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A Cortico-Cortical Pathway Targets Inhibitory Interneurons
and Modulates Paw Movement during Locomotion in Mice

Chia-wei Chang,1,2 Meiling Zhao,1 Samantha Grudzien,1,3 Max Oginsky,1 Yexin Yang,1 and Sung Eun Kwon1
1Department of Molecular, Cellular, and Developmental Biology, University of Michigan, Ann Arbor, Michigan 48109, 2Department of Psychology,
UCLA, Los Angeles, California 90095, and 3Neuroscience Graduate Program, University of Michigan, Ann Arbor, Michigan 48109

The primary somatosensory cortex (S1) is important for the control of movement as it encodes sensory input from the body
periphery and external environment during ongoing movement. Mouse S1 consists of several distinct sensorimotor subnet-
works that receive topographically organized corticocortical inputs from distant sensorimotor areas, including the secondary
somatosensory cortex (S2) and primary motor cortex (M1). The role of the vibrissal S1 area and associated cortical connec-
tions during active sensing is well documented, but whether (and if so, how) non-whisker S1 areas are involved in movement
control remains relatively unexplored. Here, we demonstrate that unilateral silencing of the non-whisker S1 area in both
male and female mice disrupts hind paw movement during locomotion on a rotarod and a runway. S2 and M1 provide major
long-range inputs to this S1 area. Silencing S2finon-whisker S1 projections alters the hind paw orientation during locomo-
tion, whereas manipulation of the M1 projection has little effect. Using patch-clamp recordings in brain slices from male and
female mice, we show that S2 projection preferentially innervates inhibitory interneuron subtypes. We conclude that inter-
neuron-mediated S2–S1 corticocortical interactions are critical for efficient locomotion.
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Significance Statement

Somatosensory cortex participates in controlling rhythmic movements, such as whisking and walking, but the neural circuitry
underlying movement control by somatosensory cortex remains relatively unexplored. We uncover a corticocortical circuit in
primary somatosensory cortex that regulates paw orientation during locomotion in mice. We identify neuronal elements that
comprise these cortical pathways using pharmacology, behavioral assays, and circuit-mapping methods.

Introduction
The control of movement relies on a complex neural process
involving multiple motor and sensory areas in the brain. The pri-
mary somatosensory cortex (S1) represents and processes self-
generated (reafferent) and extrinsic (exafferent) inputs (Kaas et
al., 1979; Chapin and Lin, 1984; O’Connor et al., 2013; Kim et al.,
2015), thus playing a pivotal role in the control of movement
and motor learning (Pavlides et al., 1993; Vidoni et al., 2010;
Mathis et al., 2017; Karadimas et al., 2020). Abnormal processing
of somatosensory information by S1 may lead to the motor defi-
cits seen in neurologic conditions typically classified as

movement disorders (Tamura et al., 2009; Konczak et al., 2012).
However, the neural circuitry underlying movement control by
S1 remains relatively unexplored.

Mouse S1 consists of at least four distinct subregions that
function as specialized somatosensory modules: the orofacio-
pharyngeal, upper limb, lower limb/trunk, and whisker mod-
ules (Zingg et al., 2014). Each module forms a somatic
sensorimotor subnetwork with subregions of the primary
motor cortex (M1) and secondary somatosensory cortex (S2)
via topographically arranged, reciprocal connections (Zingg
et al., 2014). The whisker cortical sensorimotor subnetwork,
including the S1 whisker area (wS1), has been extensively
characterized in terms of anatomy, synaptic connectivity,
and function (Aronoff et al., 2010; Mao et al., 2011; Petreanu
et al., 2012; Xu et al., 2012; Chen et al., 2013; Lee et al., 2013;
Zagha et al., 2013; Clancy et al., 2015; Petrof et al., 2015; Zuo
et al., 2015; Kinnischtzke et al., 2016; Kwon et al., 2016;
Yamashita and Petersen, 2016; Zhang and Bruno, 2019;
Naskar et al., 2021). Interactions between wS1 and other corti-
cal areas, such as M1 and S2, are important for initiating whisk-
ing and active sensing during whisking (Petreanu et al., 2012; Xu
et al., 2012; Lee et al., 2013; Zagha et al., 2013; Sreenivasan et al.,
2016). These corticocortical interactions also underlie tactile
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perception (Chen et al., 2013; Zuo et al., 2015; Kwon et al., 2016;
Yamashita and Petersen, 2016) and obstacle avoidance during
locomotion (Warren et al., 2021).

Although coordinated movement must depend on inputs
beyond whiskers, sensorimotor subnetworks beyond wS1 remain
poorly characterized. Accumulating evidence suggests that S1 is
involved in regulating locomotion. Changes in S1 neuronal activ-
ity correlate with locomotor output in primates (Fitzsimmons et
al., 2009), cats (Favorov et al., 2015), and rodents (Chapin and
Woodward, 1982a). More recently, a direct role for S1 in loco-
motion has been demonstrated (Karadimas et al., 2020).
However, the specific aspects of locomotion that require func-
tional S1 remain unclear. For example, cortical inputs to
non-whisker S1 areas, including the limb/trunk subregion, may
control rhythmic movement, such as locomotion. The synaptic
connectivity of different cortical inputs, and whether they serve
distinct functions during locomotion, is unknown.

Here, we test the role(s) of mouse S1 and its long-range corti-
cal inputs in locomotion and characterize their connectivity. We
focus on the anteromedially located non-whisker subregion of S1
(nwS1), which corresponds to limb/trunk and dysgranular areas
(Paxinos and Franklin, 2012). Using simple motor behavior
assays and a pharmacological approach, we demonstrate that
nwS1 activity is critical for maintaining hind paw orientation
during locomotion. We identify S2 and M1 as major sources of
cortical input to nwS1. Silencing the S2!nwS1 pathway with in-
hibitory designer receptor exclusively activated by designer drugs
(DREADDs) disrupts locomotion, but silencing the M1!nwS1
pathway has little effect. Using ex vivo patch-clamp recording,
we map the synaptic connectivity of long-range projections from
S2 and M1 to nwS1. The S2!nwS1 pathway preferentially tar-
gets parvalbumin (PV) and somatostatin (SST)-expressing inhib-
itory interneurons, whereas the M1!nwS1 pathway connects to
all neuronal subtypes. These results suggest that nwS1 and S2
coordinate paw movement during locomotion by engaging local
inhibitory interneurons in nwS1.

Materials and Methods
Animals. All animal procedures conformed to National Instituters of

Health standards and were approved by the Institutional Animal Care &
Use Committee at the University of Michigan. We report data from off-
spring of B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J mice (The Jackson
Laboratory, 007909) crossed to either B6;129P2-Pvalbtm1(cre)Arbr/J (The
Jackson Laboratory, 017320), B6J.Cg-Viptm1(cre)Zjh/J (The Jackson
Laboratory, 031628), or B6N.Cg-Ssttm2.1(cre)Zjh/J mice (The Jackson
Laboratory, 018973) on a mixed background. Mice were housed in a vi-
varium with a light–dark cycle of 12 h for each phase, and were 8-
12weeks of age at the start of experiments. Both sexes were used in all
experiments. For behavioral testing, mice were matched by age and body
weight.

Stereotaxic injection. Mice were anesthetized with 1% isoflurane and
mounted in a stereotaxic apparatus (David Kopf Instruments). Body tem-
perature was maintained with a thermal blanket (Harvard Apparatus).
The skull was exposed by a small incision on the scalp, cleaned with sterile
saline, and scored with a dental drill. For the mice used in the nwS1 silenc-
ing experiment, we attached a metal head-plate to the exposed skull using
superglue (Krazy Glue) to allow for a seamless access to the craniotomy
during sequential injections of saline and muscimol in the same mouse.
For other experiments, the incision was closed using glue (Vet Bond, 3M)
after stereotaxic injection. Before injection, a craniotomy (;200mmdiam-
eter) was made by removing a small piece of the thinned bone with a
tungsten needle. A borosilicate pipette was beveled (30-50mm internal di-
ameter) and front-loaded with injection fluid. Injections were adminis-
tered unilaterally via a craniotomy over the left hemisphere at a speed of

1 nl/s using the pipette mounted on an oil-based hydraulic micromanipu-
lator (Narishige).

Rotarod assay. To assess motor coordination, we used the accelerat-
ing rotarod assay (Jones and Roberts, 1968). Mice performed two testing
sessions separated by a 3 h interval. Each testing session consisted of
three trials, resulting in six trials per day for a given mouse. Mice were
placed on the rotarod, and the speed was increased from 0 to 40.2 rpm
over 300 s. Mice were rested for 5min between trials in each session. For
each trial, time spent on the rod was recorded. Trials were stopped when
the mouse either fell off the rod or clung to the rod for three consecutive
turns. The experimenter was blind to treatment conditions, except when
the effects of different treatments were compared in the same mouse.

Locomotion assay. Mice were water-restricted for 1week (1 ml per
day) and trained to walk on the custom-built transparent runway (three
sessions, 1 session/day) by providing water in a dish hung at the end of
the runway. The transparent runway was 40 cm long, 10 cm wide, and
7.5 cm tall and elevated 30 cm from the floor. A training session con-
sisted of five “runs” on the runway. At the end of each run, mice were
allowed to drink up to 0.2 ml of water from the dish, which was refilled
manually by the experimenter. Mice typically walked straight to the dish
after training for 3 consecutive days. On the fourth day, all mice were
subjected to two test sessions (five runs per session) on the runway. The
first test session was preceded by a saline injection, and the second ses-
sion by a muscimol injection. For each run, 0.1 ml of water was provided
so that the total consumption remained the same as the training day
(1 ml). Paw movements were recorded at 120Hz with two GoPro cam-
eras placed 25 cm from the right panel and 20 cm from the rear end of
the runway.

nwS1 silencing experiments. After recovery from the head-plate sur-
gery (7-10 d), mice were water-restricted for 1week (1 ml per day) and
trained to walk on the custom-built transparent runway (3 d) by placing
water at the end of the runway. Each mouse received a saline injection
and a muscimol injection. nwS1 (7 mice; 0.7 mm posterior, 2.5 mm lat-
eral from bregma) or wS1 (2 mice; 0.7 mm posterior, 3.7 mm lateral
from bregma) was stereotaxically injected with 70 nl saline under anes-
thesia with 1% isoflurane. Injections occurred at three different depths
(200, 400, 600mm) from the pial surface. The craniotomy was sealed
with silicone sealant (KwikCast) following saline injection, and covered
with a thin layer of dental cement. Rotarod and locomotion assays were
conducted after recovery from anesthesia (1 h). Next, a fluorescently la-
beled muscimol-BODIPY conjugate (Hello Bio) was prepared in sterile
saline solution (1mg/ml) and 70 nl injected into nwS1 or wS1 at three
different depths (200, 400, 600mm) from the pial surface through the
same hole used for saline injection. Mice were anesthetized with 1% iso-
flurane during this process. Following muscimol injection, the injection
site was sealed using dental cement. Rotarod and locomotion assays
were conducted after recovery from anesthesia. Mice were killed after
experiments, and BODIPY fluorescence was examined.

Grid shock test. Mice were placed in an acrylic chamber equipped
with a stainless-steel grid floor through which electric shock could be
delivered (MazeEngineers). The shock generator delivered an output
current pulse (2 s) starting at 0mA every 20 s and increasing with
0.1mA up to a maximal 0.5mA using a software provided by the manu-
facturer. Shock sensitivity threshold was determined as the current that
elicited jump.

Retrograde labeling experiments. Brain regions that project to nwS1
and wS1 were specifically analyzed using retrograde labeling. nwS1 was
stereotaxically injected with 80-100 nl cholera toxin subunit B (CTB)
conjugated to AlexaFluor-488 (CTB-488, Invitrogen), and wS1 with
CTB-AlexaFluor-555 (CTB-555, Invitrogen) using a beveled borosilicate
pipette (30-50mm internal diameter) mounted on an oil-based hydraulic
micromanipulator (Narishige) as described above. The craniotomy was
sealed with dental cement before closing the surgical site with glue. After
3weeks, mice were perfused transcardially with ice-cold 0.9% sterile sa-
line followed by 10% neutral-buffered formalin. Brains were embedded
in agarose and fixed overnight (10-12 h) in 10% neutral-buffered forma-
lin before coronal sectioning (80-100mm). After washing in PBS, brain
sections were mounted on glass slides in DAPI-containing mounting
medium (H-1200, Vector Laboratories). Images of processed tissues
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were acquired using a confocal microscope (Nikon A1) and analyzed
using ImageJ. Distinct zones showing fluorescent labeling were selected
as ROIs. Background fluorescence was determined by averaging inten-
sity values over regions adjacent to the ROI. The background value was
subtracted from the average fluorescence intensity of each ROI. Each
ROI was assigned to a brain area according to the mouse brain atlas
(Paxinos and Franklin, 2012). The background-adjusted fluorescence in-
tensity was summed over each ROI and across brain sections to estimate
the strength of retrograde labeling. Cortical and thalamic areas were ana-
lyzed separately. The sum of background-adjusted fluorescence signal in
each brain area was divided by the grand sum of all areas in cortex or
thalamus. Colocalization was quantified as Manders’ coefficients using
ImageJ after setting a background threshold in the green and red chan-
nels separately.

DREADD experiments. For pathway-specific inactivation, AAV9-
hSyn-DIO-hM4D(Gi)-mCherry (titer 2.5� 1013 GC/ml, Addgene
44362) and retrograde AAV encoding Cre recombinase (retroAAV-
hSyn-HI-eGFP-Cre (titer 1.17� 1013 GC/ml, Addgene 105540) were
stereotaxically injected into S2 or M1 and nwS1, respectively (coordi-
nates from bregma: S2, 1.2 mm posterior, 5.5 mm lateral; M1 1.0 mm
anterior, 1.0 mm lateral). For cell type-specific inactivation, AAV9-
hSyn-DIO-hM4D(Gi)-mCherry was injected into nwS1 of PV-Cre or
SST-IRES-Cre mice. Injection was targeted to three different depths at
200, 400, and 600mm from the pial surface (50-100 nl at each depth)
using a beveled borosilicate pipette (30-50mm internal diameter)
mounted on an oil-based hydraulic micromanipulator (Narishige) as
described above. The craniotomy was sealed with dental cement before
closing the surgical site with glue. Three weeks after surgery, mice
received an intraperitoneal injection of a water-soluble version of cloza-
pine N-oxide (CNO-2HCl, 4.13mg/kg, Tocris Bioscience) or saline and
underwent behavioral testing 1 h later. We accustomed mice to injec-
tions by handling them and giving mock injections for 2 d before testing
the effect of CNO or saline injection on locomotion. Mice were eutha-
nized after experiments, and hM4Di expression was examined using
mCherry signal.

Neuronal ablation. Diphtheria toxin receptor (DTR) was expressed
in nwS1 by stereotaxic injection of AAV1-Flex-DTR-IRES-GFP (titer
2.93� 1013 GC/ml, UM vector core) into PV-Cre; td-Tomatofl/1 mice
(coordinates from bregma: posterior, 0.7 mm; lateral, 2.5 mm). The plasmid
for AAV1-Flex-DTR-IRES-GFP was a generous gift from Eiman Azim
(Salk). Injection was targeted to three different depths at 200, 400, and
600mm from the pial surface (40 nl per depth) using a beveled borosilicate
pipette (30-50mm internal diameter) mounted on an oil-based hydraulic
micromanipulator (Narishige) as described above. At least 2weeks after
surgery, mice received one intraperitoneal injection of diphtheria toxin
(DTX, diluted to 20ng/ml with saline, 30ng/g) or saline on 2 consecutive
days. Mice were subjected to the rotarod test after 7d following DTX/saline
injection. Mice were then killed, and the loss of PV neurons was examined
by comparing tdTomato signal between the two hemispheres.

Ex vivo axonal fluorescence imaging and optogenetic stimulation.
AAV5-CamKIIa-hChR2 (H134R)-EYFP (titer: 1.5� 1013 GC/ml,
Addgene, 26969) was stereotaxically injected into S2 or M1 in mice
4-6 weeks of age. Injection was targeted to three different depths at
200, 400, and 600mm from the pial surface (50-100 nl at each
depth) using a beveled borosilicate pipette (30-50mm internal di-
ameter) mounted on an oil-based hydraulic micromanipulator
(Narishige) as described above. After 2-4 weeks, mice underwent
acute transcardial perfusion with ice-cold, aerated dissection solu-
tion. Acute coronal slices (300mm thick) containing nwS1 and the
S1 barrel field were prepared in a semi-frozen 300 mOsm dissec-
tion solution containing the following (in mM): 93 choline chlo-
ride, 2.5 KCl, 1.25 Na2H2PO4, 30 NaHCO3, 25 D-glucose, 20
HEPES, 3 Na pyruvate, 5 Na ascorbate, 10 MgCl2, and 0.5 CaCl2.
Final osmolarity was adjusted with sucrose to 300-310 mOsm. The
solution was continually perfused with 95% O2 and 5% CO2 before
and during the slicing procedure. Slices were transferred to fresh
dissection solution, warmed to 32°C to recover for 15 min, then
transferred to 300-310 mOsm normal ACSF containing the follow-
ing (in mM): 125 NaCl, 2.5 KCl, 1.25 Na2H2PO4, 25 NaHCO3, 10 D-

glucose, 1 kynurenate, 4 MgCl2, and 4 CaCl2, to recover at room tempera-
ture for at least 60min before recording. eYFP and tdTomato signals were
visualized using 470 and 565nm LEDs, respectively (CoolLED), delivered
through a 40� upright microscope objective (Olympus). Fluorescence
was detected using a CCD camera and visualized using Ocular software
(Scientifica). To analyze spatial distribution of axonal fluorescence in
nwS1 of brain slices expressing Channelrhodopsin-2 (ChR2), a 250mm �
800mm ROI was manually selected. The ROI was selected based on the
fluorescence distribution along the axis perpendicular to the pial surface.
Fluorescence intensity was extracted using Plot Profile function of ImageJ.
For photostimulation, blue light was delivered to the brain slice through a
470nm LED (pE-100, CoolLED) coupled to 40 � upright microscope
objective (Olympus). The light density was estimated to be ;3.82 mW/
mm2 at the level of the specimen. Each sweep consisted of two 5ms pulses
with a 200ms interpulse interval, and each cell received five sweeps with a
45 s intersweep interval.

Electrophysiology. Neurons were visualized with infrared-DIC optics.
Whole-cell voltage-clamp recordings were conducted using glass micro-
electrodes (borosilicate glass, pipette resistance 4-6 MX). Signals were
acquired using the Multiclamp 700B amplifier (Molecular Devices) and
pClamp 10.7, and digitized with Digidata 1550B. Signals were sampled
at 10 kHz, low-pass filtered to 2.5 kHz, and analyzed using Graphpad
Prism software. Inhibitory interneuron subtypes were identified by
tdTomato expression and pyramidal neurons by their morphology and
lack of tdTomato fluorescence marker. The laminar location of neurons
was determined by distance from the pia. Extracellular normal ACSF so-
lution (described above) was continually aerated with 95% O2 and 5%
CO2 and recirculated throughout recording. Temperature was con-
stantly monitored and kept at 32°C by an inline feedback-controlled
heater. Unless stated otherwise, electrophysiological experiments were
performed in voltage-clamp mode at�60 mV using an internal solution
containing the following (in mM): 120 K-gluconate, 5 NaCl, 10 HEPES,
1.1 EGTA, 4 MgATP, 0.4 Na2GTP, 15 phosphocreatine, 2 MgCl2, 0.1
CaCl2, at 290-295 mOsm. Alexa-488 (Invitrogen) was mixed into the in-
tracellular solution and used to visualize the morphology of recorded
neurons. TTX (1 mM) and 4-AP (100 mM) were added to ACSF unless
mentioned otherwise. We excluded recordings with a series resistance of
.25 MX at the beginning or .30 MX at the end of the recording. All
data were acquired and analyzed using custom Clampex software.

Electrophysiology: controlling for hChR2 expression variability. We
used a camera attached to the electrophysiology rig to acquire an image
of hChR2-EYFP fluorescence at the recording site in nwS1. EYFP fluo-
rescence at the recording site was normalized to autofluorescence (Fig. 1,
inset), and this ratio was used as a proxy for ChR2 expression in each

Figure 1. The level of hChR2-eYFP expression in long-range cortical projections is linearly
related to light-evoked synaptic currents in ECs of the target area. EYFP fluorescence (F) at
the recording site was normalized to autofluorescence (F0) and plotted against the average
eEPSC of ECs in each slice for all experiments (R= 0.80, p, 0.001; 23 slices). The mean am-
plitude of eEPSC of ECs in each slice has a strong positive linear relationship with hChR2-
EYFP fluorescence (R= 0.80, p, 0.001). The line of best fit (solid blue) and 95% CI (dashed
blue) are indicated.
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slice. We found that the mean amplitude of excitatory postsynaptic cur-
rents (eEPSCs) of excitatory cells (ECs) in each slice had a strong positive
linear relationship with hChR2-EYFP fluorescence (R=0.80, p, 0.001;
Fig. 1). To test whether this relationship is linear regardless of the injec-
tion site, we compared R values in recordings obtained from slices after
S2- or M1-targeted injection. Comparisons of EYFP fluorescence or EC
eEPSC amplitude revealed no statistical difference between S2 and M1
experiments (Mann–Whitney test, p. 0.1 for each comparison). The
amplitude of EC eEPSCs strongly correlated with hChR2-EYFP expres-
sion regardless of the injection site (S2: R=0.75; M1: R=0.84).
Therefore, eEPSC amplitude in ECs can be used to normalize variable
ChR2 expression when synaptic strengths are compared across different
inhibitory subtypes, a standard practice in the field. We determined the
line of best fit and the 95% CI that describes the relationship between
eEPSC amplitude and ChR2 expression. To compare eEPSC amplitudes
across different neuronal subtypes after adjusting for variability in
hChR2 expression, we asked whether the eEPSC amplitude values of
each subtype are significantly above or below 95% CI of this linear
model.

Statistics. The data were analyzed using MATLAB, Prism software,
and ImageJ. For the rotarod data, the latency-to-fall values of individual
mice are reported as means and SEMs. Rotarod performance was com-
pared between groups by using a paired or unpaired t test depending on
whether a treatment was made in the same or different animals. Hind
paw angles are reported as mean and SEM, and compared between mice
that received saline and those that received muscimol or CNO using a
paired t test. eEPSC amplitudes of individual pairs of inhibitory and
excitatory neurons are reported as means and SEMs. The Mann–
Whitney test was used to compute the statistical significance of different
eEPSC amplitudes among different neuronal subtypes. The degree to
which S2 or M1 input was biased toward an inhibitory neuron over the
nearby excitatory neuron was quantified by calculating input bias for
each pair using the following formula: (difference in eEPSC amplitudes
of inhibitory and nearby excitatory neurons)/(sum of eEPSC amplitudes
of inhibitory and nearby excitatory neurons). The Wilcoxon signed-rank
test was used to test the null hypothesis that the mean input bias is zero.
For all statistical tests, we used a significance criterion of p, 0.05.
Probability values, 0.001 are described as p, 0.001. We did not use
statistical methods to predetermine sample sizes, but our sample sizes
are consistent with those reported in the field. All statistical tests were
two-sided. Effect size is reported as a Hedges’ g value.

Data and code availability. The datasets generated in this study and
the code used for their analysis are available from the corresponding
author on request.

Results
Silencing nwS1 disrupts hind paw movement during
locomotion
S1 stimulation is known to be sufficient to induce rhythmic
movements like whisker retraction and to increase the velocity of
locomotion in mice (Matyas et al., 2010; Karadimas et al., 2020).
A recent study demonstrated that silencing S1 leads to a
decreased number of locomotion bouts in open field tests, indi-
cating that S1 plays an important role in locomotion (Karadimas
et al., 2020). However, specific aspects of locomotion disrupted
by S1 perturbation were not characterized. If S1 is important for
encoding somatosensory and/or proprioceptive feedback during
locomotion, as suggested by previous studies in rodents (Chapin
and Woodward, 1982b), then silencing nwS1 is expected to de-
grade precise paw placement during walking, thereby disrupting
efficient locomotion (Akay et al., 2014). We tested this possibility
using the accelerating rotarod and runway locomotion assays.

nwS1 was specifically silenced by stereotactic injection of the
BODIPY-conjugated muscimol, a GABAA receptor agonist. Post
hoc histology revealed that the muscimol injection sites were
located around the following bregma coordinates: lateral,

2.036 0.145 mm; posterior, 0.836 0.135 mm; these include the
S1 hindlimb, shoulder, and dysgranular areas. The injected sites
did not overlap with whisker S1 or nearby M1 areas (Fig. 2A)
(Paxinos and Franklin, 2012). Each mouse received a sham injec-
tion with saline solution and performed the rotarod test.
BODIPY-muscimol was injected into nwS1 (7 mice) or whisker
S1 (2 mice), and performance was assessed again. Hind paw
movements during the rotarod test were recorded using a camera
(30Hz) (Fig. 2B,C). Muscimol injection into nwS1 impaired
rotarod performance and led to a significantly shorter latency-
to-fall time compared with saline injection in the same mice (S,
saline: 1076 7.01 s; M, muscimol: 61.46 7.26 s; 7 mice;
t(6) = 5.11, p=0.0022, g = 2.40, paired t test; Fig. 2D). This effect
was specific to nwS1; muscimol injection into wS1 had little
effect on rotarod performance (saline: 1156 23.3 s; muscimol:
1366 12.0 s; 2 mice; Fig. 2D).

We noticed that the corrective step of the right hind paw was
severely impaired following the muscimol injection into left
nwS1 (Fig. 2B,C). To quantify the deficit in paw movement, we
measured the distance traveled by the right hind paw from the
apex of the rotating rod before the corrective step occurred (Cao
et al., 2015). Compared with the saline injection in the same
mouse, muscimol injection into nwS1 significantly increased the
apex-to-paw distance such that mice rarely initiated the correc-
tive step before the paw slipped off the rod (saline: 2.286
0.136 cm; muscimol: 3.686 0.181 cm; 7 mice; t(6) = 8.76, p,
0.001, g = 3.30, paired t test; Fig. 2E). Therefore, it took a larger
displacement of the right hind paw along the rotating rod before
the animal initiated the corrective step to maintain balance. In
contrast, silencing wS1 had little effect (saline: 2.436 0.197 cm;
muscimol: 1.826 0.331 cm; 2 mice). The delayed corrective step
may be caused by impairments in representing somatosensory
input, such as the paw/hip position, in generating a motor com-
mand for the step or in using somatosensory information to
guide the step. To gain insight into the nature of the deficit
caused by S1 inactivation, we compared the speed of corrective
step before and after nwS1 silencing in the same mouse to test
whether the motor command is affected. The average speed of
corrective step was not significantly different between saline and
muscimol treatments in the same mouse (saline: 26.46
1.130 cm/s; muscimol: 27.36 1.241 cm/s; 7 mice; t(6) = 2.18, p=
0.072, g = 0.28, paired t test; Fig. 2F). Therefore, while the correc-
tive step was initiated at a position further away from the apex af-
ter nwS1 silencing, the movement itself was normal once it was
initiated. Our results therefore suggest that nwS1 is specifically
and critically involved in sensing the paw/hip position during
locomotion on the rotarod, building on a classic study in spinal
cats (Grillner and Rossignol, 1978).

We also tested whether nwS1 is important for over-ground
locomotion in a separate group of mice. Water-restricted mice
were trained to walk on a transparent runway to collect water (Fig.
2G). After three daily training sessions, all the mice went straight
to the water when placed on the runway. On the fourth day, mice
received a saline injection into nwS1, and their performance was
tested on the runway. Each mouse performed five trials and was
allowed to collect up to 0.1 ml of water per trial. After resting for 1
h, the same mouse then received a unilateral injection of
BODIPY-conjugated muscimol into the left nwS1 and was tested
on the runway again. Paw movements during locomotion were
recorded using cameras placed at two different angles to acquire
rear and side views (120Hz). Hind paw positions were extracted
from the recorded movies using the machine learning-based plat-
form DeepLabCut (Mathis et al., 2018). We matched the rear and

Chang et al. · S1 and Cortical Projections Regulate Locomotion J. Neurosci., January 5, 2022 • 42(1):44–57 • 47



side view images frame by frame to iden-
tify the onset of swing phase in each
stride during locomotion. The angle of
the contralateral (right) hind paw at the
onset of the swing phase was significantly
greater after nwS1 silencing with musci-
mol (saline: 22.95 6 1.10°; muscimol:
30.43 6 2.34°, n=9 mice; t(8) =3.45,
p=0.009, g=1.36, paired t test; Fig. 2H,I;
Movie 1). In contrast, the ipsilateral (left)
hind paw angle was unaffected by nwS1
inactivation (saline: 21.776 1.35°; musci-
mol: 21.62 6 1.24°; n=9 mice;
t(8) =0.348, p=0.737, g=0.04, paired t
test) (Fig. 2J). Silencing nwS1 disrupted
the trajectory of locomotion such that the
body tended to tilt toward the left during
walking. This demonstrates that nwS1
inactivation disrupts the orientation of
paw movements during locomotion. In
contrast, the locomotion speed was not
affected by nwS1 silencing (saline:
25.276 3.62 cm/s; muscimol:
24.386 3.39 cm/s; t(8)=0.502, p=0.631,
g=0.09, paired t test), indicating that gross
locomotion was not altered.

nwS1 inactivation could have a
broad impact on limb kinematics dur-
ing locomotion in addition to the
altered paw orientation. To test this
possibility, we measured average stride
length and paw height for right forepaw
and right hind paw using side-view
images (Fig. 2K). Stride length was
measured as the distance between two
successive placements of the right fore-
paw. Paw height was measured as the
vertical distance between the paw at the
highest position during a stride and the
runway floor. We did not observe sig-
nificant difference in the stride length
(saline: 9.116 0.67 cm; muscimol:
8.736 0.59; n= 8 mice; t(7) = 2.15,
p=0.069, g = 0.217, paired t test) or
paw height (saline: 0.696 0.04 cm;
muscimol: 0.726 0.07; n=8 mice; t(7) =
0.554, p=0.597, g = 0.181, paired t test)

Figure 2. Silencing nwS1 disrupts movements of the hind paw during locomotion. A, Representative image of a coronal brain
section showing muscimol injection localized to nwS1. DZ, Dysgranular zone; Sh, shoulder area; HL, hindlimb area; M2, secondary
motor cortex. B, C, Hind paw placement during the rotarod performance after (B) saline (S) or (C) muscimol (M) injection into
nwS1. The distance from the right hind paw of the mouse to the apex of the rod (white arrow) at the initiation of the corrective
step was measured. After muscimol injection, the paw frequently slipped off the rod (C). D, Average rotarod performance of mice
measured as the latency-to-fall before and after muscimol inactivation of nwS1 or wS1. Each mouse performed a set of three tri-
als after saline injection and another set of three trials after muscimol injection with a 3 h break in between. The latency-to-fall
was averaged across three trials for each condition. Mean 6 SEM for nwS1 injection: saline, 1076 7.00 s (7 mice); muscimol,
61.46 7.26 s (7 mice). **p= 0.0022 (paired t test). Mean6 SEM for wS1 injection: saline, 1156 23.3 s (2 mice); muscimol,
1366 12.0 s (2 mice). E, Average paw position at the time of initiation of the corrective step before and after muscimol inactiva-
tion of nwS1 or wS1. Mean6 SEM for nwS1 injection: saline, 2.286 0.136 cm (7 mice); muscimol, 3.686 0.181 cm (7 mice).
***p, 0.001 (paired t test). Mean6 SEM for wS1 injection: saline, 2.166 0.124 cm (2 mice); muscimol, 1.626 0.294 cm (2
mice). F, Average speed of the corrective step before and after muscimol inactivation of nwS1. Mean6 SEM for nwS1 injection:
saline, 26.46 1.130 cm/s (7 mice); muscimol, 27.36 1.241 cm/s (7 mice); p= 0.072, paired t test. G, Experimental setup for
the locomotion assay. Mice were water-restricted and trained to walk on the transparent runway to drink water from a dish
hung at the end of the runway. H, Rear view images of a mouse with saline or muscimol injection into nwS1. Example labels
used for DeepLabCut analysis of a movie showing a mouse walking on the runway. Dark blue represents left hind paw. Red rep-
resents right hind paw. Light blue represents left knee. Orange represents right knee. Jade represents bottom of tail. Hind paw
angle was measured between the vertical axis (solid red) and the midline along the length of the hind paw (dashed red). Right
(I) and left (J) hind paw angles in mice after injection of saline or muscimol into nwS1. Each data point represents an average of
the hind paw angles during multiple strides observed in a single mouse. I, Saline: 22.95 6 1.10°; muscimol: 30.43 6 2.34°;
n= 9 mice. **p= 0.009 (paired t test). J, Saline: 21.77 6 1.35°; muscimol: 21.62 6 1.24°; p= 0.737, n= 9 mice, p= 0.737,
paired t test. K, Side view images of forepaws during a stride on the runway. Example labels used for DeepLabCut analysis of a

/

movie showing a mouse walking on the runway. Dark
blue represents left forepaw. Light blue represents right
forepaw. L, M, Forepaw stride length (L) and height (M) in
mice after injection of saline or muscimol into nwS1. Each
data point represents an average of the stride length or
height measured during multiple strides observed in a single
mouse. L, Saline: 9.116 0.67 cm; muscimol: 8.736 0.59
cm; n=8 mice, p=0.069, paired t test. M, Saline:
0.696 0.04 cm; muscimol: 0.726 0.07 cm; n=8 mice,
p=0.597, paired t test. N, O, Hind paw stride length (N)
and height (O). N, Saline: 9.086 0.59 cm; muscimol:
9.026 0.53 cm; n=8 mice, p=0.763, paired t test. O,
Saline: 0.856 0.05 cm; muscimol: 0.836 0.05 cm; n=8
mice, p=0.654, paired t test.
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(Fig. 2L,M). Right hind paw also did not show significant differ-
ences in the stride length (saline: 9.086 0.59 cm; muscimol:
9.026 0.53 cm; n=8 mice; t(7) = 0.313, p=0.763, g = 0.026,
paired t test) or paw height (saline: 0.856 0.05 cm; muscimol:
0.836 0.05 cm; n=8 mice; t(7) = 0.468, p=0.654, g = 0.157,
paired t test) (Fig. 2N,O). Therefore, nwS1 inactivation primarily
impacts the contralateral hind paw orientation rather than result-
ing in broadly impaired paw movement. A comprehensive analy-
sis of paw kinematics is needed to exclude possible effects on
forepaws.

Impaired locomotion can result from changes in pain percep-
tion during nwS1 inactivation (Favorov et al., 2019). To test this
possibility, we compared sensitivity to mild electric shock before
and after muscimol injection into nwS1. Mice were placed in a
chamber equipped with a shock grid. The shock threshold was
defined as the lowest current required to elicit jump behavior.
We saw a slight increase in average shock threshold after musci-
mol injection into nwS1 compared with saline injection into the
same mouse. The observed change was not statistically signifi-
cant (saline: 0.246 0.024 mA; muscimol: 0.306 0.055 mA; n= 5
mice; t(4) = 1.50, p=0.208, g = 0.632, paired t test). Based on these
results, we conclude that nwS1 inactivation specifically disrupts
hind paw orientation during over-ground locomotion.

Identification of cortical regions that project to nwS1
S1 is reciprocally connected with other cortical areas, including
M1, S2, and the posterior parietal cortex, which together form
a cortical sensorimotor subnetwork (Zingg et al., 2014).
Thalamocortical pathways, through which S1 receives sensory
information ascending from periphery, are relatively well
documented (O’Connor et al., 2021). However, the role of cor-
ticocortical connections in the regulation of locomotion
remains unclear. Long-range cortical connections from M1
and S2 are thought to be topographically organized such that
different subregions in S1 receive nonoverlapping cortical
inputs (Zingg et al., 2014; Minamisawa et al., 2018). However,
cortical connections to subregions, such as wS1 and nwS1,
have rarely been compared in the same mouse brain and
whether cortical inputs into nwS1 and wS1 are distinct was
unclear. To address this issue, we injected the retrograde ana-
tomic tracer CTB-Alexa-488 into nwS1 using stereotaxic coor-
dinates taken from bregma (0.7 mm posterior, 2.5 mm lateral;
n = 3 mice). In a subset of these mice, CTB-Alexa-555 was also
injected into the wS1 (0.7 mm posterior, 3.7 mm lateral; n = 2
mice) (Fig. 3A). Retrogradely labeled nwS1-projecting

Movie 1. Unilateral inactivation of the nwS1 alters the contralateral hind paw movement
during locomotion (related to Fig. 2). [View online]

Figure 3. Tracing long-range anatomic inputs to nwS1. A, Injection paradigm. CTB conju-
gated with AlexaFluor-488 (CTB-488) was injected into nwS1 (coordinates from bregma: pos-
terior, 0.7 mm; lateral, 2.5 mm). CTB conjugated with AlexaFluor-555 (CTB-555) was injected
into wS1 (posterior, 0.7 mm; lateral, 3.7 mm). B, Representative images showing laminar
distribution of labeling within S2 and M1 in coronal sections of mouse brains after retrograde
tracer injections into nwS1 and wS1. AuD, Dorsal auditory cortex; M2, secondary motor cor-
tex; Ect, ectorhinal cortex; Po, posteromedial nucleus; PPC, posterior parietal cortex; VPL, ven-
tral posterolateral nucleus; VPM, ventral posteromedial nucleus. C, Quantification of
retrograde labeling based on the fraction of total fluorescence signal in cortical and thalamic
(inset) areas. Mean6 SEM from n= 3 mice (nwS1; black) and n= 2 mice (wS1; gray). cS1,
Contralateral S1; Per, perirhinal cortex.

Chang et al. · S1 and Cortical Projections Regulate Locomotion J. Neurosci., January 5, 2022 • 42(1):44–57 • 49

https://doi.org/10.1523/JNEUROSCI.0994-21.2021.video.1


neurons were distributed in several different cortical and tha-
lamic areas. Fluorescent signals in S2/ventral auditory area
(AuV) were combined, as were ectorhinal cortex (Ect)/tempo-
ral association area (TeA), since there is no obvious anatomic
border between these regions (Zingg et al., 2014). Cortical
regions S2/AuV and M1 resulted in prominent labeling of
nwS1-projecting neurons (Fig. 3B,C), consistent with previous
studies in rats and squirrels (Cooke et al., 2012; Kim and Lee,
2013). Posterior parietal cortex, contralateral S1, Ect/TeA, sec-
ondary motor cortex, dorsal auditory area, and perirhinal cor-
tex also contained nwS1-projecting neurons in decreasing
order (Fig. 3C). In thalamus, ventral posterolateral (VPL) and
posteromedial (Po) nuclei showed strong labeling of nwS1-
projecting neurons. Neurons projecting to wS1 were located
in S2/AuV, M1, and Ect/TeA (Fig. 3B,C). Among thalamic
nuclei, ventral posteromedial (VPM) nucleus and Po, showed promi-
nent labeling of wS1 projection neurons. To test whether nwS1- and
wS1-projecting neurons form distinct groups, we quantified colocali-
zation of Alexa-488 and Alexa-555 in the coinjected mice (n=2
mice) using Mander’s colocalization coefficients (MCC). Two MCC
values were calculated for cortex and thalamus separately in each
mouse; MCC1, the fraction of red fluorescence (Alexa-555; wS1
injection) in compartments containing green fluorescence (Alexa-
488; nwS1 injection) and MCC2, the fraction of green in compart-
ments containing red. In cortical areas excluding injection sites,
MCC1 and MCC2 were 0.0876 0.069 and 0.0436 0.044 (mean 6
SD; n=2 mice). In thalamus, MCC1 and MCC2 were 0.0066 0.008
and 0.0106 0.010 (mean6 SD; n=2mice). The low degree of over-
lap between wS1- and nwS1-projecting subregions was not because
of difference in efficiency of retrograde labeling since coinjection of a
mixture containing the two tracers into wS1 resulted in a high degree
of overlap in both cortex and thalamus (cortex: MCC1=0.559,
MCC2=0.672; thalamus: MCC1=0.671, MCC2=0.791; n=1
mouse). Therefore, despite their proximity, nwS1 and wS1 receive
distinct long-range cortical inputs and participate in distinct sensori-
motor subnetworks.

Previous work suggests that S2 and M1 are reciprocally con-
nected with nwS1 and form a lower limb/trunk sensorimotor
subnetwork that is anatomically distinct from the whisker sub-
network (Zingg et al., 2014). We therefore asked whether S2 and
M1 provide inputs to nwS1 and form distinct streams of infor-
mation by characterizing their projection patterns in nwS1. To
compare distributions of S2 and M1 axons in nwS1, we per-
formed anterograde tracing. We injected AAV5-CamKIIa-
hChR2 (H134R)-EYFP into S2 and M1 (Fig. 4A). Injections were
focused on S2 and M1 subregions that contained the most nwS1-
projecting neurons (S2: 1.2 mm posterior, 5.5 mm lateral; M1:
1 mm anterior, 1 mm lateral). To compare cortical layers inner-
vated by M1 versus S2 projections in nwS1, we quantified the
spatial distribution of fluorescence from anterogradely labeled
axons based on the distance from the pial surface. S2!nwS1
axons were concentrated in layer 2/3 and upper layer 4
(Minamisawa et al., 2018), whereas M1!nwS1 axons innervated
layers 1, 2, and 6 (Fig. 4B) (Naskar et al., 2021). Our results show
that S2 and M1 inputs to nwS1 form anatomically distinct corti-
cocortical pathways.

S2finwS1 input modulates motor performance
Having identified S2 and M1 as major cortical inputs to nwS1,
we next asked whether the corticocortical connections formed by
these inputs are involved in motor performance or not.
Although mouse S1 plays an important role in efficient locomo-
tion, as shown above and in other studies (Karadimas et al.,

2020), the role of corticocortical projections was not explored.
We selectively silenced the S2!nwS1 or M1!nwS1 pathway by
expressing hM4Di, an inhibitory DREADD, using an intersec-
tional approach (Armbruster et al., 2007). AAV encoding
Cre-dependent hM4Di-mCherry was injected into S2 or M1, and
retrograde AAV encoding Cre was injected into nwS1 (Fig. 5A).
Post hoc histology showed that the expression of hM4Di-
mCherry was localized to S2/AUD or M1 (Fig. 5B,C). Three
weeks following hM4Di expression, mice received an intraperito-
neal injection of the DREADD agonist CNO (CNO-2HCl,
4.13mg/kg) or saline and were tested on the rotarod. The CNO-
injected group with S2!nwS1 silencing showed impaired
rotarod performance, with a significantly shorter average la-
tency-to-fall time than the saline-injected group (saline:
2226 5.77 s, 7 mice; CNO: 1836 5.45 s, 8 mice; t(13) = 4.85,
p, 0.001, g = 2.54, t test; Fig. 5D). On the other hand, silencing
the M1!nwS1 pathway did not affect mouse rotarod perform-
ance; no difference was observed between rotarod performance
in the CNO and saline-treated groups in these mice (saline:
2146 19.1 s, 6 mice; CNO: 1986 12.3 s, 6 mice; t(10) = 0.665,
p= 0.521, g = 0.38, t test; Fig. 5E). Therefore, specific inactivation
of S2!nwS1 projections degraded performance on the rotarod
performance. This result also shows that CNO alone does not
influence performance in the rotarod assay.

We also tested the effect of silencing corticocortical inputs on
hind paw orientation during the runway locomotion assay in a
separate cohort of mice. CNO injection into mice expressing
hM4Di to silence S2!nwS1 projections increased the right hind
paw angle at the onset of the swing phase of locomotion com-
pared with saline injection in the same mice (saline: 25.86 1.30°;
CNO: 31.86 2.24°; 6 mice; t(5) = 4.28, p=0.008, g = 1.34, paired t
test; Fig. 5F,G). To test whether S2!nwS1 inactivation alters

Figure 4. Distribution of S2 and M1 projections in nwS1. A, Representative images show-
ing S2 and M1 projections labeled with ChR2-eYFP. Images were taken from acute slices
used in electrophysiological recording. Slices were isolated from brains injected with AAV5-
AAV5-CamKIIa-hChR2 (H134R)-EYFP into S2 (top) or M1 (bottom). Insets, Representative
images of injection sites. Rectangles represent the area in nwS1 selected for intensity analy-
sis. Fluorescent signal in nwS1 indicates ChR2-expressing projections from S2 (red rectangle)
or M1 (blue rectangle). B, Laminar profile of ChR2-eYFP-labeled axons in nwS1. Each symbol
represents the mean pixel intensity at the given distance from pia from 5 slices (4 mice) for
each pathway. Shading represents SEM across 5 slices (4 mice).
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paw orientation as effectively as muscimol injection into nwS1
(Figs. 2 and 5), we normalized paw angle following CNO or mus-
cimol injection relative to the baseline in each animal. There
were no significant differences between increased hind paw angle
in hM4Di-CNO and muscimol-treated mice (nwS1 inactivation:
1.346 0.10, 9 mice; S2!nwS1 inactivation: 1.236 0.05, 6 mice;
p= 0.46, g = 0.39, Mann–Whitney test). CNO injection did not
alter the hind paw angle in mice expressing hM4Di that silenced
the M1!nwS1 pathway (saline: 27.96 1.50°; CNO: 28.06 2.64°;
3 mice; t(2) = 0.100, p=0.930, paired t test, g = 0.05). Based on
these results, we conclude that the S2!nwS1 pathway is critically
involved in maintaining the orientation of hind paw for efficient
locomotion.

S2finwS1 pathway preferentially innervates inhibitory
interneurons
The distinct functional outcomes of silencing S2 versus M1
inputs to nwS1 suggest that each pathway targets distinct local
circuit elements. To gain insights into computations mediated by
different long-range projections, we characterized neuronal sub-
types that make up functional connections in the S2!nwS1 and
M1!nwS1 pathways. Inhibitory interneurons expressing PV,
SST, or vasoactive intestinal peptide (VIP) together account for
;82% of all interneurons in the cortex (Rudy et al., 2011). We
reasoned that we could identify the major postsynaptic target(s)
of S2 and M1 inputs by surveying these three interneuron sub-
types and putative excitatory neurons. To this end, we recorded
synaptic currents from genetically defined neuronal subtypes while
photostimulating S2!S1 axonal projections in brain slices. ChR2
was expressed in S2 by injecting AAV5-CamKIIa-hChR2 (H134R)-
EYFP. The axon terminals expressing ChR2 were photostimulated
with pulses from a 470nm LED delivered through the microscope
objective. We recorded eEPSCs from genetically identified inter-
neuron subtypes and putative ECs in nwS1 (Fig. 6A). Experiments
were conducted in reporter mice generated by crossing PV-Cre,
SST-Cre, or VIP-Cre mice with Cre-dependent tdTomato mice
(PV-Cre; tdTomatolsl/1; SST-IRES-Cre; tdTomatolsl/1; VIP-IRES-
Cre; tdTomatolsl/1; Fig. 6B). nwS1 was identified in brain slices as
the region lacks barrels and has a specific location relative to wS1
(Fig. 6A). We isolated monosynaptic eEPSCs by recording in the
presence of TTX and 4-AP (Petreanu et al., 2009). TTX blocks
action potentials, and 4-AP augments local depolarization of photo-
stimulated ChR2-expressing axons by blocking voltage-gated potas-
sium channels. The fluorescent dye Alexa-488 was included in into
the intracellular solution regions to facilitate visualization of impaled
cells during recording (Fig. 6C). A subset of mice were subjected to
neuronal recordings that were made sequentially from pairs of in-
hibitory cells and ECs located within 50mm of each other. eEPSC
recordings were targeted to layers that matched spatial distribution
of relevant axonal fluorescence (S2 experiments: layers 2/3 and
upper 4). We repeated the same experiment in the M1!nwS1
pathway (Fig. 7). A brief photostimulation (5ms) evoked mono-
synaptic EPSCs in many but not all cells (Fig. 6D). The peak
eEPSC amplitude for PV-, SST-, VIP-expressing interneur-
ons and ECs was 1856 35.8 pA (26 cells), 1196 18.9 pA (18
cells), 37.96 10.7 pA (12 cells), and 34.36 7.63 pA (29 cells),
respectively (mean 6 SEM; Fig. 6E). Consistent with a recent
finding in the mouse S2!whisker S1 pathway (Naskar et al.,
2021), PV-expressing interneurons received significantly
greater monosynaptic input from S2 than both VIP inter-
neurons and ECs (PV-VIP: p, 0.001, g = 0.95; PV-EC:
p, 0.001, g = 1.16; Mann–Whitney tests). SST-expressing
interneurons also showed significantly greater monosynaptic

Figure 5. Silencing the S2!nwS1 pathway impairs both rotarod performance and run-
way locomotion. A, Experimental paradigm. Retrograde AAV-Cre was injected into nwS1.
AAV encoding the Cre-dependent hM4Di-mCherry was injected into S2 or M1. Three weeks
later, mice received an intraperitoneal injection of CNO (CNO-2HCl, 4.13 mg/kg) or the equiv-
alent volume of saline 1 h before testing on the rotarod and the locomotion assay. B, C,
Intersectional Cre-lox approach resulted in hM4Di-mCherry expression localized to S2 or M1.
Demarcations are based on a mouse brain atlas (Paxinos and Franklin, 2012). D, Average
rotarod performance of mice expressing hM4Di in S2!nwS1 with CNO or saline injection.
Saline: 2226 5.77 s, 7 mice; CNO: 1836 5.45 s, 8 mice; p= 0.0003, t test. E, Average
rotarod performance of mice expressing hM4Di in M1!nwS1 with CNO or saline injection.
Saline: 2146 19.1 s, 6 mice; CNO: 1986 12.3 s, 6 mice; p= 0.52, t test. F, Rear view
images of a mouse walking on the runway before and after S2!nwS1 inactivation with
hM4Di. G, Mean right hind paw angles in mice before and after the S2!nwS1 or
M1!nwS1 inactivation. Each data point represents a mean of the hind paw angles during
multiple strides observed in a single mouse. S2!nwS1 inactivation; saline: 25.86 1.30°;
CNO: 31.86 2.24°; 6 mice; p= 0.008, paired t test. M1!nwS1 inactivation; saline:
27.96 1.50°; CNO: 28.06 2.64°; 3 mice; p= 0.930, paired t test.
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eEPSCs compared with both VIP-
expressing interneurons and ECs (SST-
VIP: p = 0.002, g = 1.21; SST-EC: p,
0.0001, g = 1.43; Mann–Whitney tests).
VIP-expressing interneurons and ECs did
not show a significant difference (p=0.64,
g= 0.09, Mann–Whitney test). These results
suggest that the S2!nwS1 pathway pro-
vides inputs to PV-expressing and SST-
expressing local interneurons.

A caveat with this interpretation is that
variable ChR2 expression may contribute
to the observed differences in eEPSC
amplitudes. To control for the variability
in ChR2 expression, we determined the
line of best fit for the relationship between
the eEPSC amplitude of ECs and the
expression of ChR2-EYFP across all brain
slices used for recording (see Materials
and Methods; Fig. 1). We then asked
whether eEPSC amplitude values of each
subtype are significantly above or below
95% CI of this linear model; ;62% of PV
interneurons (16 of 26) and 55% of SST
(10 of 18) interneurons were above the
95% CI in contrast to only 1 of 12 VIP
interneurons (Fig. 6F). To further control
for variability in ChR2 expression, we also
analyzed data from a subset of mice in
which recordings were made sequentially
from pairs of inhibitory cells and ECs
located within 50mm of each other in the
same slice (Fig. 6G). Initially, we tried nor-
malizing eEPSC amplitudes of the inhibi-
tory neuron to those of the EC in each
pair, which is standard practice in the field
(Lee et al., 2013). However, some of the
recorded pairs contained ECs that were
not responsive at all, which made normal-
ization impossible. Instead, we calculated
“input bias,” which quantifies the relative
strength of synaptic input onto a particular
inhibitory subtype over ECs (see Materials
and Methods; Fig. 6G). This metric is
analogous to the “selectivity index”
widely used in sensory neuroscience to
quantify the extent to which a neuron’s
response is biased toward a certain sen-
sory feature. The mean input bias val-
ues were as follows: PV: 0.8396 0.060;
SST: 0.5356 0.108; VIP: 0.1186 0.240.
Input bias for the S2!nwS1 pathway
was significantly greater than zero in
PV and SST neurons, whereas VIP neu-
rons displayed bias values close to zero
(PV: p = 0.002, SST: p = 0.004, VIP:
p = 0.734; Wilcoxon signed-rank test).
These results show that the S2 projec-
tion preferentially targets inhibitory
PV and SST interneurons over ECs and VIP interneurons in
nwS1.

To test whether the effect on inhibitory interneurons is
specific to the S2!nwS1 pathway or a general feature found

of any corticocortical input in nwS1, we examined synaptic
connections in the M1!nwS1 pathway using the same
approach (Fig. 7). eEPSC recordings were targeted to layer
1 and layer 2 to match the spatial distribution of relevant
axonal fluorescence (Fig. 4). We photostimulated ChR2-

Figure 6. S2 projection preferentially innervates PV- and SST-expressing interneurons in S1. A, Left, Schematic of slice re-
cording configuration. An interneuron (red) and a nearby putative excitatory neuron (blue) were recorded sequentially in
pairs. Right, Representative image of a slice fixed in 10% formalin after recording showing expression of ChR2-eYFP in S2 af-
ter stereotaxic injection of AAV5-CamKIIa-hChR2 (H134R)-EYFP into S2 (1.2 mm posterior, 5.5 mm lateral from bregma). B,
Left, Example neurons showing tdTomato expression. Right, Image from the same FOV showing the presence of ChR2-eYFP-
expressing axons near the recording site. C, Image showing two nearby cells that were sequentially recorded. Alexa-488 was
mixed into intracellular solution for visualization. Red and green arrowheads indicate a tdTomato-expressing interneuron and
a putative excitatory neuron, respectively. Putative excitatory neurons were determined by the lack of tdTomato signal.
Images were acquired using a differential interference contrast microscope at �4 magnification. D, Example response traces
from sequential paired recordings in slices expressing tdTomato in PV-, SST-, or VIP-positive interneurons and ECs. Red repre-
sents averages from five consecutive sweeps of optogenetically evoked excitatory postsynaptic currents (eEPSC, gray). Blue
vertical lines indicate photostimulation (470 nm LED, 5 ms) delivered through the objective. Responses were acquired in the
presence of TTX and 4-AP. E, eEPSC amplitudes of individual neurons in response to photostimulation of the S2!nwS1 pro-
jection. Each dot represents an average of five sweeps. Bar indicates mean. Error bars indicate SEM. Mean 6 SEM of peak
eEPSC amplitude for PV-, SST-, VIP-expressing interneurons and ECs were 1856 35.8 pA (26 cells), 1196 18.9 pA (18 cells),
37.96 10.7 pA (12 cells), and 34.36 7.63 pA (29 cells), respectively. PV-expressing interneurons showed significantly
greater monosynaptic eEPSCs than both VIP interneurons and ECs (Mann–Whitney test, p, 0.001 for each comparison).
SST-expressing interneurons also showed significantly greater monosynaptic eEPSCs compared with both VIP-expressing
interneurons and ECs (Mann–Whitney test, p= 0.002 for SST-VIP comparison; p, 0.001 for SST-EC comparison). VIP-
expressing interneurons and ECs did not show a significant difference (Mann–Whitney test, p= 0.64). F, Sixteen of 26 PV
interneurons, 10 of 18 SST interneurons, and only 1 of 12 VIP interneurons received greater synaptic inputs from S2 than ECs
as they were above the 95% CI (dashed blue) of the estimated eEPSC (solid blue) of ECs (see Materials and Methods; Fig. 1).
G, Comparison of synaptic weights onto each interneuron type for synaptic inputs from S2. Synaptic input bias values were
calculated using the following formula: (eEPSC in target inhibitory neuron � eEPSC in the EC)/(eEPSC in target inhibitory
neuron1 eEPSC in the EC). Input bias ranges between 1 and �1, with.0 indicating the synaptic input is biased toward
interneurons compared with EC in nwS1. Mean 6 SEM values were as follows: PV, 0.8396 0.060 (10 cells); SST,
0.5356 0.108 (10 cells); and VIP, 0.1186 0.240 (9 cells). Input bias for the S2!nwS1 pathway was significantly .0 in
PV and SST neurons, whereas VIP neurons displayed bias values close to zero (PV: p= 0.002; SST: p= 0.004, VIP: p= 0.734;
Wilcoxon signed-rank test of the null hypothesis that mean input bias = 0). **p, 0.01.
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expressing M1 axon terminals in nwS1 while recording
eEPSCs in the three major interneuron subtypes as well as
neighboring ECs (Fig. 7A,B). Data were expressed as the
mean 6 SEM of peak eEPSC amplitude. Values for PV-, SST-,
VIP-expressing interneurons and ECs were 62.96 16.9pA (8 cells),
1196 49.3pA (8 cells), 83.26 17.1pA (13 cells), and 1196 29.1pA
(24 cells), respectively (Fig. 7C). In contrast to the S2!nwS1 path-
way, the M1 projection did not preferentially innervate any particu-
lar subtypes (p. 0.1 for each comparison, Mann–Whitney test).
We compared eEPSC amplitude values of different subtypes against
the linear model that links eEPSC amplitude of ECs to hChR2
expression level. In contrast to S2!nwS1 pathway, only 1 of 8 PV
neurons, 2 of 8 SST neurons, and 1 of 13 VIP neurons were above
the 95% CI range in the M1!nwS1 pathway (Fig. 7D). Input bias
values calculated from inhibitory-ECs in the same slice were not sig-
nificantly different from zero (p. 0.1 for each comparison,

Wilcoxon signed-rank test; Fig. 7E). Resting
membrane potential and input resistance of
all neurons in the present study are shown in
Figure 7F. Consistent with previous studies
(Lee et al., 2013), VIP interneurons showed
significantly higher input resistance than other
subtypes (p, 0.001, ANOVA with Tukey’s
test). From these results, we conclude that the
S2 projection preferentially targets PV and
SST interneurons in nwS1, whereas M1 pro-
jection broadly innervates all tested subtypes,
including VIP interneurons and ECs.

Loss of PV interneurons in nwS1 impairs
motor coordination
PV interneurons in nwS1 receive a prominent
synaptic input from S2. If PV interneurons
are important for S1–S2 interaction during
locomotion, inactivating PV neurons is
expected to impair locomotion. Cre-depend-
ent DTR was expressed unilaterally in nwS1
by injection of adeno-associated virus (AAV1-
flex-DTR-GFP) into PV-Cre; tdTomatofl/1

mice (Azim et al., 2014). We then injected
these mice with intraperitoneal DTX and
tested their performance on the rotarod (Fig.
8A). The ablation of tdTomato-labeled PV
neurons was localized to nwS1 of mice that
received DTX (Fig. 8B). A separate group of
mice expressing DTR received saline injec-
tions. DTX-injected mice showed a shorter la-
tency-to-fall on average than saline-injected
mice (Fig. 8C). Rotarod performance was sig-
nificantly impaired in DTX-treated mice (sa-
line: 2126 6.86 s, 7 mice; CNO: 1596 2.64 s,
8 mice; t(13) =3.65, p=0.0029, t test, g=1.89).

While this result suggests that PV inter-
neurons in nwS1 regulate locomotion by
interfacing with S2 inputs, inactivation of
any interneuron subtypes in nwS1 might
impair locomotion. To test whether S2!PV
is specifically required for the control of
paw movement during locomotion, we
assessed the impact of silencing the SST
population, which also receives a major syn-
aptic input from S2. AAV encoding Cre-de-
pendent hM4Di-mCherry was injected into
nwS1 of PV-Cre or SST-Cre mouse. Three

weeks after hM4Di expression, mice received an intraperitoneal
injection of CNO (4.13mg/kg) or saline and were tested on the
rotarod and the runway (Fig. 8D). The CNO-injected PV-Cre
mice showed significant impairments in rotarod performance
with a shorter average latency-to-fall time than the saline-
injected group (saline: 1896 9.05 s; CNO: 1496 16.1 s, 5 mice;
t(4) = 3.63, p= 0.022, g = 1.36, paired t test; Fig. 8E). On the other
hand, silencing the SST population did not affect rotarod per-
formance; differences between the CNO and saline-treated
groups were not observed in these mice (saline: 2276 13.4 s;
CNO: 2386 15.2 s, 4 mice; t(3) = 1.23, p= 0.306, g = 0.384, paired
t test; Fig. 8E). The runway locomotion assay revealed that PV
inactivation increased the right hind paw angle at the onset of
swing phase compared with saline injection in the same mice (sa-
line: 29.46 1.90°; CNO: 35.76 3.14°; 5 mice; t(4) = 3.78,

Figure 7. M1!nwS1 input broadly engages different subtypes. A, Left, Schematic of slice recording configuration. An
interneuron and a nearby putative excitatory neuron were recorded sequentially in pairs. Right, Example of a slice fixed in
10% formalin after recording showing expression of ChR2 in M1 after stereotaxic injection of AAV5-CamKIIa-hChR2
(H134R)-EYFP to M1 (1.0 mm anterior, 1.0 mm lateral from bregma). B, Representative response traces from sequential
paired recordings on slices expressing tdTomato in PV-, SST-, or VIP-positive interneurons and ECs. Red represents averages
from five consecutive sweeps of optogenetically evoked EPSCs (eEPSCs, gray). Blue vertical lines indicate photostimulation
(470 nm LED, 5 ms) delivered through the objective. Responses were acquired in the presence of TTX and 4-AP. C, eEPSC
amplitudes of individual neurons in response to photostimulation of the M1!nwS1 projection. Each dot represents an av-
erage of five sweeps. Bar represents mean. Error bars indicate SEM. Mean6 SEM of peak eEPSC amplitude for PV-, SST-,
VIP-expressing interneurons and ECs were 62.96 16.9 pA (8 cells), 1196 49.3 pA (8 cells), 83.26 17.1 pA (13 cells), and
1196 29.1 pA (24 cells), respectively. The M1 projection did not show preferential innervation of any particular subtypes
(Mann–Whitney test, p. 0.1 for each comparison). D, One of 8 PV neurons, 2 of 8 SST neurons, and 1 of 13 VIP neurons
were above the 95% CI (dashed blue) of the estimated eEPSC (solid blue) of ECs (see Materials and Methods). E,
Comparison of synaptic weights onto each interneuron type for synaptic inputs from M1. Mean6 SEM values were as fol-
lows: PV, 0.0946 0.152 (8 cells); SST, �0.1836 0.163 (8 cells); VIP, �0.2166 0.142 (8 cells). Wilcoxon signed-rank
test of the null hypothesis that mean input bias = 0. F, Resting membrane potential (top) and input resistance (bottom) of
all neurons included in the present study. ****p, 0.001 (ANOVA with Tukey’s test).
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p=0.019, g = 1.50, paired t test; Fig. 8F). In contrast, SST inacti-
vation did not alter the hind paw angle (saline: 28.26 1.89;
CNO: 26.66 1.45; 4 mice; t(3) = 1.15, p= 0.332, paired t test,
g = 0.475; Fig. 8F). Based on these results, we conclude that the

S2!PV pathway in nwS1 is critically involved in maintaining
hind paw orientation during locomotion (Fig. 8F). Neither DTR
nor DREADD-mediated manipulation used in the present study
was specifically targeted to those PV neurons that receive S2 input.
Future studies will test whether PV neurons receiving S2 input can
be selectively ablated by combining the Flp- and Cre-dependent
DTR and anterograde trans-synaptic virus in PV-Cre background.

In summary, our results demonstrate that S2 input and local
PV interneurons in nwS1 are critically involved in the regulation
of efficient paw orientation during locomotion. We also report
that different long-range corticocortical inputs engage distinct
interneuron subtypes as a postsynaptic target. Together, these
findings expand our understanding of cortical feedback process-
ing by bridging the local circuit organization and function of dif-
ferent corticocortical connections in the same target area.

Discussion
Our data provide insight into how specific corticocortical con-
nections in the primary somatosensory cortex regulate the com-
plex process of locomotion. The importance of somatosensory
input in locomotion has previously been demonstrated. For
example, genetic ablation of proprioceptive afferents in the pe-
riphery is known to disrupt locomotion (Chen et al., 2007; Akay
et al., 2014). “Sensory ataxia” is indeed a hallmark of peripheral
neuropathies, such as Charcot-Marie-Tooth disorder. On the
other hand, how central somatosensory processing contributes
to rhythmic movement like locomotion has remained elusive.
Here we demonstrate that the S1 cortex is required for regulating
hind paw movements during locomotion. The corticocortical
projection originating from S2 participates in the control of loco-
motion, whereas the M1 projection does not. The differential
involvement of S2 and M1 inputs implies that they provide dif-
ferent information and/or innervate different targets in the S1
circuit. The latter is supported by our results showing that the
two cortical pathways also differ in terms of their postsynaptic
targets in S1. The S2 projection preferentially targets inhibitory
interneurons over excitatory neurons, whereas the M1 projection
shows broader target engagement. Collectively, our results show
that the S2!S1 pathway is required for maintaining efficient
movements of the paw by regulating its orientation during loco-
motion. This regulation potentially involves PV and/or SST
interneuron populations in the local circuit.

The role of S1 in the control of paw movement during
locomotion
Although locomotion is typically considered a highly autono-
mous motor activity regulated by brain stem-spinal cord circuits,
the role of the cerebral cortex in the planning and execution of
locomotion has been demonstrated in studies across several differ-
ent species (for review, see Drew and Marigold, 2015). Modulation
of S1 neuronal activity correlates with locomotor output in primates
(Fitzsimmons et al., 2009), cats (Favorov et al., 2015), and rodents
(Chapin and Woodward, 1982a). Kinematic parameters of walking
can be decoded from the activity of S1 neurons (Fitzsimmons et al.,
2009). More recently, a direct role of S1 in controlling locomotion
has also been demonstrated using causal manipulation in mice.
Chemogenetic activation (or inhibition) of S1 activity accelerated
(or impaired) locomotion (Karadimas et al., 2020). However, spe-
cific aspects of locomotion regulated by S1 remained uncharacter-
ized. During locomotion, S1 can directly generate a motor response,
encode somatosensory information, or serve both of these
functions.

Figure 8. Inactivation of PV neurons in nwS1 causes deficits in locomotion. A,
Experimental paradigm. Cre-dependent DTR was expressed in nwS1 PV neurons via stereo-
taxic virus injection into mice expressing Cre in PV neurons (coordinates from bregma: poste-
rior, 0.7 mm; lateral, 2.5 mm). Two weeks after injection, mice received intraperitoneal DTX
(30 ng/g) or an equivalent volume of saline once daily for 2 d. One week later, the mice
were subjected to the accelerated rotarod assay. B, Ablation of tdTomato-labeled PV neurons
(red) in nwS1 after unilateral injection of AAV1-Flex DTR-IRES-GFP and intraperitoneal injec-
tion of DTX. PV neurons in nwS1 were selectively ablated, whereas those in wS1 were
spared. C, Average rotarod performance of mice in the DTX and saline groups. Saline:
2126 6.86 s, 7 mice; DTX: 1596 12.1 s, 8 mice; **p= 0.0029, t test. D, Experimental para-
digm. AAV9-hSyn-DIO-hM4D(Gi)-mCherry was injected into nwS1 of PV-Cre or SST-IRES-Cre
mice. Three weeks later, mice received an intraperitoneal injection of CNO (CNO-2HCl,
4.13mg/kg) or the equivalent volume of saline 1 h before testing on the rotarod and the
locomotion assay. E, Average rotarod performance of PV- and SST-Cre mice with saline and
CNO injections. PV inactivation; saline: 1896 9.05 s; CNO: 1496 16.1 s, 5 mice; p= 0.022,
paired t test. SST inactivation; saline: 2276 13.4 s; CNO: 2386 15.2 s, 4 mice; p= 0.306,
paired t test. F, Mean right hind paw angles in mice before and after the PV or SST inactiva-
tion. Each data point represents a mean of the hind paw angles during multiple strides
observed in a single mouse. PV inactivation; saline: 29.46 1.90°; CNO: 35.76 3.14°; 5
mice; p= 0.019, paired t test. SST inactivation; saline: 28.26 1.89°; CNO: 26.66 1.45°; 4
mice; p= 0.332, paired t test.
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Our results demonstrate that the unilateral inactivation of S1
increased the degree of paw slip on the rotarod and altered the
hind paw angle during walking (Fig. 2). We argue that these
impairments are caused by disruptions in somatosensory feed-
back during locomotion rather than the inability to generate
motor output. First, the inactivation of S1 did not influence
mouse’s ability to initiate and complete the corrective step during
the rotarod performance. Second, the S1 manipulation did not
affect the speed of locomotion, which typically decreases when
M1 is inactivated (Warren et al., 2021). We propose that move-
ment-related somatosensory feedback encoded in S1 is impor-
tant for maintaining the orientation of paw movements during
locomotion. Future studies will uncover the precise nature of in-
formation encoded in S1 (cutaneous or proprioceptive) that is
used by downstream locomotor centers.

The role of long-range corticocortical projections in
locomotion
We speculate that the S2!S1 pathway may contribute to loco-
motion in different ways. First, S2 input may enhance the fidelity
of somatosensory feedback during movement by sharpening fea-
ture coding in the S1. In the mouse whisker S1 (wS1), silencing
S2 was shown to degrade orientation selectivity, indicating that
the S2 activity enhances orientation tuning in wS1 (Minamisawa
et al., 2018). Likewise, the orientation selectivity of neurons in
the mouse primary visual cortex (V1) decreased when the sec-
ondary visual cortex (V2) was silenced (Pafundo et al., 2016).
The V2!V1 pathway also contributes to surrounding suppres-
sion (Nurminen et al., 2018; Vangeneugden et al., 2019). Neural
components of corticocortical connections that participate in the
modulation of feature selectivity and surround suppression
remain to be determined. Nevertheless, it is becoming clear that
higher!lower sensory cortical connections, such as S2!S1 (Fig.
6) and V2!V1 pathways innervate PV and SST inhibitory inter-
neurons (Gonchar and Burkhalter, 2003; D’Souza et al., 2016;
Wall et al., 2016). GABAergic inhibition is crucial for shaping
feature tuning and surround suppression in sensory cortex
(Nelson et al., 1994; Katzner et al., 2011; Adesnik, 2017).
Therefore, a potential role of the S2!S1 pathway is to increase
the fidelity of somatosensory feedback during movement by
enhancing feature selectivity and suppressing responses to irrele-
vant stimuli. This possibility can be tested by characterizing
somatosensory tuning of nwS1 neurons while manipulating the
S2!S1 pathway. Second, S2 may transmit movement-related
signals, such as corollary discharge, predicted sensory conse-
quences, and the context of movement to the S1 (Kwon et al.,
2016; Condylis et al., 2020). S2 is reciprocally connected with M1
(Suter and Shepherd, 2015), suggesting that the corollary dis-
charge signal generated in M1 may reach S1 through S2. These
movement-related signals may be important for filtering out sen-
sory responses generated during self-movement. This has been
shown in the auditory system (Schneider et al., 2014) and for
computing sensory prediction errors during motor adaptation
(Mathis et al., 2017).

Silencing M1!nwS1 did not impact rotarod performance or
over-ground locomotion. While the reason for the lack of the
effect is unclear, there are several possible explanations. The ste-
reotaxic coordinates used for injecting Cre-dependent hM4Di
into M1 were based on the location of nwS1-projecting M1 neu-
rons in the retrograde tracing experiment (Fig. 3B) and may not
correspond to a hind paw M1 area. It is unknown to what extent
the areas defined using anatomic tracing and functional mapping
are aligned with each other. Retrograde labeling of M1 neurons

projecting to nwS1 and intracortical microstimulation should be
combined in the same animal to address this issue. It is also pos-
sible that while M1 itself is crucial for baseline locomotion
(Warren et al., 2021) or that the M1!nwS1 pathway is involved
in a different function such as motor learning (Kawai et al.,
2015). Last, the simple motor assays used in the present study
may be insufficient to capture complex changes in paw kinemat-
ics caused by silencing of M1!nwS1 connections.

Synaptic organization of long-range corticocortical inputs
in S1
The S2!nwS1 connection provides direct synaptic inputs to PV
and SST inhibitory interneurons. M1!nwS1 inputs are distrib-
uted among all major interneuron subtypes. Recent studies have
suggested that long-range cortical projections recruit VIP inter-
neurons that inhibit other interneurons, leading to the disinhibi-
tion of pyramidal neurons (Lee et al., 2013; Pfeffer et al., 2013; Pi
et al., 2013; Fu et al., 2014; Karnani et al., 2016). Our results
show that different projections engage different neuronal sub-
types as a postsynaptic target. VIP neurons are the primary target
of M1!wS1 input and mediate disinhibition in the local circuit
(Lee et al., 2013). Other studies support a broader engagement of
excitatory and inhibitory subtypes in the M1!wS1 pathway
(Kinnischtzke et al., 2014, 2016). Our observation that the
M1!nwS1 pathway innervates all three interneuron subtypes
with little bias provides additional support for these latter studies.
wS1 and nwS1 may differ in terms of the composition and spatial
distribution of interneuron subtypes. The VIP pool may consist
of different subsets, including neurons that are exclusively
involved in the M1!S1 pathway.

While our results demonstrate that the S2 and M1 pathways
are functionally distinct, how these pathways influence S1 activ-
ity was not examined in the present study. What would the net
effect of activating or inactivating each of these pathways be?
Given the prevalence of recurrent connections in the neocortex,
the outcome of activating different interneuron subtypes is not
intuitive, and is perhaps even paradoxical (Fu et al., 2014; Rubin
et al., 2015; Litwin-Kumar et al., 2016). The net effect of activat-
ing the S2!nwS1 or M1!nwS1 pathway could be facilitation or
suppression of output spiking in nwS1 pyramidal neurons; a pos-
itive versus negative effect may depend on a number of factors,
such as baseline activity, operating regimen of the network, num-
ber of activated neurons, and the strength of sensory stimuli
(Rubin et al., 2015; Garcia Del Molino et al., 2017; Sadeh et al.,
2017). This is an important question for future studies.
Nevertheless, our findings suggest that differences in the postsy-
naptic target engaged by different long-range corticocortical con-
nections should be taken into consideration when constructing
theoretical models of cortical networks.

In conclusion, we demonstrate that non-whisker S1 is critical
for maintaining the orientation of paw movement during loco-
motion and that the S2 input is important for this process. While
S2!S1 pathway engages both PV and SST interneuron subtypes
as a postsynaptic target, PV cells are directly involved in the con-
trol of paw movement. Together, we establish a causal role for S1
in regulating hind paw movements during locomotion and eluci-
date components of the corticocortical circuit involved in this
process.

References
Adesnik H (2017) Synaptic mechanisms of feature coding in the visual cortex

of awake mice. Neuron 95:1147–1159.e4.

Chang et al. · S1 and Cortical Projections Regulate Locomotion J. Neurosci., January 5, 2022 • 42(1):44–57 • 55

http://dx.doi.org/10.1016/j.neuron.2017.08.014
https://www.ncbi.nlm.nih.gov/pubmed/28858618


Akay T, Tourtellotte WG, Arber S, Jessell TM (2014) Degradation of mouse
locomotor pattern in the absence of proprioceptive sensory feedback.
Proc Natl Acad Sci USA 111:16877–16882.

Armbruster BN, Li X, Pausch MH, Herlitze S, Roth BL (2007) Evolving the
lock to fit the key to create a family of G protein-coupled receptors
potently activated by an inert ligand. Proc Natl Acad Sci USA 104:5163–
5168.

Aronoff R, Matyas F, Mateo C, Ciron C, Schneider B, Petersen CC (2010)
Long-range connectivity of mouse primary somatosensory barrel cortex.
Eur J Neurosci 31:2221–2233.

Azim E, Jiang J, Alstermark B, Jessell TM (2014) Skilled reaching relies on a
V2a propriospinal internal copy circuit. Nature 508:357–363.

Cao VY, Ye Y, Mastwal S, Ren M, Coon M, Liu Q, Costa RM, Wang KH
(2015) Motor learning consolidates arc-expressing neuronal ensembles in
secondary motor cortex. Neuron 86:1385–1392.

Chapin JK, Lin CS (1984) Mapping the body representation in the SI cortex
of anesthetized and awake rats. J Comp Neurol 229:199–213.

Chapin JK, Woodward DJ (1982a) Somatic sensory transmission to the cor-
tex during movement: gating of single cell responses to touch. Exp
Neurol 78:654–669.

Chapin JK, Woodward DJ (1982b) Somatic sensory transmission to the cor-
tex during movement: phasic modulation over the locomotor step cycle.
Exp Neurol 78:670–684.

Chen JL, Carta S, Soldado-Magraner J, Schneider BL, Helmchen F (2013)
Behaviour-dependent recruitment of long-range projection neurons in
somatosensory cortex. Nature 499:336–340.

Chen XJ, Levedakou EN, Millen KJ, Wollmann RL, Soliven B, Popko B
(2007) Proprioceptive sensory neuropathy in mice with a mutation in the
cytoplasmic Dynein heavy chain 1 gene. J Neurosci 27:14515–14524.

Clancy KB, Schnepel P, Rao AT, Feldman DE (2015) Structure of a single
whisker representation in layer 2 of mouse somatosensory cortex. J
Neurosci 35:3946–3958.

Condylis C, Lowet E, Ni J, Bistrong K, Ouellette T, Josephs N, Chen JL
(2020) Context-dependent sensory processing across primary and sec-
ondary somatosensory cortex. Neuron 106:515–525.e5.

Cooke DF, Padberg J, Zahner T, Krubitzer L (2012) The functional organiza-
tion and cortical connections of motor cortex in squirrels. Cereb Cortex
22:1959–1978.

Drew T, Marigold DS (2015) Taking the next step: cortical contributions to
the control of locomotion. Curr Opin Neurobiol 33:25–33.

D’Souza RD, Meier AM, Bista P, Wang Q, Burkhalter A (2016) Recruitment
of inhibition and excitation across mouse visual cortex depends on the hi-
erarchy of interconnecting areas. Elife 5:e19332.

Favorov OV, Nilaweera WU, Miasnikov AA, Beloozerova IN (2015) Activity
of somatosensory-responsive neurons in high subdivisions of SI cortex
during locomotion. J Neurosci 35:7763–7776.

Favorov OV, Pellicer-Morata V, Dejongh Curry AL, Ramshur JT, Brna A,
Challener TD, Waters RS (2019) A newly identified nociresponsive
region in the transitional zone (TZ) in rat sensorimotor cortex. Brain Res
1717:228–234.

Fitzsimmons NA, Lebedev MA, Peikon ID, Nicolelis MA (2009) Extracting
kinematic parameters for monkey bipedal walking from cortical neuronal
ensemble activity. Front Integr Neurosci 3:3.

Fu Y, Tucciarone JM, Espinosa JS, Sheng N, Darcy DP, Nicoll RA, Huang ZJ,
Stryker MP (2014) A cortical circuit for gain control by behavioral state.
Cell 156:1139–1152.

Garcia Del Molino LC, Yang GR, MejiaS JF, Wang XJ (2017) Paradoxical
response reversal of top-down modulation in cortical circuits with three
interneuron types. Elife 6:e29742.

Gonchar Y, Burkhalter A (2003) Distinct GABAergic targets of feedforward
and feedback connections between lower and higher areas of rat visual
cortex. J Neurosci 23:10904–10912.

Grillner S, Rossignol S (1978) On the initiation of the swing phase of locomo-
tion in chronic spinal cats. Brain Res 146:269–277.

Jones BJ, Roberts DJ (1968) A rotarod suitable for quantitative measurements
of motor incoordination in naive mice. Naunyn Schmiedebergs Arch Exp
Pathol Pharmakol 259:211.

Kaas JH, Nelson RJ, Sur M, Lin CS, Merzenich MM (1979) Multiple repre-
sentations of the body within the primary somatosensory cortex of pri-
mates. Science 204:521–523.

Karadimas SK, Satkunendrarajah K, Laliberte AM, Ringuette D, Weisspapir
I, Li L, Gosgnach S, Fehlings MG (2020) Sensory cortical control of
movement. Nat Neurosci 23:75–84.

Karnani MM, Jackson J, Ayzenshtat I, Hamzehei Sichani A, Manoocheri K,
Kim S, Yuste R (2016) Opening holes in the blanket of inhibition: local-
ized lateral disinhibition by VIP interneurons. J Neurosci 36:3471–3480.

Katzner S, Busse L, Carandini M (2011) GABAA inhibition controls response
gain in visual cortex. J Neurosci 31:5931–5941.

Kawai R, Markman T, Poddar R, Ko R, Fantana AL, Dhawale AK, Kampff
AR, Olveczky BP (2015) Motor cortex is required for learning but not for
executing a motor skill. Neuron 86:800–812.

Kim SS, Gomez-Ramirez M, Thakur PH, Hsiao SS (2015) Multimodal inter-
actions between proprioceptive and cutaneous signals in primary soma-
tosensory cortex. neuron. Neuron 86:555–566.

Kim U, Lee T (2013) Intra-areal and corticocortical circuits arising in the
dysgranular zone of rat primary somatosensory cortex that processes
deep somatic input. J Comp Neurol 521:2585–2601.

Kinnischtzke AK, Simons DJ, Fanselow EE (2014) Motor cortex broadly
engages excitatory and inhibitory neurons in somatosensory barrel cor-
tex. Cereb Cortex 24:2237–2248.

Kinnischtzke AK, Fanselow EE, Simons DJ (2016) Target-specific M1 inputs
to infragranular S1 pyramidal neurons. J Neurophysiol 116:1261–1274.

Konczak J, Sciutti A, Avanzino L, Squeri V, Gori M, Masia L, Abbruzzese G,
Sandini G (2012) Parkinson’s disease accelerates age-related decline in
haptic perception by altering somatosensory integration. Brain 135:3371–
3379.

Kwon SE, Yang H, Minamisawa G, O’Connor DH (2016) Sensory and deci-
sion-related activity propagate in a cortical feedback loop during touch
perception. Nat Neurosci 19:1243–1249.

Lee S, Kruglikov I, Huang ZJ, Fishell G, Rudy B (2013) A disinhibitory circuit
mediates motor integration in the somatosensory cortex. Nat Neurosci
16:1662–1670.

Litwin-Kumar A, Rosenbaum R, Doiron B (2016) Inhibitory stabilization
and visual coding in cortical circuits with multiple interneuron subtypes.
J Neurophysiol 115:1399–1409.

Mao T, Kusefoglu D, Hooks BM, Huber D, Petreanu L, Svoboda K (2011)
Long-range neuronal circuits underlying the interaction between sensory
and motor cortex. Neuron 72:111–123.

Mathis MW, Mathis A, Uchida N (2017) Somatosensory cortex plays an
essential role in forelimb motor adaptation in mice. Neuron 93:1493–
1503.e6.

Mathis A, Mamidanna P, Cury KM, Abe T, Murthy VN, Mathis MW, Bethge
M (2018) DeepLabCut: markerless pose estimation of user-defined body
parts with deep learning. Nat Neurosci 21:1281–1289.

Matyas F, Sreenivasan V, Marbach F, Wacongne C, Barsy B, Mateo C,
Aronoff R, Petersen CC (2010) Motor control by sensory cortex. Science
330:1240–1243.

Minamisawa G, Kwon SE, Chevee M, Brown SP, O’Connor DH (2018) A
non-canonical feedback circuit for rapid interactions between somatosen-
sory cortices. Cell Rep 23:2718–2731.e6.

Naskar S, Qi J, Pereira F, Gerfen CR, Lee S (2021) Cell-type-specific recruit-
ment of GABAergic interneurons in the primary somatosensory cortex
by long-range inputs. Cell Rep 34:108774.

Nelson S, Toth L, Sheth B, Sur M (1994) Orientation selectivity of cortical
neurons during intracellular blockade of inhibition. Science 265:774–777.

Nurminen L, Merlin S, Bijanzadeh M, Federer F, Angelucci A (2018) Top-
down feedback controls spatial summation and response amplitude in
primate visual cortex. Nat Commun 9:2281.

O’Connor DH, Hires SA, Guo ZV, Li N, Yu J, Sun QQ, Huber D, Svoboda K
(2013) Neural coding during active somatosensation revealed using illu-
sory touch. Nat Neurosci 16:958–965.

O’Connor DH, Krubitzer L, Bensmaia S (2021) Of mice and monkeys: soma-
tosensory processing in two prominent animal models. Prog Neurobiol
201:102008.

Pafundo DE, Nicholas MA, Zhang R, Kuhlman SJ (2016) Top-down-medi-
ated facilitation in the visual cortex is gated by subcortical neuromodula-
tion. J Neurosci 36:2904–2914.

Pavlides C, Miyashita E, Asanuma H (1993) Projection from the sensory to
the motor cortex is important in learning motor skills in the monkey. J
Neurophysiol 70:733–741.

Paxinos G, Franklin K (2012) The mouse brain in stereotaxic coordinates.
Academic Press.

56 • J. Neurosci., January 5, 2022 • 42(1):44–57 Chang et al. · S1 and Cortical Projections Regulate Locomotion

http://dx.doi.org/10.1073/pnas.1419045111
https://www.ncbi.nlm.nih.gov/pubmed/25389309
http://dx.doi.org/10.1073/pnas.0700293104
https://www.ncbi.nlm.nih.gov/pubmed/17360345
https://www.ncbi.nlm.nih.gov/pubmed/20550566
http://dx.doi.org/10.1038/nature13021
https://www.ncbi.nlm.nih.gov/pubmed/24487617
http://dx.doi.org/10.1016/j.neuron.2015.05.022
https://www.ncbi.nlm.nih.gov/pubmed/26051420
http://dx.doi.org/10.1002/cne.902290206
http://dx.doi.org/10.1016/0014-4886(82)90082-6
https://www.ncbi.nlm.nih.gov/pubmed/6293865
http://dx.doi.org/10.1016/0014-4886(82)90083-8
https://www.ncbi.nlm.nih.gov/pubmed/6293866
https://www.ncbi.nlm.nih.gov/pubmed/23792559
http://dx.doi.org/10.1523/JNEUROSCI.4338-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/18160659
http://dx.doi.org/10.1523/JNEUROSCI.3887-14.2015
https://www.ncbi.nlm.nih.gov/pubmed/25740523
http://dx.doi.org/10.1016/j.neuron.2020.02.004
https://www.ncbi.nlm.nih.gov/pubmed/32164873
http://dx.doi.org/10.1093/cercor/bhr228
https://www.ncbi.nlm.nih.gov/pubmed/22021916
https://www.ncbi.nlm.nih.gov/pubmed/25643847
http://dx.doi.org/10.7554/eLife.19332
http://dx.doi.org/10.1523/JNEUROSCI.3545-14.2015
https://www.ncbi.nlm.nih.gov/pubmed/25995465
http://dx.doi.org/10.1016/j.brainres.2019.04.028
http://dx.doi.org/10.3389/neuro.07.003.2009
https://www.ncbi.nlm.nih.gov/pubmed/19404411
http://dx.doi.org/10.1016/j.cell.2014.01.050
http://dx.doi.org/10.7554/eLife.29742
https://www.ncbi.nlm.nih.gov/pubmed/14645486
https://www.ncbi.nlm.nih.gov/pubmed/274169
https://www.ncbi.nlm.nih.gov/pubmed/4232694
https://www.ncbi.nlm.nih.gov/pubmed/107591
https://www.ncbi.nlm.nih.gov/pubmed/31740813
http://dx.doi.org/10.1523/JNEUROSCI.3646-15.2016
https://www.ncbi.nlm.nih.gov/pubmed/27013676
http://dx.doi.org/10.1523/JNEUROSCI.5753-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21508218
http://dx.doi.org/10.1016/j.neuron.2015.03.024
https://www.ncbi.nlm.nih.gov/pubmed/25864632
https://www.ncbi.nlm.nih.gov/pubmed/23322443
http://dx.doi.org/10.1093/cercor/bht085
https://www.ncbi.nlm.nih.gov/pubmed/23547136
http://dx.doi.org/10.1152/jn.01032.2015
https://www.ncbi.nlm.nih.gov/pubmed/27334960
https://www.ncbi.nlm.nih.gov/pubmed/23169922
http://dx.doi.org/10.1038/nn.4356
http://dx.doi.org/10.1038/nn.3544
https://www.ncbi.nlm.nih.gov/pubmed/24097044
http://dx.doi.org/10.1152/jn.00732.2015
https://www.ncbi.nlm.nih.gov/pubmed/26740531
http://dx.doi.org/10.1016/j.neuron.2011.07.029
http://dx.doi.org/10.1016/j.neuron.2017.02.049
https://www.ncbi.nlm.nih.gov/pubmed/28334611
https://www.ncbi.nlm.nih.gov/pubmed/30127430
http://dx.doi.org/10.1126/science.1195797
https://www.ncbi.nlm.nih.gov/pubmed/29847801
https://www.ncbi.nlm.nih.gov/pubmed/33626343
https://www.ncbi.nlm.nih.gov/pubmed/8047882
http://dx.doi.org/10.1038/s41467-018-04500-5
https://www.ncbi.nlm.nih.gov/pubmed/29892057
https://www.ncbi.nlm.nih.gov/pubmed/23727820
http://dx.doi.org/10.1016/j.pneurobio.2021.102008
http://dx.doi.org/10.1523/JNEUROSCI.2909-15.2016
https://www.ncbi.nlm.nih.gov/pubmed/26961946
https://www.ncbi.nlm.nih.gov/pubmed/8410169


Petreanu L, Mao T, Sternson SM, Svoboda K (2009) The subcellular organi-
zation of neocortical excitatory connections. Nature 457:1142–1145.

Petreanu L, Gutnisky DA, Huber D, Xu NL, O’Connor DH, Tian L, Looger
L, Svoboda K (2012) Activity in motor-sensory projections reveals dis-
tributed coding in somatosensation. Nature 489:299–303.

Petrof I, Viaene AN, Sherman SM (2015) Properties of the primary somato-
sensory cortex projection to the primary motor cortex in the mouse. J
Neurophysiol 113:2400–2407.

Pfeffer CK, Xue M, He M, Huang ZJ, Scanziani M (2013) Inhibition of inhi-
bition in visual cortex: the logic of connections between molecularly dis-
tinct interneurons. Nat Neurosci 16:1068–1076.

Pi HJ, Hangya B, Kvitsiani D, Sanders JI, Huang ZJ, Kepecs A (2013) Cortical
interneurons that specialize in disinhibitory control. Nature 503:521–524.

Rubin DB, Van Hooser SD, Miller KD (2015) The stabilized supralinear net-
work: a unifying circuit motif underlying multi-input integration in sen-
sory cortex. Neuron 85:402–417.

Rudy B, Fishell G, Lee S, Hjerling-Leffler J (2011) Three groups of interneur-
ons account for nearly 100% of neocortical GABAergic neurons. Dev
Neurobiol 71:45–61.

Sadeh S, Silver RA, Mrsic-Flogel TD, Muir DR (2017) Assessing the role of
inhibition in stabilizing neocortical networks requires large-scale pertur-
bation of the inhibitory population. J Neurosci 37:12050–12067.

Schneider DM, Nelson A, Mooney R (2014) A synaptic and circuit basis for
corollary discharge in the auditory cortex. Nature 513:189–194.

Sreenivasan V, Esmaeili V, Kiritani T, Galan K, Crochet S, Petersen CC
(2016) Movement initiation signals in mouse whisker motor cortex.
Neuron 92:1368–1382.

Suter BA, Shepherd GM (2015) Reciprocal interareal connections to cortico-
spinal neurons in mouse M1 and S2. J Neurosci 35:2959–2974.

Tamura Y, Ueki Y, Lin P, Vorbach S, Mima T, Kakigi R, Hallett M (2009)
Disordered plasticity in the primary somatosensory cortex in focal hand
dystonia. Brain 132:749–755.

Vangeneugden J, Van Beest EH, Cohen MX, Lorteije JA, Mukherjee S,
Kirchberger L, Montijn JS, Thamizharasu P, Camillo D, Levelt CN,
Roelfsema PR, Self MW, Heimel JA (2019) Activity in lateral visual areas
contributes to surround suppression in awake mouse V1. Curr Biol
29:4268–4275.e7.

Vidoni ED, Acerra NE, Dao E, Meehan SK, Boyd LA (2010) Role of the pri-
mary somatosensory cortex in motor learning: an rTMS study. Neurobiol
Learn Mem 93:532–539.

Wall NR, de la Parra M, Sorokin JM, Taniguchi H, Huang ZJ, Callaway EM
(2016) Brain-wide maps of synaptic input to cortical interneurons. J
Neurosci 36:4000–4009.

Warren RA, Zhang Q, Hoffman JR, Li EY, Hong YK, Bruno RM, Sawtell NB
(2021) A rapid whisker-based decision underlying skilled locomotion in
mice. Elife 10:e63596.

Xu NL, Harnett MT, Williams SR, Huber D, O’Connor DH, Svoboda K,
Magee JC (2012) Nonlinear dendritic integration of sensory and motor
input during an active sensing task. Nature 492:247–251.

Yamashita T, Petersen C (2016) Target-specific membrane potential dynam-
ics of neocortical projection neurons during goal-directed behavior. Elife
5:e15798.

Zagha E, Casale AE, Sachdev RN, McGinley MJ, McCormick DA (2013)
Motor cortex feedback influences sensory processing by modulating net-
work state. Neuron 79:567–578.

Zhang W, Bruno RM (2019) High-order thalamic inputs to primary somato-
sensory cortex are stronger and longer lasting than cortical inputs. Elife 8:
e44158.

Zingg B, Hintiryan H, Gou L, Song MY, Bay M, Bienkowski MS, Foster NN,
Yamashita S, Bowman I, Toga AW, Dong HW (2014) Neural networks
of the mouse neocortex. Cell 156:1096–1111.

Zuo Y, Safaai H, Notaro G, Mazzoni A, Panzeri S, Diamond ME (2015)
Complementary contributions of spike timing and spike rate to percep-
tual decisions in rat S1 and S2 cortex. Curr Biol 25:357–363.

Chang et al. · S1 and Cortical Projections Regulate Locomotion J. Neurosci., January 5, 2022 • 42(1):44–57 • 57

http://dx.doi.org/10.1038/nature07709
https://www.ncbi.nlm.nih.gov/pubmed/19151697
http://dx.doi.org/10.1038/nature11321
https://www.ncbi.nlm.nih.gov/pubmed/22922646
http://dx.doi.org/10.1152/jn.00949.2014
https://www.ncbi.nlm.nih.gov/pubmed/25632081
http://dx.doi.org/10.1038/nn.3446
https://www.ncbi.nlm.nih.gov/pubmed/23817549
http://dx.doi.org/10.1038/nature12676
https://www.ncbi.nlm.nih.gov/pubmed/24097352
https://www.ncbi.nlm.nih.gov/pubmed/25611511
https://www.ncbi.nlm.nih.gov/pubmed/21154909
http://dx.doi.org/10.1523/JNEUROSCI.0963-17.2017
https://www.ncbi.nlm.nih.gov/pubmed/29074575
http://dx.doi.org/10.1038/nature13724
https://www.ncbi.nlm.nih.gov/pubmed/25162524
https://www.ncbi.nlm.nih.gov/pubmed/28009277
http://dx.doi.org/10.1523/JNEUROSCI.4287-14.2015
https://www.ncbi.nlm.nih.gov/pubmed/25698734
http://dx.doi.org/10.1093/brain/awn348
https://www.ncbi.nlm.nih.gov/pubmed/19151081
https://www.ncbi.nlm.nih.gov/pubmed/31786063
https://www.ncbi.nlm.nih.gov/pubmed/20132902
http://dx.doi.org/10.1523/JNEUROSCI.3967-15.2016
https://www.ncbi.nlm.nih.gov/pubmed/27053207
https://www.ncbi.nlm.nih.gov/pubmed/23143335
http://dx.doi.org/10.7554/eLife.15798
http://dx.doi.org/10.1016/j.neuron.2013.06.008
https://www.ncbi.nlm.nih.gov/pubmed/23850595
http://dx.doi.org/10.1016/j.cell.2014.02.023
https://www.ncbi.nlm.nih.gov/pubmed/24581503
https://www.ncbi.nlm.nih.gov/pubmed/25619766

	A Cortico-Cortical Pathway Targets Inhibitory Interneurons and Modulates Paw Movement during Locomotion in Mice
	Introduction
	Materials and Methods
	Results
	Discussion


