterally into the lumbar cord 
of Vglut2::cre mice. This resulted in the expression of Flp recom-
binase in all the eINs projecting to the lumbar cord. Injection of  
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AAV-FLExFRT-TC/G34 into the ipsilateral ventromedial region of 
C4–C5 (Fig. 7d) resulted in the expression of rabies glycoprotein (G)  
and the TVA (receptor for EnvA) in the lumbar-projecting cervi-
cal eINs. Because only the lumbar-projecting cervical eINs expres-
sed G and TVA, subsequent cervical injection of EnVA-coated, 
G-deleted rabies viruses (RVdG) resulted in trans-synaptic spread 
to presynaptic neurons of lumbar-projecting cervical eINs. A robust  
population of pyramidal cells in the SI area connected to the  
rhythmogenic center of the locomotor CPG via cervical eINs was 
identified (Fig. 7e,f).

These results suggest that the SI promotes movement by acti-
vating rhythm-generating circuits in the lumbar spinal cord via 
cervical eINs. To further support the existence of this pathway, we 
performed anterograde labeling of the eINs that reside in laminae 
IV–VII and X of the C4–C5 spinal levels—an area that receives 
dense projections from the SI pyramidal neurons (Extended Data 
Fig. 3). Cervical eINs of the intermediate gray matter had extensive 
GFP+ fiber tracts in the ventromedial area of the upper lumbar spi-
nal cord (T13–L2) where locomotor neurons with highest rhythmo-
genic potential are located2,35–37 (Fig. 8). No innervation was found 
in the dorsal horn and in the ventral horns. Indeed, motor neurons 
showed no somatic contacts from the labeled cervical eINs (Fig. 8e).

Discussion
Locomotion is often considered to be a simple behavior, consist-
ing of rhythmic alternation of flexor and extensor motor pools on 
the left and right sides of the body. However, to navigate the com-
plex environment in which we live, the locomotor neural network 
in the spinal cord relies heavily on feedback control from sensory 
fibers26 and feedforward control from higher centers such as the 
visual cortex27. Classical studies of mammalian movement control 
define a prominent role for the primary motor cortex38. Activity in 
SI neurons has been shown previously to have a modulatory role in 
locomotor activity in primates15, cats14 and rodents16,17. These earlier 

studies had interpreted this activity to be mainly anticipatory and 
exerted via the motor cortex. Here, we provide evidence for a paral-
lel pathway from the SI that descends directly to the spinal cord and 
is able to modulate locomotor output.

Only relatively recently has it been demonstrated that SI mod-
ulates motor behaviors such as whisking20. Formerly, the whisker 
motor cortex (wM1) was thought to exclusively direct whisker 
motor control39. However, previous research demonstrated that 
animals with a frontal cortex lesion (including wM1) could still 
whisk, raising the possibility that other regions may participate in 
the control of whisking40. Similar to the SI activity observed dur-
ing locomotion, active whisking had been correlated to changes in 
SI cortical neuronal discharges41. Subsequent work demonstrated 
that a direct motor control pathway for the mouse whisker system 
is driven by SI independently of the motor cortex19. These studies, 
together with the finding that SI decodes motor-related signals in 
mouse V142,43, suggested that SI cortical activity is not purely related 
to sensory processing; however, it was not known if these findings 
could be generalized to other motor systems.

In this study, we use both intact adult and in vitro hemibrain-
intact mouse preparations to demonstrate that pyramidal neurons 
in SI play a critical role in the control of locomotor activity. This 
emerged from our initial finding that SI pyramidal neurons are 
active during spontaneous overground locomotion in adult mice, 
and is in agreement with previous work reporting SI activity dur-
ing quadrupedal or bipedal locomotion14,16,17. In our experiments, SI 
activity was highly correlated to the speed of locomotor activity and, 
importantly, preceded the onset of movement. This suggests that SI 
activity during stepping is not purely encoding information related 
to the animal’s position in the environment, but may also include 
specific motor commands based on the integration of related sen-
sory information. Support for the latter conclusion first came 
from our in vitro behavioral experiments. Using a combination of 
optogenetics, pharmacology and a mouse neonatal in vitro fictive 
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locomotor preparation, we found that SI stimulation increases the 
frequency of locomotor-related activity without altering locomo-
tor pattern. Notably, these in  vitro experiments took place while 
the connections in the brain and brainstem were pharmacologi-
cally silenced, with the motor cortex surgically removed, and in the 
absence of any sensory feedback. These data provide strong evi-
dence that SI neurons are able to modulate activity of the locomotor 
CPG independently of other brain and brainstem regions.

This hypothesis was further supported by our demonstration 
that neuronal activity can be triggered in the lumbar spinal cord 
in response to stimulation of the SI pyramidal neurons in the adult 
mouse. Pharmacogenetic activation of SI pyramidal neurons that 
project to the cervical spinal cord led to a significant increase in 
the overall speed of locomotion in freely moving mice. In contrast, 
inactivation of this pathway not only reduced the speed of loco-
motion but substantially impaired locomotion, demonstrating the 
necessity of the SI locomotor pathway in locomotor control. Taken 
together, these results identify an efferent pathway from SI to the 
lumbar spinal cord via cervical eINs and demonstrate a role for this 
pathway in the control of locomotion. As such, we believe that the 
somatosensory cortex, based on integrated information related to 
the state of the animal and its surroundings, encodes a motor com-
mand signal. However, the precise nature of the sensory processing, 
and the mechanism by which the motor signal is generated in the 
sensory cortex, require further examination.

SI pyramidal neurons project to the contralateral intermediate 
gray matter of the cervical spinal cord, mainly in the C4–C5 area. 
Interestingly, our data also show this area to contain most of the 
excitatory cells that project to the lumbar cord. These excitatory cells 
of the C4–C5 intermediate gray matter area project to the rhythmo-
genic area of the locomotor CPG without making any detectable syn-
aptic contacts with the lumbar motoneurons. Moreover, in line with 
previous work44, our Vglut2-restricted monosynaptic retrograde 
tracing demonstrates that SI neurons have efferent connectivity to 
the lumbar locomotor region via cervical excitatory interneurons. 
Additional support for the excitatory nature of the cervical INs was 
provided by pharmacogenetic silencing experiments in adult anes-
thetized mice, demonstrating that the cervical eINs within C4–C5 
are required for the observed efferent connectivity between SI and 
the lumbar spinal cord. Collectively, these anatomical and electro-
physiological results demonstrate functional connectivity between 
SI pyramidal neurons and rostral lumbar spinal cord neurons via 
cervical eINs, a pathway that is likely responsible for conveying the 
SI motor signal to the locomotor CPG.

In summary, we show that part of the activity generated in the 
somatosensory cortex prior and during movement represents a 
motor signal. This SI motor signal projects to the spinal cord, 
bypassing the motor cortex and other locomotor areas. The pro-
posed SI locomotor pathway is distinct from previously identi-
fied mechanisms of cortical locomotor control from the motor 
cortex (gait modifications) and posterior parietal cortex (motor 
planning)27, and provides a potential mechanism to directly and 
efficiently modulate movement according to sensorimotor infor-
mation. These data add to a growing body of evidence suggesting 
that the somatosensory cortex, which receives and integrates infor-
mation about our everchanging internal and external environment, 
plays a significant role in the direct control of movement.
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Methods
Mouse lines. All experiments were performed in accordance with Canadian 
Council on Animal Care guidelines and were approved by the University Health 
Network’s animal research committee. C57BL/6J mice (Jackson Labs, #000664), 
Vglut2::cre mice (B6-Slc17a6tm2(cre)Lowl/J, Jackson Labs, #016963), Ai9 mice 
(B6.129S-Gt(Rosa)Sor26tm9(CAG-tdTomato)Hze/J, Jackson Labs, #007908), Ai65 mice 
(B6.129S-Gt(Rosa)Sor26tm65.1(CAG-tdTomato)Hze/J, Jackson Labs, #021875), Ai27D mice 
(B6.Cg-Gt(ROSA)26Sortm27.1(CAG-COP4*H134R/tdTomato)Hze/J, Jackson Labs, #012567) and 
Emx1::cre mice (B6.129S2-Emx1tm1(cre)Krj/J, Jackson Labs, #005628) were purchased 
from commercial vendors.

Surgical procedures. For all surgical procedures mice were anesthetized using 2% 
isoflurane at 1 l min−1 (O2 carrier gas) in an induction chamber with maintenance 
at 1.0–1.5% isoflurane via a nose cone. Buprenorphine (0.05 mg kg−1) was 
administered subcutaneously for analgesia. Post-operative buprenorphine was 
administered.

Surgical implantation of chronic intracranial electrodes. For this experiment 
we used six-week-old C57BL/6J male mice. Bipolar twisted-metal electrodes 
(200 μm diameter; MS303/3-B/SPC, Plastics One) were implanted bilaterally 
through two 1 mm burr holes drilled in the skull (bregma −0.9 mm, lateral 1.9 mm 
and depth 0.5 mm) in the SIs. A unipolar ground electrode was placed caudal 
to the recording region external to the meninges. Dental cement (A-M Systems 
models 525000 and 526000) was used to secure the implanted electrodes, ground 
electrode (support screw interparietal bone) and additional anchoring (dedicated 
screw in frontal bone).

Behavioral imaging system for concurrent recording of somatosensory 
electrographic activity. The cortical LFP was amplified using a DP-304 differential 
amplifier (Warner Instruments) and digitized using a CED Micro1401-3 unit 
(Cambridge Electronic Design). Once electrographic recording was initiated, 
the movements of the freely behaving mice were recorded using a camera 
(Retiga4000R, Q-Imaging) mounted 0.7–0.8 m above an enclosure of dimensions 
are 42 × 26 cm. A Nikon Nikkor 24 mm lens (SLR with focal length set at 1.2 m 
and f/8.0 aperture) was used to keep the mouse in focus. The camera was operated 
using Micro-manager 1.4 acquisition software with 4 × 4 pixel binning and 
10 ms exposure with frames acquired at 26 Hz or 30 Hz (dependent on the frame 
buffering scheme). Animals were interfaced with the electrographic recording 
apparatus for no more than 15 min. The intracranial LFP was sampled at 10 kHz 
with an active high-pass filter (1 Hz) and an active low-pass filter (3 kHz) applied 
though the amplifier. The camera’s frame-capture triggers were recorded at 10 kHz 
using the same digitizer to correlate movement and electrical activity.

Animal tracking analysis and electrographic data processing. The camera trigger 
traces were low-pass filtered at 60 Hz with zero-phase delay using forward and 
backward application of an RC filter. Maximum values of the filtered signal were 
used to define precise frame-capture time points. The 8 bit images were inverted 
(that is, Inew = 255 – Iold) and spatially mean filtered with 7 × 7 pixel binning. Images 
were threshold subtracted (between 230–240 gray levels). Location coordinates 
were estimated as the new intensity weighted mean. The location coordinates were 
low-pass filtered at 5 Hz (same zero-phase delay scheme) to remove the influence 
of electrode cables on location estimation from the videos. Coordinate accuracy 
was confirmed by observation of a superimposed spot on the videos. Animal 
velocity was calculated from the difference between sequential planar coordinates 
extracted in this manner. Velocity values were winsorized at four standard 
deviations to remove the influence of outliers.

The left and right LFPs were high-pass filtered at 0.1 Hz and low-pass filtered 
at 50 Hz before decimation by a factor of 100 (from 10 kHz to 100 Hz). Outliers 
above four standard deviations were winsorized. The difference between left and 
right signals was calculated and a temporal variance filter with a 1 s rolling window 
was applied to the difference. A second four standard deviation filter was applied 
following this filtering. The subtraction step is intended to isolate the asymmetric 
stepping action of mice locomotion and the variance filter produces a strictly 
positive signal for comparison to animal velocity. The filtered electrographic signal 
and velocity were correlated. The square root of both signals was found to be 
more highly related than the signals (probably due to further reduction of outlier 
influence). Forward and backward phase shifts were applied at 10 ms resolution 
to find the range under which the correlation was stable (that is, the time shift for 
which the correlation was significantly reduced, P < 0.05).

A trial average motion onset analysis was performed defining onset as a change 
from below to above 10% of the maximum locomotion speed. For this analysis, 
velocity estimates were low-pass filtered at 25 Hz instead of 5 Hz (again zero-phase 
delay) for higher temporal precision at the expense of reduced accuracy in velocity. 
Initial brain activity relative to locomotion onset was detected using a temporally 
weight skew filter applied to our trial averaged activity measure. The minimum 
value of the filter closely corresponded to our visual assessment of activity onset 
for a 1 s filter integration window. For eight samples both the median and quartiles 
were not unique and as such the mid-range of closest values was used to determine 
these quantities.

Stereotactic viral injections. For all experiments utilizing CNS injections,  
8- to 10-week-old mice were anesthetized using isofluorane and positioned in a 
stereotactic apparatus (model 940 small animal stereotaxic instrument with digital 
display, David Kopf Instruments). One microlitre pulled glass micropipettes were 
connected to a microinjection dispense system (Picospritzer III, Parker) and then 
attached to the stereotaxic apparatus. A total volume of 0.5–0.7 μl of virus was 
injected at any individual site at a flow rate of 100 nl min−1. The micropipette was 
kept in place for 10 min and slowly withdrawn to prevent backflow. The dissected 
skin and muscle layers were sutured and buprenorphine (0.01 mg kg−1) was 
administered post-surgery for analgesia. For confirmation of injection efficiency, 
mice were perfused and processed for immunohistochemistry, as described below, 
at the conclusion of experiments.

In vivo extracellular field potential recordings. An artificial cerebrospinal fluid 
(aCSF)-filled microelectrode with 30–50 µm tip was placed in the lumbar spinal 
cord (L1; 300 μm lateral to dorsal artery; 800 μm in depth) to record extracellular 
field potentials. Signals were recorded in DC mode with an Axoprobe 1A amplifier 
(Molecular Devices) and processed using pCLAMP8 software and Digidata 
1320A (Molecular Devices) with a 125 kHz sampling rate. The signal was low-
pass filtered from 2 kHz and averaged using Clampfit 10 from a minimum of 
nine traces, with all recorded traces being used in the analysis, offline. For the 
electrical stimulation of SI, twisted bipolar stimulation electrodes were made with 
polyimide-insulated stainless steel wires (outside diameter 0.125 mm; Plastics One) 
and placed in the SI (bregma −0.9 mm, lateral 1.9 mm and depth 0.5 mm) using 
stereotaxic instruments. Stimulation was applied via the PSIU6 stimulus isolation 
unit of a Grass S88 stimulator (Grass Technologies) with current between 0.1 
and 0.2 mA and a duration of 0.2 ms. The stimulation interval was set at 5 s. For 
photostimulation of SI neurons, we recorded L1 field potentials from Emx1::cre 
(B6.129S2-Emx1tm1(cre)Krj/J, Jackson Stock 005628) injected with AAV-efIa-DIO-
hChR2-eYFP into the SI area of Emx1::cre mice. A 200 μm optical fiber was used to 
stimulate the pyramidal neurons of the SI (bregma anteroposterior (AP) −0.9 mm, 
lateral 1.9 mm, dorsoventral (DV) 0.5 mm) for laser pulse stimulation. An 80 mW, 
450 nm blue laser diode (Doric Lenses) modulated by an internal TTL pulse 
generator was used to photostimulate the SI region with single 5–10 ms light pulses 
with a power range of 1–10 mW as measured by a power meter (Thorlabs).

Retrograde labelling of lumbar projecting cells. CAV2-cre (0.4 μl; 
2.5 × 1012 vp ml−1, Montpellier Vector Platform) was injected unilaterally 
into the ventromedial area of the L1 spinal level of Ai9 mice using the 
following coordinates: 300 μm lateral to dorsal artery; 800 μm depth. Mice 
were euthanized two weeks after injections. Mouse brains were fixed in 
4% paraformaldehyde and were subsequently cryosectioned into 30 μm 
coronal sections. TdTomato visualization of retrograde CAV2-Cre-induced 
recombination was examined in SI and in two positive control regions: the locus 
coeruleus and the reticular formation.

In vitro recording of locomotor related activity and optogenetics. Neonatal  
(P0–3) pups from a cross of Emx1::cre (B6.129S2-Emx1tm1(cre)Krj/J, Jackson Stock 
005628) and Ai27D (B6.Cg-Gt(ROSA)26Sortm27.1(CAG–COP4*H134R/tdTomato)Hze/ 
J, Jackson Stock 012567) mice underwent fictive locomotor recordings while the 
somatosensory cortex was stimulated optogenetically to determine its role in 
locomotion. The pups were anesthetized by cooling them in an ice bath. Whole 
spinal cord with hemibrain dissection was performed. Briefly, an anesthetized 
neonatal mouse was eviscerated in cold oxygenated (95% O2 and 5% CO2) low-
calcium aCSF composed of 111 mM NaCl, 3.1 mM KCl, 25 mM NaHCO3, 1.1 mM 
KH2PO4, 7.6 mM MgSO4, 0.33 mM CaCl2 and 11 mM glucose. Under a dissection 
microscope (LEICA MS-5), the skull and dorsal half vertebrae were removed 
with fine scissors and forceps. Half of the brain, the brainstem and the spinal 
cord were then dissected out carefully using the fine scissors. The preparation 
was then transferred to a recording chamber with three compartments. The 
thoracic and lumbar segments were placed ventral side up. The hemibrain was 
then positioned dorsal side up. The cervical spinal cord segment was aligned in 
the middle compartment. Latex membranes and a mixture of high-vacuum grease 
and Vaseline to prevent solution leakage between compartments separated these 
three compartments. All three compartments were superfused with oxygenated 
(95% O2 and 5% CO2) aCSF composed of111 mM NaCl, 3.1 mM KCl, 25 mM 
NaHCO3, 1.1 mM KH2PO4, 1.25 mM MgSO4, 3.3 mM CaCl2 and 11 mM glucose at 
room temperature (22 ± 0.5 °C). KA (2 mM) was administered to the compartment 
containing the brain and brainstem to block the glutamatergic synaptic 
transmission and cortical processing. NMDA (5–7 μM) and 8–10 μM 5-HT were 
added to the lumbar segment compartment to evoke locomotor-related activity. 
For experiments examining the necessity of cervical excitatory connectivity for 
the SI control of locomotion, 2 mM KA was administered to the compartment 
containing the cervical segment to block the glutamatergic synaptic transmission 
within the cervical spinal cord. A 200 μm optical fiber was placed on the surface 
of the sensory cortex for laser pulse stimulation. An 80 mW, 450 nm blue laser 
diode (Doric Lenses) controlled by an internal TTL pulse generator was used to 
stimulate the SI region (3.0 mm caudal from the olfactory bulb and 1.2 mm lateral 
from the midline). Pulse trains consisting of 15 pulses of 10 ms at 30 Hz were 
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performed at 2 s intervals with a power range of 1–10 mW as measured by a power 
meter (Thorlabs). Tight-fitting bipolar suction electrodes (A-M Systems) filled 
with a bath of aCSF were used to record neurograms from the right or left L2 and 
L5 ventral roots. Neurograms were amplified (1,000 times) using an Axoprobe 
1A device and a preamplifier, 1 kHz low-pass and 100 Hz high-pass filtered, 
digitized (Digidata 1320A; Molecular Devices), acquired with Clampex 8 software 
(Molecular Devices), and saved on a laboratory computer for offline analysis.

Anterograde tracing of cervical-projecting SI pyramidal neurons. AAVDJ-Syn1-
DIO-eGFP (Salk Vector Core – 2.31 × 1012 genome copies (GC)/mL) was injected 
unilaterally into the SI area of Emx1::cre mice as described above. Serial transverse 
sections from C1 to T2 spinal levels were imaged using an Aperio Scanscope AT2 
whole slide scanner to examine for eGFP-positive projection patterns from SI 
pyramidal neurons to the cervical spinal cord.

Pharmacogenetic stimulation and inhibition of somatosensory locomotor 
neurons. To target the somatosensory locomotor neurons we initially bilaterally 
injected CAV2-cre into the C4–5 spinal level of C57BL/6J mice, as described 
above. Two weeks later, AAVs carrying double-floxed hM3Dq excitatory DREADD 
(AAV5-DIO-hM3Dq-mCherry, 3.8 × 1012 GC ml−1, UNC Vector Core) and 
FLExloxP inhibitory PSAM (AAVDJ-syn::FLExloxP-rev::PSAML141F-GlyR-IRES-GFP, 
1.0 × 1012 GC ml−1; plasmid was a gift from S. Sternson, Addgene plasmid no. 
32479) were injected bilaterally into layer V of the SI following the coordinates 
described above. Mice were allowed two to four weeks of rest following injections 
to allow full expression of constructs. For SI activation experiments, CNO in 
saline was administered intraperitoneally (2 mg kg−1) and behavioral effects 
were measured 2.5 h later. For SI silencing, PSEM308 in saline was administered 
intraperitoneally (5 mg kg−1) and behavioral effects were measured 10 min later.

Retrograde labeling of Vglut2+ lumbar-projecting cervical neurons. CAV2-
FLExloxP-Flp was unilaterally injected into the L1 spinal level of Vglut2::cre;Ai65 
hybrid mice at the following coordinates: 300 μm lateral to dorsal artery; 800 μm 
depth. Mice were euthanized two weeks later and spinal cords were subsequently 
fixed in 4% PFA and cryosectioned from thoracic level T1 to cervical level C2. 
tdTomato-DAPI-positive cells were counted in each spinal lamina. The coordinates 
of the tdTomato-DAPI positive cells were used in a custom MATLAB script used 
for the three-dimensional reconstructions.

Behavioral analyses. For measurement of spontaneous locomotor activity in an 
open field, individual mice were placed in a 55 × 27.5 cm polypropylene box and 
recorded using an overhead camera following a 15 min period of acclimatization. 
Following this, mice were injected with either saline or PSEM308 intraperitoneally. 
Activity was recorded for the 30 min following injection and analyzed using 
SMART video tracking software (Panlab). For Catwalk (Noldus) gait analysis, 
mice performed walks before and 10 min after PSEM308 injection. SI stimulation 
experiments using CNO were performed in an analogous manner except that 
injections were performed 2.25 h before open field acclimatization. Catwalk and 
locomotor kinematics runs were performed 2.5 h after CNO administration. 
Kinematics videos were collected with a Promon 501 high-speed camera  
(AOS Technologies) at 90 f.p.s. and analyzed with MaxTRAQ software 
(Innovision Systems).

To examine any pain-related effects induced by pharmacogenetic stimulation 
of SI neurons, mice underwent a von Frey test. Each mouse was placed in a wire 
mesh cage and habituated for 30 min before testing. Calibrated von Frey filaments 
(0.008–300 g, The Touch Test von Frey filaments, North Coast Medical) were 
pressed into each paw until it was bent. Three withdrawals out of the five touches 
were considered to be the positive threshold stimulus. Filaments were applied 
in ascending order and the lowest weight of filament that produced a positive 
response was considered the threshold stimulus. Response to thermal noxious 
stimuli was assessed using the tail flick test, in which the latency of tail withdrawal 
in response to a thermal stimulus was measured. Each animal was individually 
restrained and the tail was held under the Tail Flick Analgesia Meter, a specially 
designed apparatus combining a heat lamp and movement sensor (IITC Life 
Sciences). Withdrawal of the tail resulting from the lamp’s heat was automatically 
detected by the sensor and the withdrawal latency was recorded in three trials.

The forelimb grip strength of mice before and after silencing of the sensory 
pathway was assessed using the SDI Grip Strength System model DFM-10;  
San Diego Instruments). Each mouse was tested for five consecutive trials and  
the average grip force was calculated.

Silencing of SI-lumbar field potentials through inhibition of glutamatergic 
cervical neurons. In vivo electrophysiology experiments were prepared as 
previously described with electrical stimulation of the SI during concurrent 
recording in the ventromedial portions of lumbar (L1) regions. Conditional 
expression of inhibitory chimeric ion channel PSAM-GlyRL141F,Y115F in lumbar-
projecting cervical glutamatergic neurons was achieved through sequential 
bilateral injections of CAV2-FLExloxP-Flp (2.5 × 1012 vp ml−1, Montpellier Vector 
Platform) into the ventromedial area of the L1 spinal level of Vglut2::cre mice using 
the following coordinates: 300 μm lateral to the dorsal artery; 800 μm depth.  

Two weeks later, bilateral AAV9-FLExFRT-PSAML141F,Y115F-GlyR (plasmid was a 
gift from S. Arber, AAV generated by UNC Vector Core – 1.9 × 1013 GC ml) was 
injected into the C4–C5 spinal level using the following coordinates: 500 μm 
lateral to the dorsal artery; 600 μm depth. Mice were allowed two to four weeks 
of rest following the last injections to allow full expression of constructs before 
electrophysiology experiments. PSEM308 (5 mg kg−1, Apex Scientific) in saline 
was administered intraperitoneally via a catheter to transiently silence the PSAM 
expressing lumbar projecting cervical glutamatergic neurons.

Cellular specific monosynaptic tracing. The cTRIO (cell-type specific system 
for tracing input and output) methodology was performed as previously 
described. Briefly, CAV2-FLExloxP-Flp (2.5 × 1012 GC ml−1) was injected unilaterally 
into the ventromedial area of L1 (300 μm lateral to the dorsal artery, 800 μm 
depth) to selectively express flippase in glutamatergic neurons projecting to the 
rhythmogenic region of the lumbar locomotor CPG in Vglut2::cre mice. Two 
weeks later, a mix (1:1 in a total volume of 0.5 μl) of AAV9-FLExFRT-TC and AAV9-
FLExFRT-G (plasmids were gifts from L. Luo, AAVs generated by UNC Vector Core 
– 2.2 × 1013 and 1.8 × 1013 GC ml−1, respectively) was injected ipsilaterally into the 
cervical spinal cord (C4–C5: 300 μm lateral to the dorsal artery, 800 μm depth) to 
express TVA receptor and rabies glycoprotein in lumbar-projecting glutamatergic 
neurons selectively expressing flippase. Two weeks after these injections, EnvA-
pseudotyped rabies virus lacking rabies glycoprotein (EnvA-RB-ΔG 1.30 × 109, 
provided by GT3 Viral Vector at the Salk Institute) was injected in the same region 
of the cervical spinal cord. Mice were euthanized two weeks later and brain, 
brainstem and spinal cord were subsequently fixed in 4% PFA and cryosectioned. 
Brains were coronal sectioned at 80 μm. Reconstruction of the brains with 
simultaneous visualization of sensory cortex neurons disynaptically connected to 
lumbar spinal cord was performed using Stereoinvestigator (MBF, Bioscience).

Anterograde tracing of lumbar-projecting cervical neurons. Vglut2::cre animals 
were bred into the Ai9 (Rosa26FLEx-tdTomato) Cre reporter strain. AAVDJ-Syn1-DIO-
eGFP (Salk Vector Core – 2.31 × 1012 GC ml−1) was injected unilaterally into the 
C4–C5 spinal level as described above. eGFP-positive projections from cervical 
glutamatergic neurons were visualized in serial transverse sections from T13 to S1. 
eGFP projections were counted in each designated lamina (Paxinos) for all relevant 
spinal cord segments using Neurolucida 360 software (MBF Bioscience).

Immunohistochemistry. Brains and cervical and lumbar spinal cords were 
removed and fixed for 2 h in 4% PFA in PBS, rinsed in PBS, cryoprotected in 30% 
(wt/vol) sucrose in PBS overnight and embedded in OCT mounting medium. 
Coronal sections (30 μm) of the brains and spinal cords were obtained on a cryostat 
for immunohistochemistry. Sections were incubated overnight at 4 °C with the 
primary antibody anti-choline acetyltransferase antibody (mouse, 1:100, Millipore, 
MAB305). Alexa Fluor 568-conjugated secondary antibody was incubated for 
1 h at room temperature to visualize immunoreactive sites. Slides were rinsed, 
mounted in Vectashield mounting medium (Vectorlabs) and scanned on LSM510 
and LSM880 confocal microscopes (Zeiss Microsystems). Multiple channels were 
scanned sequentially to limit fluorescence bleedthrough and false-positive signals. 
Images of whole-brain sections stained with H&E were taken using the Aperio 
Scancope AT2 whole slide scanner.

Statistics and analysis. Sample size was selected based on previous experiments 
from our lab and others using the neurobehavioral and electrophysiological 
techniques described. Because only within-subject experimental designs were used, 
no randomization method was used and the investigators were not blinded during 
the experimental procedures. However, to control for possible carryover effects, 
the order of saline, PSEM and CNO treatments were varied across behavioral 
experiments. All animals that met the experimental conditions were analyzed. 
In accordance with Nature Neuroscience’s data reporting and reproducibility 
standards, additional information regarding data collection practices can be found 
in the accompanying Life Sciences Reporting Summary. All statistical tests were 
performed using SPSS v21 (IBM), and graphs were generated using PRISM 6 
(GraphPad Software). Graphs represent the mean ± s.e.m. unless noted otherwise. 
Assumptions of parametric statistical tests, such as normal data distribution and 
homoscedasticity were met in cases where paired t-test and repeated-measures 
ANOVA were used. In experiments where data did not meet the assumption of 
normality, non-parametric tests such as the Wilcoxon signed-rank test or the 
two-sample Kolmogorov–Smirnov test were used to compare paired samples or 
data distributions, respectively. Correlation between variables was examined via 
Pearson correlation (Fig. 1d). Distributions of data were compared using repeated-
measures ANOVA with Tukey’s post-hoc test (Fig. 4c), repeated measures ANOVA 
with Dunnett’s multiple comparisons post-hoc test (Fig. 5c,e and Extended Data 
Fig. 5a–e), two-sample Kolmogorov–Smirnov test (Figs. 2d,e and 6a), Wilcoxon 
matched-pair sign-rank test (Fig. 6b), paired Student’s t-test (Fig. 7c and Extended 
Data Figs. 2b, 6, 7a,b and 8) and Friedman test (Extended Data Fig. 3c,d). Two-
tailed statistical tests were used exclusively for all applicable analyses. All test 
statistics, P values, sample sizes, degrees of freedom and effect size estimates for 
these statistical analyses are provided in Supplementary Tables 1 and 2. Effect 
size estimates were calculated using G*Power. For lumbar LFP data (Fig. 2), spike 
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probability distributions were generated by binning data in 1 ms increments 
and binarizing based on the average measurement for the recorded trial. Shuffle 
distributions of the LFP data were generated by shuffling trial data 1,000 times 
and averaging the resultant shuffled data. Shuffle operations were performed with 
Python 3.6 using the pyABF, NumPy and Pandas libraries. Phase dispersion  
polar plots were plotted in R (R Foundation for Statistical Computing, 2005,  
http://www.r-project.org).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Source data have been provided for Figs. 1c,d (values in Fig. 1d are the square root 
of values in Fig. 1c), 2d,e, 4c, 5c,e, 6a,b and 7c. Source data have also been provided 
for Extended Data Figs. 2b, 5a–c,e, 6, 7a,b and 8. Any additional data pertaining to 
this manuscript is available from the authors upon reasonable request.
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Any custom script or code used in this study is available from the authors upon 
reasonable request.
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Extended Data Fig. 1 | Decorrelation analysis of animal velocity and somatosensory activity. Decorrelation of animal velocity and somatosensory activity 
from panel Fig. 1(c) across artificially shifted temporal correspondence. The correlation plots in Fig. 1(d) correspond to relationship at the zero temporal 
shift. Positive shift time corresponds to velocity compared to latter somatosensory activity. (n = 8 mice).
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Extended Data Fig. 2 | control SI stimulation in chR2−/− mice does not increase locomotor frequency. a, Representative ENG recordings of locomotor 
like activity from ipsilateral L2 and L5 ventral roots induced with 7 uM NMDA and 10 uM 5-HT. of a ChR2-/- mice (baseline). Optogenetic stimulation of 
the SI neurons in these mice did not evoke an increase in the frequency of locomotor-realted burst activity (SI stimulation) (bottom). b, Relative change in 
frequency of locomotor-like activity before optical stimulation of SI (red) and during SI optical stimulation (blue) in ChR2-/- mice. No significant difference 
was revealed between the two conditions (two-tailed paired t-test, p = 0.759). n = 3 mice. Group data are presented as mean ± s.e.m.
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Extended Data Fig. 3 | SI pyramidal neurons project to intermediate gray zone of cervical spinal cord. a, AAVDJ-syn1-DIO-EGFP were injected unilaterally 
into Emx1::cre mice (n = 3). b, SI pyramidal neurons expressing GFP at the AAVDJ-syn1-DIO-EGFP injection site. c, Confocal images of 30 μm-thick 
transverse sections of the cervical spinal cord of the same animal contained eGFP+ projections in the intermediate gray matter of C4-7. d, Heat map reveal 
dense projections mainly in the intermediate gray zone.
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Extended Data Fig. 4 | effect of SI stimulation on locomotion after KA washout. Baseline ENG recordings of locomotor like activity from ipsilateral L2 and 
L5 ventral roots of a P0-3 Emx1::cre; Ai27D offspring one hour after KA perfusion in the cervical cord has been terminated (Top). Optogenetic stimulation  
of the SI neurons one hour after KA perfusion in the cervical cord has been terminated increases the frequency of locomotor-like bursting activity.  
(n = 4 mice) (Bottom).
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Extended Data Fig. 5 | Manipulation of the SI locomotor pathway does not change the general locomotor capability. a, Bar graphs showing no change 
in the stride length after CNO administration. b, Bar graphs demonstrating the forepaw and hindpaw base of support before and after PSEM or CNO 
administration. c, Regularity index of mice before and after manipulation of the SI locomotor pathway. d, Circular diagrams showing that phase dispersions 
consistent with the trot gait pattern were preserved after silencing or activation of the SI locomotor pathway. e, Bar graphs demonstrate the lack of effects 
of the manipulation of the sensory locomotor pathway on the print width and print length of both forepaws and hindpaws. Data were extracted using 
Catwalk XT software (repeated measures one-way ANOVA with Dunnett’s multiple comparisons test,* indicates p < 0.05. n = 7 mice). Group data are 
presented as mean ± s.e.m.
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Extended Data Fig. 6 | Stimulation of the SI locomotor pathway does not induce neuropathic pain. Bar graphs showing the intensity of signal obtained 
from forepaws and hindpaws during locomotion on the Catwalk gait analysis system do not change after CNO administration. Data were analyzed using 
two-tailed paired t-tests (n = 7 mice). No statistically significant differences were observed (Related to Fig. 3). Group data are presented as mean ± s.e.m.
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Extended Data Fig. 7 | Stimulation of the SI locomotor pathway does not change the reaction to noxious stimuli. a, Bar graphs showing the frequency 
of forepaw and hindpaw withdrawal resulting from 10 non-consecutive touches on each paw with the 0.4 g von Frey monofilament during both baseline 
and CNO conditions. b, Bar graph showing the latency to withdrawal of the tail following exposure to mild thermal stimulus in both baseline and CNO 
conditions, with each data point representing the average of three trials. Data were analyzed by two-tailed paired t-test (n = 7 mice). No statistically 
significant differences were observed. Group data are presented as mean ± s.e.m.
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Extended Data Fig. 8 | Inactivation of the SI neurons projecting to cervical cord does not decrease the forelimb strength. Bar graph showing mean 
grip strength for mice before and after PSEM injection to inhibit SI neurons. Data were analyzed by two-tailed paired t-test (n = 7 mice). No statistically 
significant differences were observed. Group data are presented as mean ± s.e.m.
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Extended Data Fig. 9 | Anatomical distribution of the cervical excitatory cells projecting to ventromedial region of upper lumbar spinal cord. a, Vglut2::cre 
mice were crossed with an Ai65(RCFL-tdT) line that contains FRT-stop-FRT and LoxP-stop-LoxP double cassettes ahead of tdTomato. Laminae VII/VIII/X 
of L1 spinal segments of adult Vglut2::cre;Ai65(RCFL-tdT) were unilaterally injected with the retrograde virus CAV2-FLExloxP –Flp (n = 2 mice). b, Laminar 
distribution of the tdTomato-positive lumbar-projecting cervical glutamatergic cells. c, Density plot demonstrating the distribution of the lumbar  
projecting glutamatergic cells in the cervical enlargement. Group data are presented as mean ± s.e.m.
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Gait Video Acquisition: Catwalk 10.6 XT (Noldus). Kinematics Video Acquisition: AOS Promon Studio (501). Open Field Acquisition: Panlab 
SMART v2.0. SI Activity/Movement Recordings: Micro-manager version 1.4.19 with MMCore version 6.2.0 and paired ImageJ 1.48v with 
Java 1.6.0_31. Camera driver was QCamDriver DLL version 2.0.12 provided by QCapture 2.9.12. Electrophysiological recordings: Spike2 
8.14 x64 (1401 driver, CED Systems), pClamp v8 (Molecular Devices), Clampex 8 (Molecular Devices).

Data analysis Gait Analysis: Catwalk 10.6 XT (Noldus). Kinematic analysis: MaxTRAQ 2d. Open Field Analysis: Panlab SMART v2.0.Electrophysiology 
Analysis: Spike2 8.14 x64 (1401 driver, CED Systems), pClamp v8 (Molecular Devices), Clampfit 10 (Molecular Devices). Shuffle 
operations: Python 3.6 using the pyABF, NumPy, and Pandas libraries. Image/Cellular Analyses: Neurolucida 360 (MBF Bioscience), 
StereoInvestigator (MBF Bioscience).Phase dispersion polar plots: R (v3.1.2). Heatmap plots: Matlab (v9.1) custom script. Effect Size 
Estimates: G*Power. Graphs/Statistics: Graphpad Prism 6.00. Statistics: IBM SPSS v21.0.0.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Source data has been provided for Figures 1c/d (1d is the square-root of 1c values), 2d & e, 4c, 5c & e, 6a & b, and 7c. Source data has also been provided for 
Extended data figures 2b, 5a-c & e, 6, 7a & b, and 8. Any additional data pertaining to this manuscript is available upon reasonable request.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was selected based on previous experiments from our lab and others using the neurobehavioural and electrophysiological 
techniques described.

Data exclusions All results that met experimental criteria (ie. correct placement of electrodes) were analyzed. No data were excluded.

Replication Multiple lines of evidence were used (ie. optogenetic and chemogenetic experiments, behavioural and electrophysiological outcomes, etc) to 
support the main conclusions of the manuscript, providing additional confidence in the robustness of the findings. All replication attempts 
using these varied methodologies were successful.

Randomization Since only within-subject experimental designs were used, no randomization method was used for the experimental procedures. However, to 
control for possible carryover effects, the order of saline, PSEM, and CNO treatments were varied across behavioural experiments.

Blinding Since only within-subject experimental designs were used, no randomization method was used for the experimental procedures. However, to 
control for possible carryover effects, the order of saline, PSEM, and CNO treatments were varied across behavioural experiments.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals This study used the following strains and transgenic mouse lines: C57BL/6J mice (Jackson Labs: #000664), Vglut2::cre mice (B6- 
Slc17a6tm2(cre)Lowl/J, Jackson Labs: # 016963), Ai9 mice (B6.129S-Gt(Rosa)Sor26tm9(CAG-tdTomato)Hze/J Jackson Labs: 
#007908), Ai65 mice (B6.129S-Gt(Rosa)Sor26tm65.1(CAG-tdTomato)Hze/J, Jackson Labs: #021875), Ai27D mice (B6.Cg- 
Gt(ROSA)26Sortm27.1(CAG- -COP4*H134R/tdTomato)Hze/J, Jackson Labs: #012567) and Emx1::cre mice (B6.129S2- 
Emx1tm1(cre)Krj/J, Jackson Labs: #005628). Experiments were performed on mice 8-12 weeks old.

Wild animals Study did not involve wild animals.

Field-collected samples Study did not involve samples collected from the field.

Ethics oversight The University Health Network Animal Research Committee provided review and oversight of the work performed herein.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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