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The primary motor cortex (M1) and the dorsal striatum play a critical role in motor learning and the retention of learned
behaviors. Motor representations of corticostriatal ensembles emerge during motor learning. In the coordinated reorgan-
ization of M1 and the dorsal striatum for motor learning, layer 5a (L5a) which connects M1 to the ipsilateral and con-
tralateral dorsal striatum, should be a key layer. Although M1 L5a neurons represent movement-related activity in the
late stage of learning, it is unclear whether the activity is retained as a memory engram. Here, using Tlx3-Cre male
transgenic mice, we conducted two-photon calcium imaging of striatum-projecting L5a intratelencephalic (IT) neurons
in forelimb M1 during late sessions of a self-initiated lever-pull task and in sessions after 6 d of nontraining following
the late sessions. We found that trained male animals exhibited stable motor performance before and after the nontrain-
ing days. At the same time, we found that M1 L5a IT neurons strongly represented the well-learned forelimb movement
but not uninstructed orofacial movements. A subset of M1 L5a IT neurons consistently coded the well-learned forelimb
movement before and after the nontraining days. Inactivation of M1 IT neurons after learning impaired task perform-
ance when the lever was made heavier or when the target range of the pull distance was narrowed. These results suggest
that a subset of M1 L5a IT neurons continuously represent skilled movement after learning and serve to fine-tune the
kinematics of well-learned movement.
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Significance Statement

Motor memory persists even when it is not used for a while. IT neurons in L5a of the M1 gradually come to represent skilled
forelimb movements during motor learning. However, it remains to be determined whether these changes persist over a long
period and how these neurons contribute to skilled movements. Here, we show that a subset of M1 L5a IT neurons retain in-
formation for skilled forelimb movements even after nontraining days. Furthermore, suppressing the activity of these neurons
during skilled forelimb movements impaired behavioral stability and adaptability. Our results suggest the importance of M1
L5a IT neurons for tuning skilled forelimb movements over a long period.
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Introduction
The learning and execution of motor skills are essential for life.
Once we acquire a specific movement, we can reproduce it even
after not performing it for a long time (Arthur et al., 1998;
Hikosaka et al., 2002b), which inevitably requires the formation
of motor memory. Motor memory is thought to be stored across
cortical and subcortical brain areas (Hikosaka et al., 2002a;
Doyon et al., 2003), with the primary motor cortex (M1) and
dorsal striatum playing particularly critical roles in this learning
(Penhune and Doyon, 2002; Yin et al., 2009; Galea et al., 2011;
Orban de Xivry et al., 2011; Santos et al., 2015). In mice, synaptic
plasticity and reorganization of task-related activity occur in M1
and the dorsal striatum during learning of a variety of forelimb
motor tasks, such as the reaching task, lever-pull/push task, and
rotarod task (Xu et al., 2009; Masamizu et al., 2014; Peters et al.,
2014; Hayashi-Takagi et al., 2015; Santos et al., 2015; Lopez-
Huerta et al., 2021). Inhibition of synaptic plasticity in M1 or
striatum impairs this motor learning (Yin et al., 2009; Hayashi-
Takagi et al., 2015). Dorsolateral striatum (DLS), which receives
strong projections from M1 and returns the outputs to M1
through downstream pathways including the thalamus (Aoki et
al., 2019), is crucial for reorganization in the late phase of learn-
ing (Costa et al., 2004; Yin et al., 2009; Smith and Graybiel, 2013;
Badreddine et al., 2022). The prominent plasticity of the DLS in
the late phase may reflect the hierarchy of learning; motor skill
learning follows learning of the association between the action
and outcome (Hikosaka et al., 2013).

In the coordinated reorganization of M1 and DLS during
motor skill learning, the upper sublayer of layer 5 (L5a) in M1
should be a key sublayer because it contains many intratelence-
phalic (IT) neurons that connect M1 with ipsilateral and contra-
lateral DLS (Winnubst et al., 2019). We previously found that
M1 L5a neurons and retrogradely labeled L5a IT (or crossed cor-
ticostriatal; Morishima and Kawaguchi, 2006) neurons increased
motor information from the middle stage of learning a self-initiated
forelimb lever-pull task (Masamizu et al., 2014). Layer 5 (L5) IT
neurons are known to well represent the kinematics of forelimb
movements (Currie et al., 2022; Park et al., 2022). Furthermore, it is
assumed that the DLS continuously integrates task-relevant infor-
mation to constrain the execution of motor habits after learning
(Rueda-Orozco and Robbe, 2015). Striatal postsynaptic sites that
receive inputs from reactivated M1 neurons showed increased exci-
tatory postsynaptic currents after a rest period following learning
(Hwang et al., 2022). Consistent with this, transient inactivation of
M1 L5a IT neurons impairs motor performance (Park et al., 2022),
whereas inhibition of corticostriatal plasticity increases trial-to-trial
variability in movement (Santos et al., 2015). Thus, M1 IT neuron
activity and propagation of this activity to the DLSmay be required
for the precise execution of well-learned movement. However, it
remains unclear whether the motor-related activity of single neu-
rons is stable or not in the motor cortex (Carmena et al., 2005;
Chestek et al., 2007; Hwang et al., 2019).

Here, we examined whether M1 L5a IT neurons maintained
task-relevant motor information over nontraining days after the
late phase of learning. Using head-fixed Tlx3-Cre mice to probe
L5a IT neurons, which project their axons to the dorsal striatum
(Gerfen et al., 2013), we simultaneously conducted two-photon
calcium imaging during a lever-pull task in the forelimb M1
[caudal forelimb area (CFA)], and video tracked forelimb
and orofacial movements (Hira et al., 2013; Masamizu et al.,
2014; Terada et al., 2022). Then, constructing an encoding
model, we assessed whether ensembles of CFA L5a IT neu-
rons specifically represented the skilled forelimb movement

but not the accompanying uninstructed movements. We also
performed Cre-dependent optogenetic perturbation to reveal
that M1 L5a IT neurons were important for performing the
forelimb movement with high reproducibility when the le-
ver-pull task required fine adjustments.

Materials and Methods
Animals
All animal procedures were approved by the Animal Care and Use
Committees of the University of Tokyo Graduate School of Medicine
and followed the care and use guidelines of the institute. Mice (male, 2–4
months old unless otherwise stated) were housed under a 12 h light/dark
cycle (light cycle, 8:00 A.M.–8:00 P.M.) with access to food and water ad libi-
tum. Two mouse lines were used, wild-type (C57BL/6JJmsSlc, obtained from
Japan SLC) and Tlx3-Cre [B6.FVB(Cg)-Tg(Tlx3-cre)PL56Gsat/Mmucd
(RRID:MMRRC_041158-UCD)]. The Tlx3-Cre mouse line has Cre-
expressing neurons in a subpopulation of IT neurons in L5a and
superficial layer 5b (Gerfen et al., 2013; Callaway et al., 2021;
Muñoz-Castañeda et al., 2021; Im et al., 2022). Virtually all Tlx3-
Cre-positive (Tlx31) neurons have their axonal arborizations con-
fined within the telencephalon and have few axons in the thalamus,
brainstem, and spinal cord (Gerfen et al., 2013; Callaway et al., 2021;
Im et al., 2022). In addition, the majority of L5a IT neurons in the
secondary motor cortex innervate the striatum (Im et al., 2022). We
thus consider that Tlx31 neurons well represent a subset of L5a IT
neurons that project to the striatum.

Surgery for head plate attachment
The mice received intraperitoneal injections of dexamethasone (1.32mg/
kg body weight), carprofen (6mg/kg), sulfadiazine (24mg/kg), and tri-
methoprim (4.8mg/kg) for preoperative treatment. Mice were anesthe-
tized with an intraperitoneal injection of ketamine (74mg/kg) and
xylazine (10mg/kg) and were placed in a stereotaxic frame with ear bars
(Narishige). Their eyes were covered with eye ointment (Tarivid, Santen
Pharmaceutical) to keep them moist. The scalp overlaying the neocortex
was incised and the skull was cleaned. A custom head plate (Tsukasa
Giken; Hira et al., 2013) was then attached to the skull with dental
cement (Fuji lute BC, GC; Bistite II or EsteCem II, Tokuyama Dental),
and the skull was covered with a dental acrylic resin (Super-Bond, Sun
Medical). After surgery, mice were individually housed and allowed to
recover for at least 3 d.

Self-initiated lever-pull task
The self-initiated lever-pull task proceeded in a similar way to that previ-
ously described (Hira et al., 2013; Masamizu et al., 2014; Tanaka et al.,
2018). Mice were placed in an immovable stainless steel body holder
tube and head fixed in the task device. A lever was placed in front of the
right forelimb (the natural position), and a constant magnetic force of
0.03 N or 0.05 N was applied to the lever to ensure it returned to the nat-
ural position. Head-fixed mice were rewarded when they pulled the lever
past a threshold for 0.6 s. The threshold was set at 2.5 mm from the natu-
ral position. In this task, the lever pulling was limited to 5.0 mm from
the natural position, and the mice obtained a reward even when they
applied excessive pulling force. A drop of water reward (4ml) was deliv-
ered to the spout tip after a delay of;176ms after a reward signal com-
mand from a National Instruments Data Acquisition (NIDAQ) system
(Tanaka et al., 2018; Terada et al., 2022). To initiate a new trial, mice had
to return the lever and maintain it between the threshold and its natural
position for more than a certain period (the set wait duration). The set
wait duration was gradually increased across the values 0.01, 0.2, 0.4, 0.6,
and 1.0 s every 25 successful trials throughout the sessions, except for
the two-photon imaging experiments. Failure trials were defined as pull-
ing attempts in which the lever was returned, even briefly, between the
threshold and its natural position when required to be pulled past the
threshold for 0.6 s.

Drinking water was restricted to 1 ml/day from at least 4 d before the
learning sessions, and the mice were maintained at 80–85% of their nor-
mal body weight during the task sessions. Mice were acclimated to head
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fixation in the body holder in the task device for 3 d in advance of the
learning sessions. They then performed a 30–60min task session per day
for 5–6 d per week. On days without a task session, mice were main-
tained on water (1 ml/day) or water agar chunks (1 g/day). After 14
learning sessions, the mice were individually housed for 6 d of nontrain-
ing under water restriction (1 ml/day), after which they were retrained
in two test sessions. The task device was controlled by a program written
with LabVIEW software (National Instruments).

Target-zone lever-pull task
A target-zone lever-pull task was instigated, in which the aim was to
train mice to continuously hold the lever within a set range (target zone)
for a set period (Ttarget). Mice were head fixed in a slightly modified ver-
sion of the apparatus used in the self-initiated lever-pull task. Removal
of a stopper that restricted the range of the lever in the pulling direction
allowed the lever to be pulled .10 mm. The magnetic force was con-
stantly applied to return the lever to its natural position. Each trial con-
sisted of five task states, which were intertrial interval (ITI), Ready, Go,
Success, and Failure. The task state moved from ITI to Ready by holding
the lever below a threshold of 0.5 mm from the natural position for 1 s.
Any lever-pull movement exceeding the threshold during the ITI reset
the holding time to zero and extended the ITI. During the Ready state,
pulling the lever past the threshold moved the task state to Go, and the
mouse was given a 1 s response period. During the response period, if
the lever was continuously in the target zone for Ttarget, a 4ml drop of
water was delivered immediately, and the task state shifted to Success.
However, if the trial was not successful within the response period, the
task state was changed to Failure. Both Success and Failure states lasted
for 2 s, and any lever pulls during these states were ignored. The task
state then returned to ITI. The target zone was varied according to the
number of successes from the start of each learning session. The target
zone started with a range of63.5 mm with the center at 5 mm distance
from the natural position in the pulling direction. The range was
decreased according to the formula6kn � 3.5 mm, where k¼ 0.995 and
n ¼ cumulative number of successes in a session. In addition, when the
time between the last reward and the next lever-pull trial (Twait s) was
long, we considered that the task was difficult for the mice and added
Twait � 0.004 mm to the range. During the Go state, a 10 kHz pure tone
was presented while the lever was in the target zone to provide sensory
feedback on the location of the target zone. Ttarget was set at 100ms for
the first and second sessions and at 200ms for the subsequent sessions.
After 14 learning sessions, the mice performed an additional session
with the target range fixed at 56 2.5 mm from the natural position, with
this being followed by the optogenetic experiment.

Pharmacology for NMDA receptor blockade
For NMDA receptor (NMDAR) blockade experiments, MK-801
(0.25mg/kg; catalog #M107, Sigma-Aldrich) was dissolved in saline solu-
tion (0.9% NaCl solution) and injected intraperitoneally into the mice
(Zuo et al., 2005). Saline solution was injected as a control. Saline solution
or MK-801 solution was injected into mice 20min before and after each
session according to the following schedules: the first to third learning ses-
sions, saline; the fourth to 14th learning sessions, saline or MK-801; the
first and second test sessions, none or saline. For the experiments with
MK-801 administration in the first test session, mice were trained in
the self-initiated lever-pull task without injection and were adminis-
tered MK-801 solution 20min before and after the first test session.

The absolute trajectory error was defined as the mean absolute differ-
ence between the lever trajectory and the reference expert trajectory (av-
erage lever trajectory of successful trials in the 13th and 14th learning
sessions in the group of saline-administered control mice) during the
first 0.6 s after the lever-pull initiation.

Surgery for two-photon calcium imaging
Dexamethasone (1.32mg/kg), carprofen (6mg/kg), sulfadiazine (24mg/kg),
and trimethoprim (4.8mg/kg) were injected into mice intraperitoneally
for preoperative treatment. Mice were anesthetized with an intraperi-
toneal injection of ketamine (74mg/kg) and xylazine (10mg/kg) or
inhalation of isoflurane (1–4%), and were placed in a stereotaxic frame.

A square craniotomy of ;0.5 � 0.5 mm was prepared in the left hemi-
sphere. A quartz-glass pipette was pulled (P-2000, Sutter Instrument)
and beveled to a tip of 20–35mm diameter. The pipette was backfilled with
mineral oil and connected to a Nanoject III injector (Drummond
Scientific). The virus mixture [adeno-associated virus (AAV)5-CAG-GFP
(1–7 � 1012 vector genomes ml�1) and AAV1-Syn-flex-NES-jRGECO1a
(3.0 � 1012 vector genomes ml�1), both obtained from Addgene] was
front loaded into the pipette. The virus solution was injected into the left
CFA of Tlx3-Cre mice according to the following coordinates from the
bregma: 0.5 mm anterior, 1.0 mm lateral, 0.5 mm ventral; 0.5 mm ante-
rior, 1.4 mm lateral, 0.5 mm ventral; 0.1 mm anterior, 1.2 mm lateral, 0.5
mm ventral (20–40 nl per site). The pipette was left for 5min after each
injection to prevent backflow. The craniotomy was covered with dental sil-
icone (KwikCast, World Precision Instruments), and the skin was sutured.
Mice were allowed to recover for 1–3weeks. After recovery, a craniotomy
(;2.5 mm diameter) was performed centered at 0.2 mm anterior and 1.2
mm lateral from the bregma. A stainless steel tube (2.0 mm outer diame-
ter; 1.9 mm inner diameter; 0.5 mm length) covered at one end with a
glass coverslip (0.13–0.17 mm thickness, 2.0 mm diameter; Matsunami
Glass; Hasegawa et al., 2020) was attached onto the exposed dura and fixed
to the skull with cyanoacrylate glue (Vetbond, 3M) and dental acrylic resin
(SuperBond). A head plate was attached to the skull as described above, and
mice were allowed to recover in their home cages for at least 5d.

Two-photon calcium imaging
Images were acquired using an FVMPE-RS system (Olympus) with a femto-
second laser (InSight DS1 dual, Spectra-Physics) tuned to 1020–1040nm.
The objective was a 25� water immersion lens [working distance,
2 mm; numerical aperture (NA), 1.05; XLPLN25XWMP2, Olympus].
Fluorescence signals were collected with gallium arsenide phosphide
(GaAsP) photomultiplier tubes (Hamamatsu Photonics) after bandpass
filtering (495–540nm for GFP and 575–645nm for jRGECO1a; FV30-
FGR, Olympus).

Mice were head fixed in the task setup under the objective lens, and
their body was rotated at angles of 0°–3° by a two-axis goniometer so
that the cranial window was flat to the objective lens. A series of 54,000
continuous images [field of view (FOV), 512 � 512 pixels, 509.1mm �
509.1mm] was acquired at 30Hz. The imaging area was centered at 1.2
mm lateral and 0.2 mm anterior from the bregma. The focal planes were
located 445.11 6 17.72mm (n ¼ 6 mice) below the brain surface. To
align to the same imaging plane of each mouse, images of superficial ves-
sels and cells expressing GFP were used as reference images. Imaging
experiments were performed during the 13th and 14th learning sessions
(LS13 and LS14 hereafter, respectively) as well as the first and second
test sessions (TS1 and TS2 hereafter, respectively).

In the learning sessions for the two-photon imaging experiment, the
set wait duration was gradually increased from 0.01 to 1 s for every two
consecutive sessions with .150 successful trials (Tanaka et al., 2018).
The set wait duration was fixed for each animal in the imaging experi-
ment sessions. The set wait duration in the imaging experiment was
0.606 0.14 s (n ¼ 6 mice).

Video acquisition of body movements
Movements of animals were recorded as previously described (Terada et
al., 2022). In brief, two synchronized high-speed cameras (Scout scA640-
70gm, Basler), each of which was fitted with a fixed focus lens (M0814-
MP2, CBC), were positioned to record the bodies (bottom) and faces
(side) of the mice. The images were acquired at 70Hz.

Surgery for optogenetics
Virus injection was performed as described above, and pAAV-CKIIa-
stGtACR1-FusionRed (Addgene viral plasmid #105679-AAV5, http://
n2t.net/addgene:105679; RRID:Addgene_105679) and pAAV_hSyn1-
SIO-stGtACR1-FusionRed (Addgene viral plasmid #105678-AAV5, http://
n2t.net/addgene:105678; RRID:Addgene_105678) were gifts from Ofer
Yizhar (Mahn et al., 2018). For the optogenetics experiments in the
self-initiated lever-pull task, the virus solution AAV5-CaMKII-stGtACR1-
fusionRed (7.0 � 1012 vector genomes ml�1) or AAV5-Syn-SIO-
stGtACR1-FusionRed (7.0 � 1012 vector genomes ml�1) was front
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loaded into a quartz-glass pipette (20–30 mm tip diameter) con-
nected to a Nanoject III. The virus solution was injected into the left
CFA of wild-type or Tlx3-Cre mice 0.6 mm ventral from the dura,
centered at 0 mm anterior and 1.25 mm lateral from the bregma
(100 or 200 nl per site, two or four sites, total 400 nl). A small and
thick glass coverslip (0.25–0.35 mm thickness, 2.0 mm diameter;
Matsunami Glass) was bonded to a larger thin glass coverslip (0.08–
0.12 mm thickness, 3.5 mm diameter; Matsunami Glass) with an
ultraviolet curable optical glue (NOA 61, Norland Products; Tanaka
et al., 2018), and this double-layered glass was fixed to the skull with
cyanoacrylate glue (Vetbond) and dental acrylic resin (SuperBond).

For the experiments with the target-zone lever-pull task, AAV5-Syn-
SIO-stGtACR1-FusionRed (2.1 � 1013 vector genomes ml�1) was front
loaded into a quartz-glass pipette (20–30mm tip diameter) connected to
a 5ml Hamilton syringe (87930). The virus solution was injected into the
left M1 of Tlx3-Cre mice at the following coordinates from the bregma:
0.5 mm anterior, 1.2 mm lateral, 0.6 mm ventral; 0.5 mm anterior,
1.7 mm lateral, 0.6 mm ventral (120 nl per site, total 240 nl). The double-
layer glass window was constructed by bonding a 3 � 3 mm rectangular
glass coverslip (0.08–0.12 mm thickness; Matsunami Glass) to a 2� 2 mm
rectangular glass coverslip (0.45–0.60 mm thickness; Matsunami Glass)
with a UV-curing optical adhesive. The double-layered glass was fixed to
the skull with cyanoacrylate glue (Vetbond) and dental acrylic resin
(SuperBond). A head plate was attached as described. Mice were allowed
to recover for at least 5 d in their home cage.

In vivo optogenetic inactivation
Optogenetic inactivation was modified from a previously described pro-
cedure (Kondo and Matsuzaki, 2021; Terada et al., 2022). A 594 nm
fiber-coupled laser (OBIS LS 594nm, Coherent) was controlled with laser
controller software (OBIS LX/LS single laser remote, Coherent). The
light was delivered through an antireflection-coated multimode optical
fiber (400–700 nm, diameter 50 mm, NA 0.22; catalog #M50L02S-A,
Thorlabs) and a fiber port (f ¼ 7.5 mm, 350–700 nm, diameter 1.23 mm;
catalog #PAF2S-7A, Thorlabs) to a two-dimensional galvanometric scan-
ning system (Olympus; Kondo and Matsuzaki, 2021). The scanning laser
beam was focused onto the brain surface through an achromatic doublet
lens (f¼ 200 mm; catalog #AC254-200-A-ML, Thorlabs). The laser inten-
sity was set to 6 mW or 12 mW after the lens.

A single 1 s light pulse was triggered when the lever crossed the thresh-
old for the light stimulation (1 mm distant from the natural position), with
this being controlled by a NIDAQ system and a pulse generator (STOmk-
2, BRC). The jitter between the time of threshold crossing and the onset of
the laser irradiation was 4.86 0.9ms (n¼ 25 trials, mean6 SD). The light
was delivered to the left hemisphere in a random selection of 50% of the
trials. These photostimulation trials were randomly assigned at equal prob-
ability (25% of the total trials) to head plate illumination trials or M1 illu-
mination trials. After each illumination trial, the scanning systems moved
to the target for the next stimulation trial. LED lights (590nm) were placed
in front of the mice and were continuously illuminated throughout the ses-
sion to mask the delivery of the light pulse (Sauerbrei et al., 2020).

In the optogenetic inactivation session of the target-zone lever-pull
task, light irradiation was applied continuously for 1 s from the moment
the lever first entered the target zone in the Go state. The intensity of the
laser was set to 12 mW after the focusing lens. To prevent mice from recog-
nizing the timing of the light irradiation, masking LEDs (orange, blinking
at 20Hz) were placed in front of their eyes to keep them blinking through-
out all sessions from the first learning session. The task performances dur-
ing the first 15min of the session were assessed using the following five
measures: success rate, number of successful trials, minimum width of the
target zone within the session, trajectory error from the center of the target
zone, and time to get a reward from the first-zone entry. The trajectory
error was defined as the absolute value of the mean difference between the
lever trajectory and the center of the target zone (5 mm distance from the
natural position) during 0–0.2 s after the first target-zone entry.

In vivo electrophysiology
After the optogenetic inactivation experiments, a wild-type mouse that
expressed stGtACR1 in CFA was used for the experiment. Before

beginning the surgery, dexamethasone (1.32mg/kg), carprofen (6mg/kg),
sulfadiazine (24mg/kg), and trimethoprim (4.8mg/kg) were intraperito-
neally injected into the mouse. The mouse was anesthetized with 1.5–2%
isoflurane. The glass window was carefully removed from the skull, the
dura was removed, and the exposed brain surface was covered with dental
silicone (KwikCast) and a thin layer of dental acrylic resin (SuperBond).
After 2 h of recovery, the mouse was anesthetized with 1.5–2% isoflurane.
The mouse was head fixed in the task setup, and the brain was exposed by
carefully removing the covers of dental silicone and dental acrylic resin.
A Neuropixels 1.0 probe (Jun et al., 2017, IMEC) coated with CM-DiI
(catalog #V22888, Thermo Fisher Scientific) was inserted into the left
CFA of the mouse at a 60° angle relative to horizontal using a microma-
nipulator (SMM-200, Narishige). The reference Ag/AgCl wire, soldered
to the probe, was connected to the head plate. The exposed brain sur-
face was submerged in an external solution containing the following
(in mM): 140 NaCl, 5 HEPES, 2.5 KCl, 2 CaCl2, and 1 MgSO4. The
probe was allowed to settle for;20min before starting the recording.

Electrical signals were collected from 384 channels at 30 kHz in inter-
nal reference mode with the probe tip as the reference and then high-
pass filtered (0.3 kHz), amplified at a gain of 250, and digitized in the
head stage. The digitized signals were sent to a PC via a PXI interface
(PXIe-8381, National Instruments) and were recorded using SpikeGLX
software (http://billkarsh.github.io/SpikeGLX/). For the activation of
stGtACR1, a single 10 s 594 nm laser light pulse (12 mW at the lens) was
generated by a pulse generator (STOmk-2). Six stimulations were
performed during the electrophysiological recording. Multielectrode
recordings were processed using Kilosort3 (Pachitariu et al., 2023),
which corrected the motion drift of the Neuropixels 1.0 probe in the
brain and detected spikes from each channel. These spikes were sub-
jected to a clustering algorithm in Kilosort3 and were automatically
sorted into many spike clusters. The spike clusters were labeled accord-
ing to their quality as good, multiunit activity, or noise. We used the
good clusters as single units and further manually curated them using
the GUI (graphical user interface) of Phy (https://github.com/cortex-
lab/phy) to exclude artifact clusters. The channel position of each good
cluster along the Neuropixels 1.0 probe was histologically validated in
the cortical layer and area according to the channel ID of each spike
cluster. We analyzed good clusters located in M1 L5 as M1 L5 units. To
normalize the spike rate of each unit, the spike rate during photostimu-
lation was divided by the spike rate for 5 s immediately before each
photostimulation onset.

Simultaneous optogenetic inactivation and two-photon calcium imaging
Two male Tlx3-Cre mice (;10months old) were used for the experi-
ment. A 240 nl volume of a 1:1 mixture of AAV5-Syn-SIO-stGtACR1-
FusionRed (1.1 � 1013 vector genomes ml�1) and AAV5-Syn-GCaMP6f
(1.1 � 1013 vector genomes ml�1) was injected into left CFA at the fol-
lowing coordinates from the bregma: 0.5 mm anterior, 1.5 mm lateral,
and 0.6 mm ventral. The injection site was sealed with a double-layered
glass window constructed by bonding a 2� 4 mm (0.35–0.45 mm thick-
ness) rectangular coverslip to a 3� 5 mm (0.13–0.17 mm thickness) rec-
tangular coverslip. Approximately 3weeks postinjection, mice were head
fixed in the task setup under the objective lens, as described above.

Modifications were made to the microscope to enable optical stimula-
tion during two-photon calcium imaging. A dichroic mirror (ADM800,
Olympus) was inserted between the scanning lens and tube lens. The colli-
mated 594nm laser (OBIS LS 594nm, Coherent) was introduced to this
mirror with Kohler illumination, creating a uniform irradiation spot on the
focal plane. The dichroic mirror between the tube lens and the objective
lens was changed to a multiband dichroic mirror (FV30-NDMVCOIR,
Olympus) with a transmission characteristic of 594nm. This enabled col-
lection of fluorescence signals with the detector while allowing the 594nm
stimulation light to pass. To cope with contaminating signals from the light
illumination during imaging, the optical detector was changed to a silicon
photomultiplier (FV30SP-RXSiPM, Olympus), a photon counting device
that uses a multipixelized Geiger-mode avalanche photodiode and has pho-
ton sensitivity equivalent to a GaAsP photomultiplier tube while being re-
sistant to strong light exposure (Modi et al., 2019). The fluorescence signal
from GCaMP6f was detected by the silicon photomultiplier detector after
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passing through the following optical filters: a bandpass filter (495–
540nm), a dichroic mirror (570nm cutoff), and a second bandpass filter
(495–540nm; FV30-FGR, Olympus).

Light stimulation was conducted during two-photon calcium imag-
ing performed in awake head-fixed mice. The femtosecond laser for
imaging was tuned to 920 nm. A 25� objective lens was used. A series of
40,000 continuous images (FOV size, 254mm � 254mm with a digital
zoom) was acquired at 30Hz. The depths of the focal planes from the
brain surface were 410, 433, and 450mm for L5a imaging, and 139 and
170mm for layer 2/3 (L2/3) imaging. The intensity of the 594 nm laser
was 12 mW under the objective lens. To reduce the light illumination ar-
tifact affecting the fluorescent signal as much as possible, the light was
illuminated during the period when the femtosecond laser was not scan-
ning within the FOV. In the current imaging condition in which the X-
line was bidirectionally scanned with a resonant scanner at 8 kHz, the
time spent scanning one line was 62.5 ms, and the time from the end of
scanning one line within the FOV to the beginning of scanning the next
line within the FOV was 25 ms. At the end of scanning each line within
the FOV, the horizontal synchronization signal was output from the mi-
croscopy controller. This triggered the generation of a pulsed electrical
signal from a custom circuit with a monostable multivibrator (74HC423AP,
Toshiba), and this signal turned on the 594nm laser for 15 ms. This 15 ms
light illumination was repeated for 1 s in one photostimulation so that the
averaged laser intensity during the 1 s period was estimated to be 2.9 mW
(12 mW � 15/62.5). This value was almost the same as the intensity of the
continuous laser irradiation (3 mW) that was used in our previous study
(Terada et al., 2022). The 1 s light stimulation was repeated 100 times at
random intervals of 10–15 s.

The radius of the light beam was 0.29 mm at the focal plane (within
10% of the maximum value). This value is ;1.5 times greater than the
radius of the beam diameter used in the in vivo optogenetic inactivation
conducted in the task-performing mice described above (0.19 mm;
Terada et al., 2022). Visible light is strongly scattered even when it enters
brain tissue with a sufficiently narrow beam diameter. Because the lateral
radius of the area in which neuronal activity is suppressed by stGtACR1
stimulation with a laser with a radius of 0.2 mm was reported to be;0.8
mm (Li et al., 2019), we assumed that the lateral radius of the stimulated
cortical area would be ;0.8 mm in our two in vivo photostimulation
methods.

To confirm the expression of stGtACR1 in each neuron, FusionRed
was excited by the femtosecond laser tuned to 1040nm, and its fluores-
cence signal was imaged with a red filter (575–645nm; FV30-FGR,
Olympus) after the light stimulation experiment. Regions of interest
(ROIs) and time-series calcium traces were extracted using the CaImAn
algorithm (Giovannucci et al., 2019). The expression of stGtACR1 in an
ROI was visually determined by comparing the images of each ROI cut
out with its centroid and the images of FusionRed in the same area.

Optogenetics inactivation and whole-cell patch-clamp recording in acute
slice preparations
Slice preparation and patch-clamp recording were conducted as previ-
ously described, with slight modifications (Tanaka et al., 2008; Yamamoto
et al., 2020). AAV5-Syn-SIO-stGtACR1-FusionRed (2.1 � 1013 vector
genomes ml�1) virus solution was injected into the left M1 of three Tlx3-
Cre mice (8weeks old, two male and one female), as described above.
After 3–4weeks, the mice were anesthetized with an intraperitoneal injec-
tion of ketamine (74mg/kg) and xylazine (10mg/kg), and were transcar-
dially perfused with ice-cold slicing solution containing the following (in
mM): 103 NMDG, 2.5 KCl, 1.2 NaH2PO4, 10 MgSO4, 30 NaHCO3, 25 glu-
cose, 20 HEPES, 2 Thiourea, 3 Na-pyruvate,12 N-acetyl-L-cysteine, and
0.5 CaCl2, with adjustment to pH 7.3–7.4 with HCl and saturation with
95% O2 and 5% CO2 gas. After decapitation, 300-mm-thick coronal fore-
limb M1 slices were prepared using a Leica VT 1200 S Microtome and the
ice-cold slicing solution, bubbled with 95% O2 and 5% CO2 gas. Then,
cortical slices were placed for 10min in the slicing solution that was pre-
warmed at 33°C and bubbled with 95% O2 and 5% CO2. Slices were kept
at room temperature for at least 60min before experiments in the normal
ACSF containing the following (in mM): 125 NaCl, 25 NaHCO3, 10

glucose, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCl2, bubbled with 95%
O2 and 5% CO2 gas.

The slices were placed in a recording chamber on the stage of a
microscope (FV1000, Olympus) with a CMOS (complimentary metal-
oxide-semiconductor) camera (ORCA-spark, Hamamatsu Photonics).
The oxygenized ACSF was continuously perfused to the recording
chamber during recording. Borosilicate glass pipettes (catalog #BF150-
110-10, Sutter Instrument) were pulled using a micropipette puller (P-
1000, Sutter Instrument). The resistance of the pipettes ranged from
7.0 to 9.5 MX (positive pressure condition). FusionRed-positive neu-
rons were recorded as stGtACR1(1) neurons. FusionRed-negative
neurons near FusionRed-positive neurons were also recorded as
stGtACR1(–) neurons. Neurons that had a resting membrane poten-
tial below –55mV were used for whole-cell recordings. In the cur-
rent-clamp recording, glass pipette electrodes were filled with a
solution containing the following (in mM): 135 K-gluconate, 7 KCl,
10 HEPES, 0.5 EGTA, 4 MgATP, 0.4 Na2GTP, and Na2-phosphocre-
atine, with pH adjusted to 7.2–7.3 with KOH. The liquid junction
potentials of the K-gluconate-based internal solution were estimated
to be ;10mV and were not corrected.

The recording was conducted with a MultiClamp 700B amplifier
(Molecular Devices), filtered with a 10 kHz Butterworth filter. The data
were sampled at 20 kHz (PCI-MIO-16XE-10, National Instruments) and
collected withWinWCP software (University of Strathclyde).

For optogenetic inactivation, the light from a fiber-coupled laser
(OBIS LS 594nm, Coherent) was delivered through a fiber patch cable
(400–2200nm, diameter 400mm, NA 0.39; catalog #M28LO1, Thorlabs)
and dilated with a matched achromatic pair lens (f1 ¼ 30.0 mm, f2 ¼
100.0 mm, 400–700 nm; catalog #MAP1030100-A, Thorlabs). To adjust
the laser intensity, an absorptive ND filter (optical density: 1.0; catalog
#NE10B, Thorlabs) was placed after the lens. We set the laser intensity to
12.7 mW and 0.24 mW. The laser was illuminated 50° oblique to the sur-
face of the bath. To determine whether the light illumination suppressed
the activity of the recorded neurons, the light was illuminated for 1 s
during 2 s current injection from the patch pipette to the recorded neu-
ron. To normalize the spike rate of each neuron, the spike rate during
photostimulation (1 s) was divided by the spike rate for 0.2 s immedi-
ately before each photostimulation onset.

The radius of the laser beam at the slice surface was 0.73 mm, which
was similar to the estimated radius of the effective in vivo illumination
area, as described above. In the in vivo optogenetic inactivation with or
without imaging, the laser intensity was assumed to have attenuated to
;10% in L5a (at a depth of;0.5 mm from the brain surface) because of
scattering and absorption (Yizhar et al., 2011). Thus, the intensity of the
laser used in the optogenetic inactivation of IT neurons in the task-per-
forming mice was estimated to be 1.2 mW in L5a, which would be
the most effective layer for activating stGtACR1 on L5a IT neurons. In the
in vitro experiment in which the recorded neurons were located near the
slice surface, even 0.24 mW laser illumination strongly inhibited the activ-
ity of stGtACR1-expressing IT neurons in L5a, whereas 12.7 mW laser
illumination failed to inhibit the activity of L5a neurons that did not
express stGtACR1 (see Fig. 6G–L). Given the results of the experiment on
in vivo simultaneous photoinactivation and calcium imaging, we consider
that stGtACR1-expressing IT neurons in the behaving mice were effec-
tively and specifically suppressed by the light illumination.

Histology
Mice were deeply anesthetized with an intraperitoneal injection of ke-
tamine and xylazine and transcardially perfused with PBS, followed
by 4% paraformaldehyde (09154-85, Nacalai Tesque). Their brains
were removed and submerged in 4% paraformaldehyde for postfixa-
tion overnight. Brains were coronally sectioned into 100-mm-thick
slices using a Leica VT1000 S Microtome (Leica Microsystems).
Fluorescence Nissl staining was performed with NeuroTrace Green
Fluorescent Nissl Stain (1:200; catalog #N21480, Thermo Fisher
Scientific) or NeuroTrace Deep-Red Fluorescent Nissl Stain (1:200;
catalog #N21483, Thermo Fisher Scientific). Epifluorescence images
were acquired using a fluorescence microscope (BX53F, Olympus)
equipped with a 4� or 10� objective lens and fluorescence filter sets
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appropriate for GFP, RFP, Texas Red, and Cy5. Software based on
the Allen Mouse Brain Common Coordinate Framework was used
to identify the position of the Neuropixels 1.0 probe tract in the
brain and select the M1 L5 units (Shamash et al., 2018).

Extraction of ROIs and their activities
The two-photon imaging time series data were motion corrected using
the imaging data (using the green channel showing the cell structure
imaged from the constitutive expression of GFP), as previously described
(Masamizu et al., 2014; Tanaka et al., 2018). The shifts calculated for the
correction were applied to the red channel (jRGECO1a), resulting in
motion correction analysis independent of neural activity in the red
channel.

ROIs and time series calcium traces (DF/F) were extracted using the
CaImAn algorithm (Giovannucci et al., 2019) in MATLAB (MathWorks).
Extracted calcium traces were deconvolved using the constrained AR-2
OASIS algorithm (Friedrich et al., 2017), resulting in deconvolved calcium
traces. To define pursued neurons, ROIs in the same field of view over
consecutive days were visually aligned according to their spatial relation-
ship with centroid positions (Masamizu et al., 2014).

Body part tracking
The DeepLabCut toolbox was used to extract movements of the lever,
right forepaw, left forepaw, jaw, and tongue from movies acquired dur-
ing the motor task (Mathis et al., 2018). For right- and left-forepaw
movements, we tracked the middle digit of the right and left forepaws,
respectively. The forepaw movements were considered as forelimb
movements. Learning with small training sets (20–50 frames per movie)
was sufficient to track movements in almost all video frames. In some
frames where mice extended their forelimbs to the spout, their forepaws
occluded the jaw and tongue, and the likelihood of jaw and tongue track-
ing was low, and such frames were therefore omitted from the following
analyses. Additionally, in some frames, the forepaws were difficult to
track (likelihood,0.99), but these frames were rare (0.326 0.39% of all
frames for the right forepaw, 0.18 6 0.26% for the left forepaw, n ¼ 24
sessions; mean 6 SD). In sporadic single frames with vague forepaw
positions, the forepaw positions were interpolated from the frames
before and after the frame in question. Consecutive frames with ambigu-
ous forepaw positions were omitted from the following analyses. The
total percentage of omitted frames was 0.81 6 0.81% (n ¼ 24 sessions;
mean 6 SD). The component proportional to the lever movement was
subtracted from the right-forepaw movement, allowing us to extract the
lever movement-independent right-forepaw movement, RFlever(–). The
constant gain for the subtraction was determined for each session as that
minimizing the deviation of the subtracted right-forepaw movement.

Behavioral and neuronal variables
For a time point t, we used x as the lever position (one axis) and ex as all
the other behavioral variables, namely, lever velocity (two directions),
position (two axes) and velocity (four directions) of right and left fore-
paws, position (one axis) and velocity (two directions) of jaw movement,
licking (0 or 1), and reward information (0 or 1). Thus, we had 20 behav-
ioral variables for a time point. For neuronal variables, we binarized the
deconvolved calcium traces according to a threshold of 0.005 per imag-
ing frame (binarized activity) and used ri to represent the binarized ac-
tivity (0 or 1) of neuron i at a time point t.

Encoding model
We first created a spike encoding model, P rijx;exð Þ using an elastic net
generalized linear model (GLM) with a binomial distribution. To cap-
ture the temporal relationships between behavioral variables and the
binarized activity, we convolved all variables with 21 evenly spaced
Gaussian basis functions (centers of functions set to 6 3.0, 2.7, 2.4, 2.1,
1.8, 1.5, 1.2, 0.9, 0.6, 0.3, and 0 s; scale variable to 0.2 s; the half-width at
half-height of these functions was 0.52 s; Runyan et al., 2017). If an
impulse was expanded with these functions, neighboring signals would
have a correlation of at least 0.53, and this moderate correlation allowed
stable fitting. The Bernoulli elastic net GLM fitting was performed using
the lassoglm function in MATLAB. The elastic net regularization was

based on a combination of L1- and L2-type regularization with a param-
eter a, such that alpha¼ 0 corresponds to pure L2 regularization (equiv-
alent to ridge regularization) and alpha ¼ 1 to pure L1 regularization
[equivalent to LASSO (least absolute shrinkage and selection operator)].
We used alpha¼ 0.2 to avoid variable degeneracies while selecting useful
variables from potentially correlated ones. Shrinkage parameters were
fixed as lambda ¼ 0.0001 for all neurons in all conditions. This value
was determined by a preliminary search of parameters with 10-fold
cross-validation to maximize obtaining good fitting results.

When an encoding model of a binarized activity train was made, the
training frames and test frames from all imaging frames in each session
were sampled. The ratio of the number of positive frames (the binarized
activity¼ 1) to the number of negative frames (the binarized activity¼ 0)
was 0.00616 0.0051 (n¼ 3180 neurons, mean6 SD). To avoid an exces-
sive imbalance between the numbers of positive and negative training
frames, we chose nine-tenths of the positive frames in order and randomly
selected 1% of the negative frames for training (Hoens and Chawla, 2013).
After training, we estimated the probability of binarized activity in the re-
sidual one-tenth of positive frames and all negative frames. To minimize
data leakage between training and test frames, we did not use frames 2 s
before or after the training frames used for the test. We repeated this pro-
cedure 10 times to test all positive frames, and median values were
assigned for the negative frames that were estimated multiple times. Then,
we concatenated all data frames to obtain a single train of estimated proba-
bility for the target binarized activity, and all performances described
below were cross-validated. For a null model (Runyan et al., 2017), we fit-
ted each binarized activity train with a single constant parameter, other-
wise in the same way as above.

Performance and consistency of the encoding models
We use the term “full model” to refer to the encoding model constructed
with all 20 behavioral variables. First, we compared the cross-validated
likelihood of full models with that of the corresponding null model. The
means of the cross-validated likelihood of full and null models per frame
were 0.967 6 0.024 and 0.960 6 0.027, respectively (n ¼ 3180, mean 6
SD). In 2790 of these neurons, the cross-validated likelihood was higher
in the full model than in the null model. We defined 390 neurons with
full models that did not outperform the null model as “elusive neurons.”
Excluding these elusive neurons, we calculated the square of the correla-
tion coefficient between a trial-averaged recorded trace and the corre-
sponding estimate within the task-related period (from 1 s before to 3 s
after the successful lever-pull initiation) as the prediction accuracy
(cross-validated R2) of the task-related activity.

The 20 variables were classified into the six categories (lever, right
forepaw, left forepaw, jaw movement, licking and reward information).
To assess the contribution of the set of behavioral variables in each cate-
gory, we made two types of models. The contribution of a category of
variables to the statistical model was maximized when only that category
was used, so we made a single category model to assess the maximum
contribution of these variables. In contrast, the difference in perform-
ance between the full model and models without a single category of var-
iables, which we refer to as the “encoding unique contribution,” shows
the minimum contributions of these variables. We calculated the encod-
ing unique contribution for every category by subtracting the perform-
ance of the model without the single category from the performance of
the full encoding model. When the calculated result for a neuron was
below zero, the encoding unique contribution of the category in that
neuron was set to zero. We excluded the elusive neurons from these
analyses.

The normalized rank of neuronal encoding performance of neuron i
(i ¼ 1, 2, ..., N) in a session was calculated as (N � Ri 1 1)/N, where N is
the number of extracted neurons in that session, and Ri is the rank of
neuron i. Hence, the top performing neuron in a session had a normal-
ized rank of 1, and conversely, the worst performing neuron in a session
had a normalized rank of 1/N. In this normalization, the performance of
an elusive neuron was set to 0, and thus its normalized rank was forcedly
set as the smallest value in that session. The number of observed active
neurons in LS13 in each animal was 58–229 (n ¼ 6 mice), and therefore
the number of neurons with a normalized rank of 1–0.8 in LS13 was 12–
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46. If a pursued neuron had a normalized rank of 1–0.8 in LS13 for each
animal, it was classified as a top 20% neuron. The number of top 20% neu-
rons in each animal was 8–22 (6 mice) and their total number was 81. The
proportion of top 20% neurons to all neurons with a normalized rank of
1–0.8 in LS13 was 0.24–0.65. Then, we calculated the change in the nor-
malized rank of these top 20% neurons in LS14, TS1, and TS2. Assuming
that the distribution of the ranks of nonpursued neurons was similar
between different sessions, we consider that the estimation of the ranks of
the pursued neurons across sessions is valid, although the nonpursued
neurons were not consistently the same across the four sessions.

We analyzed the kernel of the model to assess how each behavioral
variable contributed consistently to the encoding model. For each vari-
able, we had weights for various Gaussian basis functions, and from
these weights and functions we reconstructed the temporal dependency
of the model on the behavioral variable, which we refer to as a kernel. As
we made an encoding model for each training spike train in the 10-fold
cross-validation, we had 10 spike train models for a single session.
Therefore, the median value of these 10 kernels was first calculated, then
the between-session correlation coefficients were calculated for every
variable of the kernel and averaged across pursued neurons (the top 20%
neurons or other neurons).

Decoding model
In the following, we describe the method for decoding x, while marginal-
izing the other behavior variables ex. We estimated x as the average of all
possible values as follows:

x̂ ¼
X
x

xP xjr� �
; (1)

where x̂ denotes an estimation of x. In this equation, we want to know
P xjr� �

, which means the probability of x with the observation of popula-
tion activity r . From herein, we denote the observed binarized activity of
neuron i as ri and the observed population binarized activity as r for
clarity. This probability is the marginal of the full description of the rela-
tionship between behavioral variables and population activity as follows:

P xjr� � ¼ X
ex

P x;exjr� �
: (2)

Bayes’s theorem leads to the following:

P x;exjr� � ¼ P r jx; ex� �
P x;exð ÞX

P r jx;ex� � : (3)

Hence, we get the following:

P xjr� � ¼ X
ex

P rjx;ex� �
P x;exð ÞX

P r jx;ex� � (4)

and

x̂ ¼
X
x;ex

x
P rjx;ex� �

P x; exð ÞX
P rjx; ex� � : (5)

P rjx;ex� �
is the likelihood of observed population activity based on

our encoding models and is expressed using the encoding results,
P rijx;exð Þ, as follows:

P rjx;ex� � ¼ Yn
i

1� jri � P rijx;exð Þj: (6)

All realizations of the combination of x;ex that we have are only
within a time series of sessions. Therefore, if we permit P x;exð Þ to have
equal probability, k, for a value realized in a time series and zero for a

value not realized in each session, following Runyan et al., 2017, x̂ can be
best estimated in this framework as follows:

x̂t ¼ k
X
s

xs
P r

t
jxs;exs

� �
X

s
P r

t
jxs;exs

� � ; (7)

where

P r
t
jxs;exs

� � ¼ Yn
i

1� jri;t � P ri;sjxs;exs

� �j: (8)

We also incorporated neuronal dynamics into our model by using
multiple frames of populational binarized activities; that is, we substi-
tuted rt with a concatenated vector, ½r t�6; r t�4; r t�2; r t; r t12; r t14; r t16�,
for the actual estimation (here, r t�t

represents the population binarized
activity at t frames before frame t). We estimated x̂ accordingly, and the
summation in Equation 7 was performed at all time points excluding
those 3.3 s before and after the time points in question to eliminate data
leakage.

Decoding contribution
The decoding contribution of a specific neuronal population was tested
as the decoding unique contribution of each population. In each session
for each animal, we calculated the decoding performances of the lever
trajectories from all pursued neurons and from all pursued neurons
except for the top 20% neurons. For each session, the difference between
these two decoding performances (after animal averaging) was calcu-
lated as the decoding unique contribution of the top 20% neurons. To
determine whether their contribution was higher than that of other pos-
sible populations comprised of nontop 20% neurons in each session, we
randomly chose the same number of neurons from nontop 20% pursued
neurons as for the top 20% neurons and calculated the animal-averaged
DR2 of these neurons in each session. We calculated the DR2 of these
random control populations 100 times and estimated the distributions
of DR2 for nontop 20% pursued neurons with histograms.

Experimental design and statistical analysis
All statistical analyses were performed using MATLAB (versions R2021b,
R2022a, R2022b). Sample sizes were chosen according to previous studies.
Male mice were used in all experiments except for an in vitro acute slice
experiment. Unless otherwise noted, data are summarized as the mean 6
SEM. Parametric tests were primarily used for statistical tests, but non-
parametric tests were also used when the distribution of data obviously
differed from a normal distribution (see Fig. 4G,H). All p values were cal-
culated with a two-tailed distribution and were corrected for multiple
comparisons when necessary. Numerical methods (bootstrap range and
shuffling) were also used when we could not make any assumptions about
the data distribution (see Figs. 4A, 5A,B,E–G). For the statistical analyses
visualized in the figures, detailed statistical designs are presented in the
Figure legends.

Results
Learned motor skill is retained after 6 d of nontraining
We trained head-fixed mice to perform the self-initiated lever-
pull task (Tanaka et al., 2018). After 14 learning sessions, we left
a 6 d nontraining period (the nontraining days) over which the
trained animals were not exposed to the task. Then, the mice
were re-exposed for additional sessions (test sessions). We previ-
ously demonstrated that a subset of L5a neurons in the CFA
increase the motor representation from middle to late learning
sessions (Masamizu et al., 2014), with this being related to synaptic
plasticity. Therefore, we examined whether the NMDAR, which is
a key component of synaptic plasticity in motor learning (Hasan et
al., 2013; Albarran et al., 2021), contributes to improvement in task
performance after the fourth learning session. We intraperitoneally
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administered the NMDAR antagonist MK-801 (0.25mg/kg) to a
group of mice in the fourth to 14th learning sessions. In another
group that served as the control, saline was administered in the
same manner. In the control mice, the lever-pull trajectory on suc-
cessful trials became precise and reproducible over 14 learning ses-
sions (Fig. 1A,B; Masamizu et al., 2014; Tanaka et al., 2018).
Consistent with this, the task performance improved, specifically the
success rate (the ratio of the number of successful trials to the total
number of lever-pull trials), and the number of successful trials
gradually increased. The absolute trajectory error from the expert le-
ver trajectory decreased, indicating that lever-pull movements
became stereotyped, and the set wait duration reached a plateau of 1
s by the fifth learning session at the latest (Fig. 1E). The task per-
formance was similar not only in the two late learning sessions
(LS13 and LS14), but also in the test sessions (TS1 and TS2). This
indicates that the task performance attained in the late learning ses-
sions was retained after the nontraining days. By contrast, the MK-
801 administration inhibited improvement in the success rate and
number of successful trials, and inhibited the decrease in the error
of the lever-pull trajectory (Fig. 1C–E). The task performance meas-
ures in the late learning sessions differed significantly between
MK-801-administered and control mice (Fig. 1F; Welch’s t test
with Bonferroni correction, the mean success rate, t(18.2) ¼ 7.05,

adjusted p ¼ 3.9 � 10�6; the mean number of successful trials,
t(15.7) ¼ 7.23, adjusted p ¼ 6.8 � 10�3; the mean absolute trajec-
tory errors from the expert lever trajectory in successful trials at
0.6 s from the lever-pull initiation, t(11.9) ¼ �4.43, adjusted p ¼
2.5 � 10�3). The differences in performance were still noticeable
in test sessions in which both groups performed the lever-pull task
without MK-801 (Fig. 1F; Welch’s t test with Bonferroni correc-
tion, the mean success rate, t(18.8) ¼ 2.80, adjusted p ¼ 0.03; the
mean number of successful trials, t(18.6)¼ 3.97, adjusted p¼ 2.6�
10�3; the mean absolute trajectory errors from the expert lever tra-
jectory in successful trials at 0.6 s from the lever-pull initiation,
t(17.0) ¼ �4.13, adjusted p ¼ 2.1 � 10�3). To evaluate the direct
effect of MK-801 on the skilled lever-pull movement, we injected
MK-801 into the trained mice only in TS1, where there was no
statistically significant effect on the task performance (Fig. 1G;
paired t test with Bonferroni correction, the mean success rate,
LS14 vs TS1, t(8)¼ 0.91, adjusted p¼ 0.8; LS14 vs TS2, t(8) ¼ 0.95,
adjusted p ¼ 0.7; TS1 vs TS2, t(8) ¼ 0.096, adjusted p ¼ 1; the
number of successful trials, LS14 vs TS1, t(8) ¼ 1.87, adjusted p ¼
0.20; LS14 vs TS2, t(8)¼ 2.24, adjusted p¼ 0.12; TS1 vs TS2, t(8)¼
0.41, adjusted p ¼ 1; the mean absolute trajectory errors in suc-
cessful trials, LS14 vs TS1, t(8) ¼ �1.55, adjusted p¼ 0.32; LS14 vs
TS2, t(8) ¼ �1.19, adjusted p ¼ 0.54; TS1 vs TS2, t(8) ¼ 0.15,

Figure 1. Learning of a self-initiated lever-pull task and performance after the nontraining days with or without NMDA antagonist treatment. A, Lever trajectories in the third learning session (session
3), LS14, and TS1 from a representative mouse in the saline-solution-administered control group. B, Lever trajectories of five consecutive trials (gray) and the mean lever trajectories in successful trials
(black) in each session shown in A. Arrowheads indicate the reward timings. C. Lever trajectories in session 3, LS14, and TS1 from a representative mouse in the MK-801-solution-administered group. D,
Lever trajectories of five consecutive trials (gray) and the mean lever trajectories in successful trials (black) in each session shown in C. E, Task performance in the learning and test sessions with NMDAR
antagonist treatment between the middle and late learning sessions (the fourth to 14th learning sessions). From left to right, success rate, number of successful trials, mean absolute trajectory errors, and
minimum set wait duration are shown. Trajectory errors were calculated in successful trials for 0.6 s from the lever-pull initiation from the reference expert lever trajectory which was defined as the mean
lever trajectory in successful trials in LS13 and LS14 from mice in the saline solution-administered control group. n¼ 11 mice in the saline-solution-administered control group, n¼ 13 mice in the MK-
801-solution-administered group. F, A summary of task performance in the early (session 3) and late learning sessions (LS13 and LS14) and test sessions (TS1 and TS2). Left, Mean success rate. Middle,
Mean number of successful trials. Right, Mean absolute trajectory errors from the expert lever trajectory in successful trials at 0.6 s from the lever-pull initiation, *p , 0.05 by Welch’s t test with
Bonferroni correction, n¼ 11 mice in the saline-solution-administered control group, n¼ 13 mice in the MK-801-solution-administered group. G, Task performance with NMDAR antagonist treatment
in TS1. Left, Success rate, p. 0.05 across sessions, paired t test with Bonferroni correction, n¼ 9 mice. Middle, Number of successful trials, p. 0.05 across sessions, paired t test with Bonferroni correc-
tion, n¼ 9 mice. Right, Mean absolute trajectory errors in successful trials, p. 0.05 across sessions, paired t test with Bonferroni correction, n¼ 9 mice.

Shinotsuka et al. · Stable Coding of Skilled Movement in Motor Cortex J. Neurosci., October 25, 2023 • 43(43):7130–7148 • 7137



adjusted p ¼ 1). Although it was unclear which brain areas were
affected by the MK-801 administration, these results suggest that
NMDAR-dependent processes are required for acquisition of the
skilled lever-pull movement during middle to late learning ses-
sions, rather than for its execution after learning.

Learned motor behavior was dependent on CFA
As we previously found that skilled lever-pull movements require
M1 in the late stage of learning (Hira et al., 2013; Tanaka et al.,
2018; Terada et al., 2022), it seemed sensible to test whether
skilled lever-pull movements depend on M1 after the nontraining
days. Therefore, we optogenetically silenced the activity of excita-
tory neurons in the CFA in the test sessions. To inactivate CFA,
we injected AAV encoding soma-targeted Guillardia theta anion-
conducting channelrhodopsin (AAV-stGtACR1-FusionRed; Mahn
et al., 2018) into the left CFA before the learning sessions started.
We confirmed that continuous 594nm laser illumination on the
CFA reduced the spike rates of deep-layer neurons (Fig. 2A–C;
paired t test, t(9)¼ 5.10, p¼ 6.4� 10�4; Fig. 2C).

To evaluate the contribution of M1 during lever-pull move-
ments, we established a closed-loop stimulation protocol during
the lever-pull task. When the lever was pulled beyond 1 mm
from its natural position, the laser was irradiated to either the left
CFA (25% of trials) or the head plate (25% of trials, for the con-
trol experiment) to evaluate the effect of silencing CFA on the
lever-pull behavior (Fig. 2D; Hwang et al., 2019; Terada et al.,
2022). The laser was not applied in the rest of the trials (50% of
trials). When the laser was illuminated on the CFA in the test
sessions, the lever position was rapidly returned to the natural
position and was then moved to the pull direction again (Fig.
2E). The lever was repulled more frequently with the laser illumi-
nation set at 6 mW than when it was set at 12 mW, suggesting
that the inhibitory effect on lever pulling was stronger with 12

mW illumination than with 6 mW (Fig. 2E). Because the pertur-
bation interrupted continuous pulls, the success rate in trials
with laser illumination on the CFA was much lower than that in
trials with laser illumination on the head plate (Fig. 2F; paired
t test, t(5) ¼ 6.87, p ¼ 1.0 � 10�3). Thus, skilled lever-pull move-
ments after the nontraining days required CFA activity.

Two-photon imaging of L5a intratelencephalic neurons in
CFA
To explore the relationships between skilled lever-pull movements
and the activity of CFA L5a IT neurons with large projections to
the striatum, we labeled these neurons by injecting a Cre-de-
pendent AAV encoding the red calcium indicator jRGECO1a
(AAV-FLEX-jRGECO1a; Dana et al., 2016) into the left CFA of
Tlx3-Cre mice (Gerfen et al., 2013). This transfection resulted
in strong jRGECO1a expression in L5a (Fig. 3A), as previously
reported (Gerfen et al., 2018; Park et al., 2022). We trained
these mice and conducted two-photon calcium imaging of
Tlx31 neurons in CFA at a depth of 371–500mm from the
cortical surface in LS13, LS14, TS1, and TS2. The task perform-
ance was not significantly different between the late learning
sessions and the test sessions (Fig. 3B; paired t test, the mean
success rate, t(5) ¼ �1.24, p ¼ 0.27; the mean number of suc-
cessful trials, t(5) ¼ �1.73, p ¼ 0.14; the mean absolute trajec-
tory errors from the expert lever trajectory in successful trials at
0.6 s from the lever-pull initiation, t(5) ¼ �0.87, p ¼ 0.42). We
detected changes in DF/F (representing neuronal activity)
among a total of 3180 active Tlx31 neurons in the CFA of six
Tlx3-Cre mice (Fig. 3C). A large population of Tlx31 neurons
in CFA showed peak trial-averaged deconvolved calcium traces
during lever pulling (Fig. 3D,E), which is consistent with our
previous study (Masamizu et al., 2014). Among the imaged
active Tlx31 neurons in the CFA, a subset was identified

Figure 2. Inhibition of skilled lever pulls caused by CFA optogenetic manipulations in the test sessions. A, Left, Histological image of the Neuropixels 1.0 probe tract in a coronal section including the
CFA that was 0.2 mm anterior to the bregma. Cyan indicates neurons labeled with NeuroTrace. Magenta indicates stGtACR1-FusionRed-expressing neurons. The Neuropixels 1.0 probe was labeled with CM-
Dil (indicated by yellow arrowheads). Scale bar, 1 mm. Right, Magnification of the image on the left. Scale bar, 0.5 mm. WM, white matter. B, Raster plots of spikes from a representative M1 L5 unit in
six light illumination trials at 12 mW. The orange bar indicates the light illumination. C, A summary of normalized spike rates of M1 L5 units before and during light illumination,
*p¼ 6.4� 10�4 by paired t test, n¼ 10 units. D, Schematic image of the light illumination sites on the head plate and CFA. E, Left, Lever traces in optogenetic stimulation trials at 6 mW. Lever traces
in the head plate illumination trials (n¼ 37 trials, black) and in the CFA illumination trials (n¼ 34 trials, orange) from a representative mouse. Right, Lever traces in optogenetic stimulation trials at 12
mW. Lever traces in the head plate illumination trials (n¼ 40 trials, black) and in the CFA illumination trials (n¼ 16 trials, orange) from a representative mouse, the same mouse as on the left. Mean le-
ver trajectories in each type of trial are shown as thick lines. The orange bar indicates light illumination. F, Summary of the success rate in the head plate illumination trials and the CFA illumination trials
at 6 mW, *p¼ 1.0� 10�3 by paired t test, n¼ 6 sessions from 3 mice.
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Figure 3. Longitudinal two-photon calcium imaging of CFA L5 IT neurons. A, Histological image of jRGECO1a expressed in a representative Tlx3-Cre mouse. Left, Neurons labeled with
NeuroTrace. Right, Neurons expressing jRGECO1a. Scale bar, 100 mm. WM, white matter. B, A summary of task performance in the late learning sessions (LS13 and LS14) and test sessions (TS1
and TS2). Left, Mean success rate, p ¼ 0.27 by paired t test. Middle, Mean number of successful trials, p ¼ 0.14 by paired t test. Right, Mean absolute trajectory errors in successful trials of
the expert lever trajectory at 0.6 s from the lever-pull initiation, p ¼ 0.42 by paired t test, n ¼ 6 mice. C, Left, Frame-averaged two-photon image of L5a IT neurons expressing jRGECO1a in
the CFA from a representative mouse (top). ROIs extracted by the CaImAn algorithm. Left, Neurons tracked throughout the imaging sessions (pursued neurons) are shown as black circles, and
other neurons are shown as white circles (bottom). Scale bar, 100 mm. Right, Representative lever trajectories and DF/F traces of neurons 1–4 in the left images. Frames with the deconvolved
calcium activity are shown in raster plots below each trace. Arrowheads indicate the reward timings. D, Trial-averaged deconvolved calcium traces (normalized) of CFA L5a IT neurons and
movements of body parts (lever, right forelimb, left forelimb, jaw, and licking) from a representative mouse aligned to lever-pull initiation of successful trials (gray dotted line). Arrowheads
indicate reward timings. E, Trial-averaged deconvolved calcium traces (normalized) of CFA L5a IT neurons pooled from six mice and aligned to the lever-pull initiation of successful trials. F,
Trial-averaged deconvolved calcium traces (normalized) of CFA L5a IT pursued neurons aligned to the lever-pull initiation of successful trials (n¼ 274 cells from 6 mice). Top, The mean sorted
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throughout the four imaging sessions (274 neurons from six
mice, represented by the black ROIs in Fig. 3C), and we refer to
these as “pursued neurons.” Of these pursued neurons, 123
showed a significant correlation of trial-averaged deconvolved
calcium traces across imaging sessions (with a higher correla-
tion than the 95th percentile of shuffling). These neurons had
peak times that were relatively stable across the four sessions
and were distributed throughout the lever pulling (Fig. 3F). The
trial-to-trial correlation of the deconvolved calcium traces of
these neurons during the task-related period (from 1 s before to
3 s after successful lever-pull initiation) was high both within
and between sessions (Fig. 4A). In contrast, the other pursued
neurons (151 neurons) had varying trial-averaged peak times
and lower trial-to-trial correlation across the four sessions
(Figs. 3F, 4A). These results indicate that a fraction of the CFA
L5a IT neurons stably represented skilled lever-pull movements
before and after the nontraining days.

Encoding models captured activity dynamics of CFA L5a IT
neurons during the motor task
We previously showed that a subset of L5a neurons in the CFA
evolves to represent the lever-pull movement from the middle
stage of learning (Masamizu et al., 2014). Therefore, we specu-
lated that the stability of the activity of a subset of CFA L5a IT
neurons in the late learning sessions and test sessions might
partly reflect the trial-to-trial stability of lever-pull movement. In
fact, when the time series of the lever-pull trajectories were
aligned to the lever-pull initiations, the trial-to-trial correlation
within and between sessions was very high, at ;0.8 (Fig. 4B).
In contrast, the trial-to-trial correlation of the lever-irrelevant
right forelimb movement (RFlever(�); see above, Materials and
Methods”) and left forelimb (LF) movement was very low, even
within the same session, being ;0.1. The orofacial movements
(jaw and lick movements) were uninstructed movements but
were related to the reward expectation and water consumption
accompanying the lever pull. The correlation of the orofacial
movements was lower than that of the lever-pull trajectory but
higher than that of RFlever(–) and LF movement (Fig. 4B). Trial-
to-trial variability in the timing of the orofacial movement onsets
and the frequency of jaw movement and licking might be larger
than that for the lever trajectory. On the basis of these observa-
tions, we hypothesized that after learning, the CFA L5a IT neu-
rons would represent the skilled lever-pull movement more
strongly and stably than they would represent the uninstructed
forelimb movements and orofacial movements.

To test this hypothesis, taking into account the trial-to-trial
variability of both lever-related and lever-unrelated movements,
and these movements during periods other than successful lever-
pull trials, we built generalized linear models to explain the time
series of the neuronal activity using 20 behavioral variables clas-
sified into the following categories: (1) lever-related variables
[one-axis position and two-direction (pull–return) velocities],
(2) reward timing, (3) RFlever(–)-related variables (two-axis
positions and four-direction velocities), (4) LF-related variables

(two-axis positions and four-direction velocities), (5) licking tim-
ing, and (6) jaw-related variables (one-axis position and two-
direction velocities; Fig. 4C, full model). For 2790 of the 3180
neurons recorded (from the total of 24 sessions), the full model
explained the binarized activity of each neuron better than the
null model (see above, Materials and Methods). The ability to
predict the binarized activity during the task-related period was
estimated as the prediction accuracy (cross-validated R2) of the
trial-averaged activity. These encoding models well captured the
time course of trial-averaged binarized activity in each neuron
(Fig. 4D,E), and the encoding performance was similar across
days and animals (Fig. 4F). These results indicate that our encod-
ing models reliably captured the neuronal activity dynamics of
many CFA L5a IT neurons.

Next, we examined the influence of behavioral variables on
the modeled activity of each neuron. To estimate the maximum
contribution of each category of behavioral variables (such as le-
ver-related variables), we made a separate model for each cate-
gory. The encoding prediction accuracy of the model with lever-
related variables was the highest among the models with a single
category of variables and was generally comparable to that of the
full model (Fig. 4G). In addition, to estimate the minimum con-
tribution of each category, we calculated the encoding unique
contribution (DR2), defined as the difference in cross-validated
R2 between the full model and the model without a particular tar-
get category of variables (Musall et al., 2019; Terada et al., 2022).
Complementing their high contribution to the encoding models,
the lever-related variables showed the highest unique contribu-
tion of all categories (Fig. 4H). These results indicate that in the
late learning and test sessions, the neuronal activities of the CFA
L5a IT neurons were more influenced by the skilled lever-pull
movement than by the other movements.

The relationship between the learned motor skill and the
activity of a subset of L5a IT neurons in CFA remained after
the nontraining days
In our previous study (Masamizu et al., 2014), only approxi-
mately one-fifth of the top 20% of CFA L5a neurons that strongly
possessed information on the lever movement in the early stage
of learning were in the top 20% in the late stage of learning. In
addition, one-third of CFA L5a neurons evolved to contribute
substantially to the ensemble prediction of lever movement in
the late stage of learning. Here, we hypothesized that if the motor
memory ensemble formed in the late stage of learning is stable,
the top 20% of CFA L5a neurons in the late stage of learning
would maintain the task-relevant motor information over non-
training days. Therefore, we examined whether CFA L5a neu-
rons with high ranks according to the full model prediction
accuracy maintained their high ranks across imaging sessions.
The rank was defined according to the encoding prediction accu-
racy in all neurons, regardless of whether they were pursued or
not, and was normalized between 1 (top) and 1/N (bottom, N
means the number of analyzed neurons in the session) in each
imaging session. The pursued neurons with the top 20% predic-
tion accuracy in LS13 (top 20% neurons) retained their ranks in
subsequent imaging sessions, whereas the ranks of the remaining
fraction of pursued neurons varied with a degree of randomness
(Fig. 5A). Furthermore, when the ranks of pursued neurons that
had a normalized rank of 1–0.9 in LS13 (top 10% neurons) and
the pursued neurons that had a normalized rank of 0.9–0.8 in
LS13 (top 10–20% neurons) were calculated in each session of
LS14, TS1, and TS2, they were significantly higher than the aver-
aged rank of randomly chosen neurons in each session (Fig. 5B).

/

deconvolved calcium traces (normalized) of the fraction of pursued neurons whose mean cor-
relation of trial-averaged deconvolved calcium traces (normalized) across imaging sessions
was higher than that of the 95th percentile of random shuffling (the 95th percentile of the
correlation coefficient was 0.136, n ¼ 123 neurons). Bottom, The mean sorted deconvolved
calcium traces (normalized) of the remaining fraction of pursued neurons (n¼ 151 neurons).
The order of neurons is the same across sessions.
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Figure 4. Lever movement was well encoded in CFA L5a IT neurons during the motor task. A, Correlation coefficients of the activities of pursued neurons. Top, The average correlation coeffi-
cient of the neurons shown in Figure 3F (top; n ¼ 123 neurons). Bottom, The correlation coefficients of neurons shown in Figure 3F (bottom; n ¼ 151 neurons). The correlation coefficients
were averaged across 1000 randomly selected trial-by-trial correlations from before 1 s to after 3 s relative to the lever-pull initiation (*p, 0.05 vs time-shifted control). B, Correlation coeffi-
cients of task variables averaged across 1000 randomly selected trial-by-trial correlations (1000 instances from each of six mice). C, Schemes of the encoding model of L5a IT neurons during
the lever-pull task. D, Cumulative probability of the accuracy of the mean binarized activity aligned with lever-pull initiation that was predicted by the encoding models using all variables.
Only neurons that were reconstructed by the encoding models with higher prediction accuracy (cross-validated log likelihood per frame; see above, Materials and Methods) than the null model
are plotted (n ¼ 2790 neurons). E, Mean traces across trials for deconvolved calcium traces (binarized, black), and binarized activity (red) for five representative neurons. The same numerical
figures in D and E indicate data from the same neuron. F, The variance in the encoding prediction accuracy across animals and days. Different colored lines indicate different mice. Although sta-
tistical significance was found in 68/276 possible comparisons (between 6 mice and 4 d; p , 0.05, t tests with Bonferroni correction), the absolute differences were small overall [0.14 at
most, 0.0466 0.034 (mean6 SD), n = 276 comparisons]. G, The encoding prediction accuracy of the full model (Full). The encoding prediction accuracies of the models with variables in a
single category are also shown (Lever, prediction accuracy for the model with only 3 lever-related variables; RFlever(-) for the model with only 6 RF-related variables; LF for the model with only
6 LF-related variables; Jaw for the model with only 3 jaw-related variables; Lick. for the model with only licking timing; Rew. for the model with only reward timing, n¼ 2790 neurons; *p,
0.05 vs full model, signed-rank test with Bonferroni correction). H, Unique encoding contributions (DR2) of single-category variables, calculated by subtracting the prediction accuracy from
that of the corresponding full model (e.g., the unique contribution for Lever was calculated by subtracting the model with 17 variables other than the 3 lever-related variables; n¼ 2790 neu-
rons; *p, 0.05 vs Lever, signed-rank test with Bonferroni correction).
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Figure 5. A subset of CFA L5a IT neurons stably encoded the learned motor skill after the nontraining days. A, Normalized rankings of the five groups of pursued neurons in the four imaging
sessions. Five groups were determined according to the normalized rankings among the pursued and nonpursued neurons in each imaging field in LS13. The top 20% neurons maintained their
rank in the field (blue; n¼ 81 neurons). Other neurons quickly merged to;0.5 (orange, neurons with a normalized rank of 0.6–0.8 at LS13, n¼ 49 neurons; yellow, neurons with a normal-
ized rank of 0.4–0.6 at LS13, n ¼ 48 neurons; purple, neurons with a normalized rank of 0.2–0.4 at LS13, n ¼ 44 neurons; green, neurons with a normalized rank of 0–0.2 at LS13, n ¼ 52
neurons). The statistical significance (asterisks) of the top 20% neurons was determined as follows. In each LS14, TS1, and TS2, the average normalized rank was calculated 10,000 times with
randomly selected populations of the same size as the top 20% neurons. When the normalized rank exceeded the 97.5th percentile of the distribution in the 10,000 instances, it was taken as
being statistically significant. B, Normalized rankings of the top 10% (left), top 10–20% (middle), and top 20–30% (right) neurons in the four imaging sessions. Either a blue or orange line
shows the averaged encoding performance of the neurons in question (left, n ¼ 41 neurons; middle, 40; right, 27). In each LS14, TS1, and TS2, the average normalized rank was calculated
10,000 times with randomly chosen populations of the same size as the corresponding group of neurons. Black solid lines show the average of 10,000 repetitions for the encoding performance
of the randomly chosen neurons. Black dashed lines show 97.5% tile and 2.5% tile of the averaged performance of 10,000 samples. Statistical significance (asterisks) was determined by
whether the blue line exceeded the black dashed line. Note that the comparison was based on the mean values but not on the SE bars of the blue line. C. The correlations of the encoding ker-
nels (blue, top 20% neurons, n¼ 81; gray, the other pursued neurons, n¼ 193 neurons; *p, 0.05 by t test, between blue and gray, with Bonferroni correction). D, Representative traces of
recorded (gray) and predicted (black) lever trajectories (decoded with 33 pursued neurons). E, Daily variations in the decoding prediction accuracy of each mouse are shown by gray lines (each
field contained 57, 41, 39, 78, 26, or 33 pursued neurons, scale on the left axis). The black line represents the normalized mean across mice (n ¼ 6 mice, scale on the right axis; p . 0.14
between days and p. 0.17 between mice by one-way ANOVA). F, Schematic of the calculation of decoding unique contributions (DR2) using data from LS13 (6 mice). The blue part of the
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By contrast, in any of the three sessions, the ranks of the pursued
neurons that had a normalized rank of 0.8–0.7 in LS13 (top 20–
30% neurons) did not significantly differ from the averaged rank
of randomly chosen neurons (Fig. 5B). These results suggest that
further analyses on the coding characteristics of the top 20% neu-
rons would be reasonable for investigating how motor informa-
tion is stably maintained in L5a neurons. The contribution of
each behavioral variable to the encoding model was expressed by
the temporal kernel used to convolute each variable. Therefore,
to assess the consistency of the contributions of variables in the
pursued neurons, we calculated the between-session correlations
of kernel shapes for each behavioral variable. The top 20% neu-
rons maintained the kernel shape of lever-related variables more
consistently across imaging sessions than did the other pursued
neurons (Fig. 5C). These results suggest that highly ranked neu-
rons maintain a more stable relationship between their activity
and lever kinematics than do other neurons.

Because our encoding model with behavioral variables well
reconstructed the activity of individual neurons, it should be pos-
sible to decode a specific behavioral variable from the recon-
structed population activity (Runyan et al., 2017). We therefore
decoded the lever trajectory from the binarized activities of pur-
sued neurons in each session (Fig. 5D) and found that the decod-
ing prediction accuracy of lever trajectories was comparable
between the late learning sessions and test sessions (Fig. 5E). To
estimate the decoding unique contribution (DR2) of the top 20%
neurons to the ensemble representation, we subtracted the
decoding prediction accuracy calculated for the ensemble with-
out the top 20% neurons from that calculated for all neurons
(Fig. 5F). We found that in both late learning sessions and test
sessions, the estimated decoding unique contribution of the top
20% neurons was higher than that of other equally sized popula-
tions (Fig. 5G). These results suggest that a fraction of neurons
that strongly encoded motor task information during learning
retained the acquired representation after the nontraining days.

CFA L5a IT neurons support the reproducibility of skilled
lever-pull movements
Finally, to examine the functional contribution of CFA L5a IT
neurons to the skilled lever-pull movements, we inactivated
CFA L5a IT neurons during lever-pull movement performed af-
ter the nontraining days. When AAV-SIO-stGtACR1-FusionRed
was injected into the left CFA of Tlx3-Cre mice, the stGtACR1-
FusionRed signal was strongly detected in L5a (Fig. 6A), similar to
jRGECO1a. To test whether stGtACR1 specifically inhibited the
activities of Tlx31 neurons in vivo, we injected AAV-GCaMP6f
together with AAV-SIO-stGtACR1-FusionRed into the left CFA of
Tlx3-Cre mice. This resulted in expression of Cre-independent
GCaMP6f signals in CFA (Fig. 6B). Then, we simultaneously con-
ducted two-photon imaging and 594nm light illumination in

awake head-fixed mice to evaluate the effect of the light illumina-
tion on the spontaneous activity of GCaMP6f-expressing neurons
both with and without stGtACR1-FusionRed [with, stGtACR1(1)
neurons; without, stGtACR1(�) neurons; Fig. 6B–E]. The light
illumination substantially reduced the activities of L5a stGtACR1
(1) neurons but had no effect on the activities of stGtACR1(�)
neurons in L2/3 and L5a (Fig. 6C–F). We further conducted
whole-cell patch-clamp recording of stGtACR1(1) and stGtACR1
(�) neurons in CFA L5a in acute slice preparations. Consistent
with the results of in vivo two-photon calcium imaging, the activ-
ities of stGtACR1(1) neurons were strongly suppressed by the
594nm light illumination, whereas the activities of stGtACR1(�)
neurons remained intact (Fig. 6G–L; paired t test, t(7) ¼ 14.64, p¼
1.7 � 10�6; Fig. 6I; t(7) ¼ 0.26, p ¼ 0.81, Fig. 6L). These results
indicate that 594nm light illumination reduced the activities of
Tlx31 neurons.

We then used 594 nm laser light at 12 mW to inhibit the neu-
ronal activities of stGtACR1-expressing Tlx31 neurons in the
CFA immediately after the lever-pull initiation. In test sessions,
we compared the success rate of trials with laser illumination on
the CFA with trials where the illumination was on the head plate.
Silencing Tlx31 neurons in CFA immediately after the lever-
pull initiation did not affect the success rate (Fig. 7A; paired t
test, t(5) ¼ �0.65, p ¼ 0.54). We suspected that the lever might
have been pulled with a force greater than that required to pull it
to its limit (5 mm) and that there would therefore be minimal
impact on lever-pull performance, despite a reduction in the ac-
tivity of L5a IT neurons in the left CFA. Indeed, when we transi-
ently made the lever weight heavier (0.05 N), photoinactivation
of Tlx31 neurons in CFA reduced the success rate (Fig. 7B;
paired t test, t(5) ¼ 5.59, p ¼ 0.005). The DLS, which is down-
stream of M1 L5a IT neurons, possesses kinematic information
(Rueda-Orozco and Robbe, 2015), and DLS inactivation decreases
the amplitude of reaches (Lemke et al., 2019) and increases trial-
by-trial variability while preserving the sequence structure (Rueda-
Orozco and Robbe, 2015). Together, our results raise the possibility
that CFA L5a IT neurons might have played a role in the genera-
tion of the motor commands that were commensurate with the
demands of the skilled movement at the time.

To directly test this possibility, we developed a variation of
the lever-pull task in which the mice needed to continue to finely
tune the lever position to hold the lever within a certain range of
the target position to obtain a reward (target-zone lever-pull
task; Fig. 7C). The head-fixed mice learned the self-initiated tar-
get-zone lever-pull task for 14 learning sessions (Fig. 7D,E). The
range of the target position in which the lever needed to be held
(the width of the target zone) was gradually reduced as the learn-
ing sessions progressed. The range was set to be approximately
62 mm from the target center (5 mm from the natural position
in the pulling direction) in the 14th session, after the lever trajec-
tories became stereotyped (Fig. 7D), and the mean of the abso-
lute distance between the lever position and the target center (the
error from the target center) decreased (Fig. 7E). Then, we
silenced Tlx31 neurons in the left CFA in an optogenetic inacti-
vation session performed after the 14 learning sessions. One-sec-
ond photoinactivation immediately after the lever-pull initiation
caused a significant reduction in the success rate in the CFA illu-
mination trials compared with that in the head plate illumination
trials (as the control; Fig. 7F; paired t test, t(5) ¼ 3.09, p ¼ 0.03).
The error from the target center was significantly larger in the
CFA illumination trials than in the head plate illumination trials
(Fig. 7G,H; paired t test, t(5)¼�3.33, p¼ 0.02; Fig. 7H), delaying
the time from trial initiation at which the mice acquired the

/

second column displays DR2 of the top 20% neurons, which was defined as the difference
between the decoding performance (R2) of all pursued neurons (far left column) and that of
the pursued neurons other than the top 20% neurons (second column, white part). The first
three columns exemplify control samples. The gray parts show DR2 of the subpopulations
that were randomly chosen from the nontop 20% neurons that were defined as neurons
with a normalized rank of 0–0.8 in LS13. The number of chosen neurons was the same
as that for the top 20% neurons. To obtain the distribution of DR2 of subpopulations without
the top 20% neurons, the random sampling and calculation were repeated 100 times.
G, Histogram of DR2 of the nontop 20% neurons (gray, 100 samples) with DR2 of the top
20% neurons (blue dot, the average across 6 mice) in each session. Each dashed line indi-
cates the highest DR2 of the nontop 20% neurons in each session.
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Figure 6. CFA L5a IT neuron-specific optogenetic inactivation. A, A representative coronal image of M1 IT neuron-specific expression of stGtACR1; NeuroTrace (cyan) and stGtACR1-FusionRed
(magenta). The image location along the anterior–posterior axis was the same as for the bregma. Scale bar, 0.5 mm. B, Left, Frame-averaged two-photon image of CFA L5a IT neurons express-
ing stGtACR1-FusionRed. Middle, ROIs of GCaMP6f-expressing neurons that were extracted with the CaImAn algorithm. Right, Merged left and middle images. Scale bar, 50 mm. The yellow
arrows indicate the neurons that express both stGtACR1-FusionRed and GCaMP6f [stGtACR1(1) neurons]. Insets, Enlarged view of the area indicated by the smaller white rectangle. C,
Representative calcium traces (z-scored DF/F) of stGtACR1(1) neurons shown in B when the 594 nm light was illuminated (orange). The traces were sorted to the onset of light stimulation.
Each gray trace was from each trial, and red traces are the average of all trials. D, Representative calcium traces (z-scored DF/F) of the GCaMP6f-expressing neurons shown in B that did not
express stGtACR1-FusionRed [stGtACR1(–) neurons] when the 594 nm light was illuminated (orange). E, Average response to 594 nm light stimulation of stGtACR1(1) neurons (n ¼ 31) and
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water reward (Fig. 7I; paired t test, t(5) ¼ �3.04, p ¼ 0.02). These
results suggest that CFA L5a IT neurons contributed to moment-
to-moment fine adjustment of the skilled lever-pull behavior.

Discussion
Using Tlx3-Cre mice to efficiently access the dynamics of L5a IT
neurons, we found that a subset of L5a IT neurons in the CFA
(top 20% neurons) retained high prediction accuracy for the le-
ver trajectory in both late learning sessions and sessions per-
formed after 6 d of nontraining. The encoding prediction
accuracy of the neuronal ensembles was also stable before and af-
ter the nontraining days. Consistent with this, the CFA was nec-
essary even after the nontraining days. By contrast, the motor
representation of other CFA L5a IT neurons was not maintained
after the nontraining days. Taking into account our previous
result (Masamizu et al., 2014), we consider that a subset of CFA
L5a IT neurons can become a specific component of the motor
memory ensemble through learning and then might be able to
remain as a component of the motor memory ensemble for a
long period of time, although the nontraining days in our experi-
ment were not of a sufficiently long duration to make compari-
sons with human motor memory that lasts for years.

We constructed an encoding model with behavioral variables
to show that the lever movement that included a major part of
the right forelimb movement along the lever-pull axis was more
strongly encoded in M1 L5a IT neurons than the other behav-
ioral variables. By contrast, representation of the uninstructed
orofacial movements (licking and jaw movements) in individual
L5a IT neurons in the CFA was minimal. We also recently
revealed that forelimb movement in both self-initiated and exter-
nal-cue-triggered lever-pull tasks is more strongly encoded in
L2/3 neurons in the CFA than are licking and jaw movements
(Terada et al., 2022). Thus, the CFA dominantly controls forelimb
movement, as suggested by another study (Morandell and Huber,
2017). Licking and jaw movements are probably mainly controlled
by another M1 area, the tjM1 (primary tongue-jaw motor cortex;
Mercer Lindsay et al., 2019; Terada et al., 2022). Behavioral varia-
bles other than lever-related ones also contributed to the activity
of M1 L5a IT neurons (Fig. 4H). However, compared with the
pursued neurons, these variables were not stably represented
across the late learning sessions and test sessions (Fig. 5B). The
session-to-session variability in these movements might be one of

the factors influencing the session-to-session variability in neuro-
nal activity (Stringer et al., 2019).

Transient inactivation of CFA L5a IT neurons immediately
after the lever-pull initiation in the test session did not decrease
the success rate. In the self-initiated lever-pull task, the mice
were rewarded if they maintained a pull with more force than
the applied magnetic force. Therefore, even if the activity of CFA
L5a IT neurons was inhibited, the lever pull would be successful
in the case that the reduced output force emitted from the fore-
limb was greater than the magnetic force, and the lever was not
returned on reaching the maximum length of 5 mm. However,
in the target-zone lever-pull task in which mice were required to
hold the lever in a narrow position, fine adjustment of output
force was necessary at any time point. In this case, inactivation of
the CFA L5a IT neurons reduced the success rate and increased
the difference between the lever and target positions. This sug-
gests that CFA L5a IT neurons would be necessary for the adjust-
ment of the kinematics, which is consistent with previous studies
that showed that L5a IT neurons are required for adjustment of
the amplitude of reaching in joystick and food-reaching tasks
(Park et al., 2022). In the conventional self-initiated lever-pull
task, inactivation of the CFA returned the lever to the natural
position. In contrast, inactivation of CFA L5a IT neurons in the
target-zone lever-pull task did not result in a unidirectional
move toward the natural position. Thus, the motor impairment
caused by the inactivation of CFA L5a IT neurons might not
simply reflect a reduction in the activity of L5a IT neurons to
drive L5 pyramidal tract (PT) neurons that innervate the spinal
cord (Morishima and Kawaguchi, 2006). PT and IT neurons ex-
hibit different motor-related activity (Turner and DeLong, 2000;
Currie et al., 2022; Park et al., 2022), and therefore their func-
tions should be different. For example, inactivation of L5a IT
neurons was shown to more severely affect reaching movement
than inactivation of L5 PT neurons (Park et al., 2022). We postu-
lated that the motor impairment caused by the photoinactivation
of CFA L5a IT neurons in the target-zone lever-pull task might
be caused by reduction of the signal transmission from these
neurons to the DLS neurons. DLS activity is continuously modu-
lated by kinematic and contextual parameters during sequence
execution (Rueda-Orozco and Robbe, 2015), and inactivation of
the major output area of the basal ganglia impairs the kinematics
(Desmurget and Turner, 2010). This output area projects axons
to the ventromedial and ventral anterior motor thalamic nuclei,
and these thalamic nuclei project axons to layer 1 in the CFA
that come to strongly represent the lever kinematics through
learning of the self-initiated lever-pull task (Kuramoto et al.,
2009, 2015; Tanaka et al., 2018). This thalamic signal may be
updated in the striatum via the corticostriatal inputs from the
CFA.

Although inactivation of M1 and the dorsal striatum impaired
the gross movement, the effect of inactivation of M1 on skilled
fine movement is known to be larger than that from inactivation
of striatum (Lemke et al., 2019). Therefore, the final refinement of
the forelimb movement may occur in M1. Reorganization of M1
L2/3 neurons is strongly associated with high precision in
grasping (Omlor et al., 2019) and context-dependent fine
movement proficiency (Terada et al., 2022). Thus, M1 L2/3
neurons might integrate such kinematic signals from the
ventromedial and ventral anterior thalamic nuclei with sen-
sory feedback from the sensory area (Mathis et al., 2017)
and cerebellum (Dacre et al., 2021) to drive the improve-
ment in fine movement. L2/3 neurons may be necessary for
both pull initiation and holding the lever. Furthermore, the

/

stGtACR1(–) neurons (n¼ 190) in CFA L5a. F, Histogram of the difference between z-scored
DF/F during the light stimulation (from 0 to 1 s after the onset of light stimulation) and the
baseline (from �1 to 0 s before the onset of light stimulation) in L5a stGtACR1(1) neurons
(left), L5a stGtACR1(–) neurons (middle), and L2/3 stGtACR1(–) neurons (right, n ¼ 95). All
were from the CFA L2/3 stGtACR1(–) neurons that were imaged above the field of view
where the L5a neurons were imaged. G, Bright-field (top) and fluorescent (bottom) images
of a representative whole-cell patch-clamped stGtACR1(1) neuron (arrowhead). White lines
indicate the location of the patch pipette. Scale bar, 20 mm. H, Representative traces of the
membrane potentials of the stGtACR1(1) neurons with and without light illumination. A
current of 200 pA was injected into the recorded neuron for 2 s. The orange bar indicates
the 594 nm light illumination period of 1 s. I, Normalized spike rates of stGtACR1(1) neu-
rons before and during the light illumination, *p ¼ 1.7 � 10�6 by paired t test, n ¼ 8
neurons from seven slices. J, Bright-field (top) and fluorescent (bottom) images of a repre-
sentative whole-cell patch-clamped stGtACR1(–) neuron (arrowhead). White lines indicate
the location of the patch pipette. Scale bar, 20 mm. K, Representative traces of the mem-
brane potential of the stGtACR1(–) neuron with and without light illumination. A current of
200 pA was injected into the recorded neuron for 2 s. The orange bar indicates the 1 s light
illumination period. L, Normalized spike rates of stGtACR1(–) neurons before and during light
illumination, p¼ 0.81 by paired t test, n¼ 8 neurons from 7 slices.
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corticostriatal inputs may serve as the efference copy carry-
ing the motor kinematics information (Fee, 2014). Although
we inferred that the inactivation of CFA L5a IT neurons
would severely impair motor kinematics, the effect of such
inactivation was significant but small in the target-zone le-
ver-pull task. There are corticostriatal IT neurons in L2/3
and layer 5b (Morishima and Kawaguchi, 2006; Oswald et al.,
2013) that may also play roles in motor control. To clarify
the role of the corticostriatal IT neurons in the control of the
kinematics, it would be useful to record the activity of striatal
neurons and retrogradely labeled IT neurons in different
layers in the target-zone lever-pull task.

In some motor tasks, M1 L5 PT neurons do not show strong
activity in movement initiation, and lesioning of the M1 area and
inactivation of M1 L5 PT neurons does not affect well-learned
movements (Kawai et al., 2015; Park et al., 2022). In contrast, we
previously showed that L5 PT neurons clearly exhibited activity
at the initiation of a lever-pull movement and that muscimol
injection into the CFA, even after 22–31 sessions, substantially
reduced the success rate (Terada et al., 2022). Nonspecific sup-
pression of CFA excitatory neurons immediately after the lever-
pull onset deteriorated the lever trajectory with a short latency
(;26ms in Terada et al., 2022). This short latency suggests direct
control of the forelimb movement from the CFA to the spinal
cord. Therefore, specific inactivation of PT neurons in the cur-
rent task may cause more severe deterioration of lever movement

than did inactivation of IT neurons. We speculate that skilled
forelimb movements may consist of two types, movements that
require L5 PT activity and those that do not (Whishaw et al.,
1993; Whishaw, 2000; Kawai et al., 2015; Wang et al., 2017).
Whether L5 PT neurons are important might depend on what
kind of forelimb movement is required for the task (Azim et al.,
2014). Long-duration (500ms) photostimulation of the motor
cortex in awake charnnelrhodopsin-2 transgenic mice induces
complex ethological movements such as hand-to mouth move-
ment, locomotion, and defensive-like movement with squeaking
(Hira et al., 2015). Such ethological movements should be con-
trolled by the brainstem (Roseberry et al., 2016; Capelli et al.,
2017; Caggiano et al., 2018). L5 PT neurons and output neurons
in the basal ganglia innervate the brainstem nuclei, and the brain-
stem nuclei also mediate skilled forelimb movements and locomo-
tion (Azim et al., 2014; Esposito et al., 2014; Roseberry et al., 2016;
Caggiano et al., 2018; Ferreira-Pinto et al., 2021). If the skilled
movement is consolidated in the form of modification of the
innate ethological movements, the striatum may be a more domi-
nant control area than M1, whereas if some forelimb movement is
learned as a new type of movement, M1 and the corticospinal
pathway may be more important (Wang et al., 2017; Ueno et al.,
2018; Whishaw, 2000). In both cases, the corticostriatal pathway
would be important in kinematic regulation. Cerebellar–thalamic-
M1 and cerebellar–spinal pathways are also important for some
skilled forelimb movements and locomotion (Low et al., 2018;

Figure 7. CFA IT neuron-specific optogenetic inactivation during skilled lever pulls. A, Summary of the success rate of the self-initiated lever-pull task in head plate and CFA stimulation trials
with the CFA IT-specific optogenetic inactivation at 12 mW, p¼ 0.54 by paired t test, n ¼ 6 sessions from 5 mice. B, Success rate of the self-initiated lever-pull task with CFA IT neuron-spe-
cific optogenetic manipulation under the heavier lever weight (0.05 N), *p¼ 0.005 by paired t test, n¼ 5 sessions from 5 mice. C, The scheme of the target zone lever-pull task. D, Lever tra-
jectories in the first learning session (session 1) and the 14th learning session (session 14) from a representative mouse (n ¼ 10 trials in each session). E, Task performance in the target zone
lever-pull task in the learning sessions. Left to right, The success rate; the number of successful trials; the minimum width of the target zone; the error from the center of the target zone (the
5 mm pull position from baseline), n ¼ 6 mice. F, Summary of the success rate of the target zone lever-pull task in the head plate illumination trials and CFA illumination trials with CFA IT
neuron-specific optogenetic manipulation, *p¼ 0.03 by paired t test, n¼ 6 sessions from 6 mice. G, The mean lever trajectories of the target zone lever-pull task in the head plate (gray) illu-
mination trials and CFA illumination (red) trials from a representative mouse; mean6 SD. The orange bar indicates light illumination. H, Summary of the mean errors from the center of the
target zone for 0.2 s from initiation in the head plate illumination trials and CFA illumination trials, *p¼ 0.02 by paired t test, n¼ 6 sessions from 6 mice. I, Summary of the time to obtain-
ing reward in the head plate illumination trials and CFA illumination trials, *p¼ 0.03 by paired t test, n¼ 6 sessions from 6 mice.
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Tanaka et al., 2018; Sathyamurthy et al., 2020), with the cerebel-
lum and basal ganglia communicating with each other through
the pons and thalamus (Bostan and Strick, 2018). In the future, it
will be necessary to compare activity and inactivation effects
between PT and IT neurons in some same forelimb movement
tasks using the same measurement methods and analyses.
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