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photostimuli-induced activity gain was quantified as the ratio of
the mean AF/F in the last 5 min of the photostimulation period to
that in the first 5 min minus 1. We identified neurons that showed
significantly higher activity in response to the ChR2 photostimuli
than to the light-emitting diode illuminations (P<0.05; one-
tailed two-sample f-test) and termed them photostimuli-
responsive neurons (Fig. 8c). In the potentiation protocol, 56%
of imaged neurons were photostimuli-responsive neurons (78 out
of 139 neurons in four sessions from four mice), whereas, in the
depression protocol, 30% of imaged neurons were photostimuli-
responsive neurons (40 out of 132 neurons in four sessions from
four mice). Although the photostimuli-responsive neurons in
these two protocols had almost identical AF/F at the beginning of
the sessions, the photostimuli-induced activity gains of these
neurons were significantly positive and negative in the
potentiation and depression protocols, respectively (Fig. 8d,e).
The activity gain of the other neurons was not significantly
different from zero in either protocol (potentiation protocol,
P=0.059, n=61; depression protocol, P=0.20, n=92; one-
sample i-test). The different modulation of photostimuli-
responsive neurons in the potentiation and depression protocols
was not due to a difference in licking behaviours because the
licking frequency around the reward (-1 to -1s) and after the
reward (2 to 4s) did not change from the first 5min to the last
5min in either protocol (Fig. 8f). In addition, 60 photostimuli
delivered without any water delivery did not induce substantial
changes in the activity gain in the photostimuli-responsive
neurons (Fig. 8e); thus, repetitive pairing of neuronal activity
with reward delivery at different time intervals was sufficient to
recreate RTBM.

Discussion

Here, we demonstrated rapid operant conditioning of single
neurons in the rodent motor cortex by two-photon calcium
imaging. The physical reward contingency task was introduced in
advance, and the mice rapidly learned to increase the activity of
target neurons that were not related to the pre-trained movement.
The increase in the activity of these neurons was robust; the mean
activity increase was ~50% of the first 5min activity. The
successful operant conditioning of lever-unrelated neurons is
consistent with the fact that cortical neurons with no discernible
relation to muscles can be volitionally modulated in the primate
motor cortex’. In addition, we showed, for the first time, that the
timing of neuronal activity relative to the reward is one of the
critical factors for the activity change in non-target neurons in
microcircuits. The modulation of non-target neurons was
bidirectional and was reproduced by repetitive pairing of ChR2
photostimulation with reward.

Recently, operant conditioning of two ensembles in the mouse
motor cortex by two-photon calcium imaging was reported,
whereby the mouse was conditioned to change the activity of the
two ensembles in opposite directions?”. The temporal dynamics
of the activities in the two target ensembles were different to each
other, and the conditioning depended on the correlation between
them. Therefore, for each non-target neuron, the spatial and
temporal associations with the target ensembles were inevitably
affected not only by each target ensemble, but also by the relation
between the two target ensembles. By contrast, in the present
study, the target neuron was a single neuron; therefore the spatial
and temporal associations with the target neuron could be
unambiguously determined for each non-target neuron. Our
results clearly showed that non-target neurons that exhibited high
activity synchronous with reward delivery (SR neurons) were
reinforced and non-target neurons whose activity followed
the reward after 2-4s (AR neurons) were repressed. The
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correlation between SR neurons and the target neuron was
higher than that between other non-target neurons and the target
neuron; however, the distance to the target neuron was similar
across SR, AR and other non-target neurons. This suggests that
the microcircuit has the capability to strengthen the activity of
neurons that were previously included in the same ensemble
without strong spatial constrains, which can explain the variety of
behaviours of non-target neurons observed during SNOC in
primates?>>10, During fast adaptation, which requires changes in
behaviours or internal models?®, novel ensembles may be broadly
generated based on the structure of pre-existing ensembles.
However, our finding that lever-related and lever-unrelated non-
target neurons were similarly modulated during the conditioning
period suggests that pre-existing ensembles that are not relevant
to a novel reward contingency do not necessarily restrict the
microcircuit reorganization. We found that a subset of non-target
neurons that were not correlated with the target neuron decreased
their activity over the conditioning period. The changes in the
activity of SR and AR neurons were not due to changes in licking
or lever-pull behaviours that might be related to reward
prediction. The counterbalance of microcircuit activity may
play a role in maintaining a constant overall level of network
activity for homeostasis'1®2%, Our results suggest that RTBM is
possibly one of many processes that underlie rapid reorganization
of the L2/3 cortical microcircuit during fast adaptation to
environmental changes, which occurs during brain-machine
and brain-computer interface learning, motor adaptation and
skill learning.

RTBM was recreated by repetitive pairing of the reward with
direct stimulation of a random set of neurons in the motor cortex.
Although licking behaviours did not change in either protocol,
the bidirectional activity changes might be related to reward
prediction and reward-absence prediction signals without
appearance of any behaviours. However, the proportion of
imaged neurons that were photostimuli responsive (56% and
30% in the potentiation and depression protocols, respectively)
was larger than the proportion of neurons with high RRAT (~5%;
Fig. 7d). In addition, reward-modulated neurons were very rarely
observed (~3%) in the rat forelimb M1 in a self-initiated lever-
pull-push task!®. It is therefore unlikely that the reward-
prediction activity had a large effect on the bidirectional
changes in the microcircuit. Thus, our results indicate that the
motor cortex can be a causal origin of the RTBM without signals
from the prefrontal and parietal cortices, which are presumably
required for cognitive strategies™0. In the auditory cortex,
forward conditioning of pure tone stimulation and electrical
stimulation of dopaminergic ventral tegmental neurons increased
the size of the cortical area responding to the tone frequency, and
backward conditioning reduced the size of the area®®3!. This
bidirectional remodeling may share the same underlying
mechanisms as RTBM in the motor cortex, although RTBM in
the motor cortex was faster. The dopaminergic projections to the
motor cortex are necessary for motor learning 2, Dopamine
uptake in the prefrontal cortex takes up to 5s°5; therefore,
increased dopamine concentration in the motor cortex may last
for the observed time interval between reward delivery and
activity in AR neurons. The corticostriatal synapses also show
bidirectional plasticity with dopamine release®!, which is
necessary for neuroprosthetic skill learning®. Dopaminergic
projections to the motor cortex and striatum may cooperatively
induce bidirectional modulations in L2/3 neurons.

Methods

Animals. All animal experiments were approved by the Institutional Animal Care
and Use Committee of National Institutes of Natural Sciences, Japan. Male and
female C57BL/6 mice (aged 2-4 months) were utilized for the present study.
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All mice were provided with food and water ad libitum and housed in a 12:12h
light-dark cycle. Mice were not used for other experiments before the study. Mice
were anesthetized by intraperitoneal injection of ketamine (74 mgkg ™) and
xylazine (10 mgkg ~ ') before an incision was made in the skin covering the
neocortex. After the exposed skull was cleaned, a head plate (Tsukasa Giken,
Sizuoka, Japan) was attached to the skull using dental cement (Fujiryu-to BC; GC,
Tokyo, Japan, Bistite 11; Tokuyama Dental, Tokyo, Japan). The surface of the intact
skull was coated with dental adhesive resin cement (Super bond; Sun Medical,
Shiga, Japan) to prevent drying. Mice were allowed to recover for 1 day before virus
injection. The number of mice per cage was 2--5 before the head plate was attached.
After that, mice were single-caged to avoid damage to the head plate and the glass
window.,

Virus production. GCaMP7 cDNA was cloned from the GCaMP7 vector®” and
inserted into pAAV (Addgene plasmid 26973; a kind gift from Dr K. Deisseroth,
Stanford University) to obtain recombinant AAV type 2/1 (rAAV2/1) expressing
GCaMP7. The vector plasmid (pAAV-syn-GCaMP7) contained GCaMP7 ¢DNA
and the woodchuck hepatitis virus post-transcriptional regulatory element, which
was expressed under control of the pan-neuronal human synapsin I promoter (syn-
GCaMP7). rAAV2/1-syn-GCaMP7 (AAV-syn-GCaMP7) was produced following
triple-transfection of HEK293 cells with pAAV-syn-GCaMP7, an adenoviral helper
plasmid pAdeno and a chimeric helper plasmid encoding AAV2 rep/AAV1 cap
genes (pAAV2-1, gifted to us from Dr J. M. Wilson, University of Pennsylvania)?®,
which was mediated by calcium phosphate co-precipitation with active gassing®’.
rAAV2/1-5yn-GCaMP7 was purified according to previous studies®®*, All rAAV2/
9 were obtained from the University of Pennsylvania Gene Therapy Program
Vector Core.

Virus injection. Thirty minutes before surgery, dexamethasone sodium phosphate
(1.32mgkg ™~ Lo prevent cerebral edema), the antibiotics sulfadiazine

(24 mgkg ') and trimethoprim (4.8 mgkg ~!) and the anti-inflammatory car-
profen (6 mgkg ™ ') were administered intraperitoneally. Isoflurane (1%) inhala-
tion was used for anesthesia throughout surgery. A 2-mm diameter circular
craniotomy was made over the left rostral motor forelimb area (circle centered
~2.4mm anterior and ~ 0.9 mm lateral to bregma) or the left caudal motor
forelimb area (circle centered ~ 0.2 mm anterior and ~ 1.2 mm lateral to bregma).
The dura mater was removed. Before virus injection, a pulled glass pipette (broken
and beveled to an outer diameter of ~ 25-30 pury; Sutter Instruments, California,
USA) and a 5l Hamilton syringe were back-filled with mineral oil (Nacalai
Tesque, Kyoto, Japan) and front-loaded with virus solution. Either 50 nl of
AAV-spn-GCaMP7 (7.1 x 10" vector genomes ml ™ 1) or 50 nl of mixed solution
containing AAV-syn-GCaMP6f (9.0 x 10'% vector genomes ml ™), AAV-flex-
ChR2-mCherry (3.8 % 10'2 vector genomes ml ™) and AAV-CMV-Cre (2.2 x 1010
vector genomes ml ') was injected via a syringe pump at a rate of 0.1 ul min ™!
(KDS310; KD Scientific, Massachusetts, USA) to a depth of 300 pm from the
cortical surface. The pipette was inserted vertically and maintained in place for
10 min after the injection. The injection was repeated at 1-3 sites within the rostral
motor forelimb area or the caudal motor forelimb area. After the pipette was slowly
withdrawn, 4% (w v~1) agarose L (Nippon Gene, Tokyo, Japan) was placed over
the craniotomy, a 4.5-mm-diameter glass coverslip (number 0 thickness; Matsu-
nami Glass, Osaka, Japan) was pressed onto the agarose surface!?, and the edges
were sealed with dental adhesive resin cement. Mice were then returned to their
cages. Mice were allowed to recover and to express sufficient doses of GCaMP7 or
GCaMP6f and ChR2 proteins for 2-4 weeks before imaging experiments were
performed.

Lever-pull task. Seven AAV-syn-GCaMP7-transduced mice were used for the self-
initiated lever-pull task, which was modified from a previous study'?. In brief,
water-deprived mice were trained to pull a lever for a distance of 5 mm over a time
period of 400 ms to obtain a 4 pl drop of water. The water delivery was
accompanied by a small click from the water valve. The animals were required to
leave the lever at its original position and wait >3 s before pulling the lever again
to receive the next water drop.

Optical SNOC. The seven mice injected with AAV-syn-GCaMP7 and trained at
the lever-pull task were used for SNOC by two-photon calcium imaging
(2pSNOC). Two-photon calcium imaging was conducted using a FV1000-MPE
system (Olympus, Tokyo, Japan) and a mode-locked Ti:sapphire laser (MaiTai HP;
Spectra Physics, California, USA) at a wavelength of 910 nm. A 690-nm shortpass
dichroic mirror (Olympus) was used to separate the excitation laser and the
emitted fluorescence. Fluorescence emissions were collected using a GaAsP pho-
tomultiplier tube (PMT; Hamamatsu Photonics, Shizuoka, Japan). The laser
intensity was adjusted to 5-36 mW to maintain a constant baseline level of
fluorescence in the neurons. The imaged field was 128-512 x 128-268 um (mean,
380 x 199 pm; 11 =24 fields from seven mice) and the depth of the imaging plane
was 162.5 % 45.2 um below the cortical surface (n=24). The frame duration was
216-311ms (mean, 292 ms, n = 24). The fluorescence intensity of multiple neurons
on the monitor of the FV1000-MPE was continuously detected with a machine
vision camera (Basler, Ahrensburg, Germany) connected to a personal computer,
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and was analyzed in real time using a custom-developed and -deployed program
written with the assistance of the LabVIEW vision module (National Instruments,
Texas, USA). A region of interest (ROI) containing a single neuron was specified,
and the mean fluorescence intensity of this ROI was continually measured. When
the fluorescence intensity of the ROI remained under the manually determined
threshold (3~6 s.d. of the baseline fluorescence intensity) for >1s and then
exceeded the threshold, the mouse was rewarded with two 4-pl drops of water from
a spout near the mouth,

Simultaneous two-photon imaging and ChR2 photostimulation. Six mice
injected with AAV-syn-GCaMP6f, AAV-flex-ChR2-mCherry and AAV-CMV-Cre
were used for the simultaneous two-photon calcium imaging and ChR2 {Jhoto~
stimulation exrerimems. Relatively low-titered AAV-CMV-Cre (2.2 % 10 0 vector
genomes ml ') was stochastically transduced to a limited number of neurons, and
relatively high-titered AAV-flex-ChR2-mCherry (3.8 % 1012 vector genomes ml ™)
was used to enable strong expression of ChR2 in a sparse subset of neurons. The
water-deprived mice were acclimatized to the head restraint and delivery of water
from the spout under a microscope for 2 days before the start of the photo-
stimulation experiments. Two-photon calcium imaging was performed in the same
way as in the 2pSNOC experiments, except that multialkali PMTs were used
instead of GaAsP PMTs to prevent photodamage. The imaged field was fixed to
320 % 160 pum (n==11 from six mice) and the depth of the imaged plane was
12851 17.5 um below the cortical surface (n=11). The frame duration was

294 ms. A blue-light source (cat. no. MBL-H-473, OptoEngine LLC, Utah, USA)
was used for photostimulation®? and bifurcated 473-nm light-emitting diodes
(LEX2-B; BrainVision, Tokyo, Japan) were set in front of both eyes for masking.
The frames that included either photostimulation or masking and one subsequent
frame were discarded from the analysis. A 480-nm shortpass dichroic mirror
(Olympus) was used to separate the excitation blue light and the emitted
fluorescence.

Offline processing of imaging data. Analyses were performed using Image]
software (version 1.45s; National Institutes of Health, Maryland, USA) and
MATLAB software (versions R2010a, R2011b, MathWorks, Massachusetts, USA).
Image sequences were corrected for focal plane displacements by applying the
Image] plug-in, TurboReg!!. ROIs were manually specified. Averaging the
fluorescence of all pixels within each ROI resulted in a raw time series, from which
time-averaged background fluorescence measured in unstained blood vessels was
subtracted. The detrended relative change in fluorescence (AF/F) was calculated
from the subtracted time series usin§ the eighth percentile value from 15 s before to
155 after each sample time point'*"3. Non-negative deconvolution® of each AF/F
trace was performed using a decay time constant of 1s and divided by the median
absolute deviation of the deconvoluted trace x 1.3826 X 2 (2 ©). A value of 1 was
subtracted from these values. Then, if the values were negative, they were set to
zero. The final values were defined as ‘activity’. The ROIs whose activity
demonstrated skewness > 1 were defined as reconstructed neurons'?, Further
analysis was limited to the reconstructed neurons.

In the experiments involving simultaneous two-photon calcium imaging and
ChR2 photostimulation, the AF/F trace without deconvolution was used for
analysis because the light stimulation interrupted continuous monitoring of
fluorescence and, therefore, precluded deconvolution. The AF/F values in
interrupted frames were removed from the analysis. For each neuron, the AF/F
value 588 ms (two frames) after photostimulation was compared with the AF/F
value 588 ms after masking stimulation using a one-tailed two-sample t-test.

If AF/F after photostimulation was significantly larger (P<0.05) than AF/F after
masking stimulation, the neuron was defined as a photostimuli-responsive neuron.
The number of photostimuli-responsive neurons was 14.8 9.7 (n=11 fields) per
field of view (320 x 160 pm) and this accounted for 43.9% of reconstructed
neurons. mCherry fluorescence was detected in 4.9 + 2.2 cells (1 = 8 fields in which
mCherry fluorescence was recorded) per field of view (320 x 160 pm) by in vivo
two-photon imaging and this accounted for 15.0% of reconstructed neurons;
thus, neurons without sufficiently strong mCherry fluorescence should have been
included in photostimuli-responsive neurons. ChR2-mCherry-expressing

neurons out of the focal plane might also play a role in activating photostimuli-
responsive neurons. In 90.2% (156/173) of the photostimuli-responsive neurons,
the peak fluorescence value on the first trial was more than half of the peak of the
mean fluorescence value on all trials. Thus, the photostimulation immediately
evoked activity in the photostimuli-responsive neurons, which eliminates the
possibility that the light itself gradually affected the neurons and induced
conditioned light responses.

Definition of lever-related and lever-unrelated neurons. Eight hundred and
forty reconstructed neurons were categorized according to their association with
the lever movement during the pre-conditioning period. The period from 1 s before
the onset of the lever-pull movement to 3 s after the lever had returned to the
original position was defined as the lever-related period. During the lever-related
period, neurons showing activity that was significantly larger (P<0.05 by one-
tailed two-sample t-test) than that outside the lever-related period were defined as
lever-related neurons. The remaining neurons were defined as lever-unrelated
neurons.
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Definition of RSL. The 5s after water delivery was defined as the reward-related
period. Spontaneous pairwise correlation was the correlation between the activity
of two neurons in reward-unrelated periods of the conditioning period. Activity in
reward-related periods was excluded from this analysis to remove any effect of
reward-related activity and/or behaviours. The neuronal activity in the first 10 min
of the conditioning period was used to calculate RSI(f). Activity in the final 5 min
of the conditioning period was excluded to remove any effect of activity gain and
reward gain. RSI(#) was defined as the sum of activity in a 0.33 s bin t s after reward
delivery divided by the sum of activity in reward-unrelated periods. If the time bin ¢
was included in the reward-related period, RSI(f) was defined as the sum of activity
ina 0.33 s bin t s after reward delivery divided by the sum of activity ¢ s after reward
delivery and activity in reward-unrelated periods. The duration of the time bin was
0.33s, which was approximately the duration of a single frame. Because the activity
calculated by non-negative deconvolution was >0, RSI(t) ranged from 0 to 1 by
definition.

Analysis of licking behaviour. Licking behaviour was monitored at 30 Hz with an
infrared video camera during the 2pSNOC experiments and by electrophysiological
methods during the photostimulation experiments. To quantify the number of licks
per second from the video data, an ROI that included the tongue was selected
within the movie and the number of times that the mean intensity of the ROI
exceeded a threshold (the mean of the maximum and minimum values in a data
set) was counted. To quantify the number of licks per second from the electro-
physiological data, the electropotential difference between the spout and the head
of the mouse was measured and sampled by the FV1000-MPE. The number of
times that the electropotential exceeded a threshold (the mean of the maximum
and minimum values in a data set) was counted.

Statistics. Data are presented as mean * s.d. Student’s ¢-test, the Wilcoxon signed-
rank test, the Wilcoxon rank sum test, Spearman’s correlation test, Pearson’s
correlation test and y?-test were used for statistical comparisons. Pairwise com-
parisons were two-tailed unless otherwise noted. Error bars in graphs represent the
s.e.m. ANOVA and post-hoc Tukey’s HSD (honestly significant difference) test
were used for multiple comparisons. No statistical tests were run to predetermine
sample size. Blinding and randomization were not performed.
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NEUROMUSCULAR DISEASE

DOK7 gene therapy benefits mouse
models of diseases characterized by
defects in the neuromuscular junction

Sumimasa Arimura,’ Takashi Okada,” Tohru Tezuka,' Tomoko Chiyo,” Yuko Kasahara,”
Toshiro Yoshimura,” Masakatsu Motomura,” Nobuaki Yoshida,” Pavid Beeson,¢

Shin’ichi Takeda,” Yuji Yamanashi'*

The neuromuscular junction (NMJ) is the synapse between a motor neuron and
skeletal muscle. Defects in NMJ transmission cause muscle weakness, termed myasthenia.
The muscle protein Dok-7 is essential for activation of the receptor kinase MuSK, which
governs NMJ formation, and DOK7 mutations underlie familial limb-girdle myasthenia
(DOK7 myasthenia), a neuromuscular disease characterized by small NMJs. Here, we
show in a mouse mode! of DOK7 myasthenia that therapeutic administration of an
adeno-associated virus (AAV) vector encoding the human DOK7 gene resulted in an
enlargement of NMJs and substantial increases in muscle strength and life span. When
applied to model mice of another neuromuscular disorder, autosomal dominant
Emery-Dreifuss muscular dystrophy, DOK7 gene therapy likewise resulted in enlargement
of NMJs as well as positive effects on motor activity and life span. These results
suggest that therapies aimed at enlarging the NMJ may be useful for a range of

neuromuscular disorders.

he neurotransmitter acetylcholine (ACh) is
released from the presynaptic motor nerve
terminal and binds to ACh receptors (AChRs)
on the postsynaptic muscle membrane of
the neuromuscular junction (NMJ), which
forms in the central region of each myotube (I, 2).
To achieve efficient neuromuscular transmission,
AChRs must be densely clustered on the postsyn-
aptic membrane (7, 2). Impaired AChR clustering
is associated with disorders of neuromuscular
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transmission, including subtypes of congenital
myasthenic syndromes and myasthenia gravis
(2~-4). The muscle-specific receptor tyrosine ki-
nase MuSK is required for the formation and
maintenance of NMJs (1, 2).

The cytoplasmic protein Dok-7 (downstream
of tyrosine kinases 7) is an essential activator of
the receptor kinase MuSK, and mice lacking Dok-7
form no NMJs (5-8). Recessive loss- or reduction-
of-function mutations in the human DOK7 gene
underlie a limb-girdle type of congenital myas-
thenic syndrome, DOK7 myasthenia, a disorder
characterized by NMJs that are about half the
normal size (7, 9, 10). In contrast to many NMJ
channelopathies (11), DOK7 myasthenia is not
associated with abnormalities in the function
and local density of AChRs or the quantal re-
lease per unit size of the endplates (the region of
synaptic specialization on the myotube). These
observations suggest that DOK7 myasthenia
should be classified as a synaptopathy rather than
a channelopathy (2, 7). Interestingly, there is ac-

cumulating evidence that NMJ structural defects
may be a common feature of other neuromus-
cular disorders (12-18), including muscular dys-
trophy (MD), amyotrophic lateral sclerosis (ALS),
spinal muscular atrophy (SMA), and age-related
muscle weakness or sarcopenia. Indeed, studies
of patients with autosomal dominant Emery-
Dreifuss muscular dystrophy (AD-EDMD) and
a mouse model of this disease have produced
data suggestive of inefficient neuromuscular
transmission (12). Because the size of NMJs is
an important determinant of NMJ function (2),
these observations raise the possibility that en-
largement of the synaptic area may mitigate
muscle weakness associated with defective NM.J
structure.

‘We previously generated Dok-7 transgenic (Tg)
mice that overexpress Dok-7 uniformly through-
out the skeletal muscle under the control of the
human skeletal g-actin (HSA) promoter (6). Using
these mice, we found that forced expression of
Dok-7 in vivo enhanced the activation of muscle-
specific kinase MuSK and subsequent NMJ for-
mation at the correct, central region of muscle
fibers in embryos (6). Consistent with this, Dok-7
Tg mice showed greatly enlarged NMJs at 12
weeks of age (fig. S1A). Because exogenous Dok-7
was expressed only in the skeletal muscle (6), these
data indicate that forced expression of Dok-7 in
muscle triggers not only intramuscular signaling
but also retrograde signaling that enlarges motor
axon terminals. Interestingly, although these mice
have enlarged NMJs, they did not exhibit ob-
vious defects in motor activity, as determined by
wire-hang and rotarod tests (fig. S1, B and C). To-
gether, these findings suggest that Dok-7-mediated
enhancement of NMJ formation merits inves-
tigation as a possible therapeutic approach for
neuromuscular disorders associated with an NMJ
synaptopathy.

To facilitate Dok-7-mediated NMJ formation
in the muscle, we generated AAV-D7, a recom-
binant adeno-associated virus (AAV) serotype 9
(AAV9) vector carrying the human DOK7 gene
tagged with enhanced green fluorescent protein
(EGFP) under the control of the cytomegalovirus
(CMV) promoter. This promoter shows higher ac-
tivity in skeletal muscle than the HSA promoter
(19). The AAV vector is a powerful tool for deliver-
ing therapeutic genes to skeletal muscle and other
tissues (20, 21). We first treated C2C12 myotubes
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with AAV-D7 and observed an increase in the num-
ber of AChR clusters (fig. S2), as expected from
previous work (5, 7, 9). We next treated 8-week-old
wild-type (WT) mice with 4.0 x 10" viral genomes
(vg) of AAV-D7, delivered by a single intravenous
injection, and compared them with control, un-
treated mice. One week after the injection, NMJs
were clearly enlarged in the central region of the
diaphragm muscle of AAV-D7-treated mice, with
exogenous expression of Dok-7 throughout the
myotubes (fig. S3 and Fig. 1, A and B). MuSK ac-
tivation was augmented in the muscle as judged
by elevated phosphorylation of MuSK and AChR,
the latter known to be dependent on MuSK ac-
tivation (Fig. 1, C and D). These results demon-
strate that forced expression of Dok-7 in adult
mice promotes MuSK-mediated formation of
NMJs, leading to their enlargement within a week
of AAV-D7 treatment. WT mice treated with AAV-
D7 did not show any abnormalities in motor ac-
tivity, as determined by grip strength, wire-hang,
and rotarod tests (fig. S4), or in histology of the
skeletal muscle, heart, and liver, which are the
major target tissues of this AAV9 vector in mice
(fig. $5) (22). We confirmed exogenous expression
of Dok-7 in the heart (fig. S6) and in skeletal mus-
cle (fig. S3 and Fig. 1A) after AAV-D7 treatment.

To investigate whether forced expression of
Dok-7 and subsequent enlargement of NMJs
in vivo mitigates disease progression after onset
of DOK7 myasthenia, we generated Dok-7 knock-
in (KI) mice homozygous for the frameshift mu-
tation (c.1124. 1127dupTGCC), which corresponds
to the most prevalent mutation in patients (fig.
S7) (7, 10, 23-25). Dok7¥! and littermate WT mice
displayed no obvious abnormal phenotype. By
contrast, Dok-75¥ mice (Dok-7 KI mice) ex-
hibited characteristic features of severe muscle
weakness: These mice died between postnatal
day 13 (P13) and P20, exhibited about 25% of
the body weight of WT mice at P12, and devel-
oped apparent disturbance in gait by P9 (fig. S8).
Unlike Dok-7"*" and littermate WT mice, Dok-7
KI mice were too weak for the measurement of
muscle strength. Furthermore, they showed ab-
normally small NMJs lacking postsynaptic fold-
ing (figs. S9 and S10), a pathological feature seen
in patients with DOK7 myasthenia (26). The
¢.1124_1127dupTGCC mutation is a reduction-of-
function mutation in terms of MuSK activation
in C2C12 myotubes (7, 9). Consistent with this,
Dok-7 KI mice exhibited decreased MuSK activity
in skeletal muscle, as judged by attenuated phos-
phorylation of AChR and MuSK (fig. S11) (see
below). Thus, the Dok-7 KI mice develop defects
similar to those found in patients with DOK7 my-
asthenia, although the mice (hereafter referred
to as “DOK7 myasthenia mice”) exhibit a more
severe phenotype.

To determine whether DOK?7 gene therapy pro-
vides beneficial effects to DOK7 myasthenia mice,
we administered 2.0 x 10" vg of AAV-D7 by in-
traperitoneal injection to the animals at P9 to
P12. At P9, these mice required at least 10 s to
right themselves after being placed on their side,
confirming disease onset. A single-dose treatment
with AAV-D7 led to marked recovery of the DOK7
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male = 3, female = 3). (C) Immunobiotting for tyrosine phosphorylation of MuSK or AChR and for p-actin in
the hind-limb muscle. MuSK immunoprecipitates (IP) from whole-tissue lysates (WTL) of the hind-limb
muscle were subjected to immunoblotting for phosphotyrosine (pY) and MuSK. AChRs pulled down
with BTX-Sepharose (PD) from WTL were subjected to immunoblotting for pY or the Bl subunit of
AChR. (D) Quantified data for tyrosine phosphorylation of MuSK and AChR in the hind-limb
muscle (n = 3 mice; male = 1to 2, female = 1 to 2). Values in (B) and (D) are means = SD. *P < 0.05
by Student’s t test.
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myasthenia mice. All AAV-D7-treated mice survived
for at least 1 year with no apparent abnormality,
whereas all untreated and AAV-EGFP-treated

Fig. 3. Dok-7 therapy promotes MuSK-mediated
NMJ formation in DOK7 myasthenia mice. Mice
were treated or untreated with 2.0 x 10" vg of AAV-
D7 at P9 and subjected to the following assays at
P14. (A) Immunoblotting for tyrosine phosphoryl-
ation of MuSK or AChR and for p-actin in the hind-
limb muscle. Experiments were performed as in Fig.
1C. (B) Quantified data for tyrosine phosphorylation
of MuSK and AChR in the hind-limb muscle (n = 3
mice; male = 1to 2, female = 1 to 2). (C) Whole-
mount staining of NMJs on the diaphragm muscle.
Axons and nerve terminals (green), AChRs (red),
and Dok-7 tagged with EGFP (gray) were visualized
as in Fig. 1A. (D) Quantified data for the size of each
AChR cluster in the diaphragm muscle (n = 30
microscopic fields in 6 mice; male = 3, female = 3).
Values in (B) and (D) are means + SD. *P < 0,05 by
analysis of variance (ANOVA) and Dunnett's test.

Fig. 4. The effect of Dok-7 therapy in a mouse
model of AD-EDMD. Mice were treated or untreated
with 4.0 x 10" vg of AAV-D7 at P16 and subjected
to the following assays. (A) Kaplan-Meier survival
curves of WT littermates and Lmna KO mice (AD-
EDMD mice) (n = 19 to 20 mice; male = 9 to 12,
female = 8 to 11). NT, not treated. (B and C) Mo-
tor activity at P35, determined by (B) wire-hang
and (C) rotarod tests (n = 8 to 10 mice; male = 4
to 6, female = 4 to 5). (D) Whole-mount staining
of NMJs on the diaphragm muscle at P42. Axons
and nerve terminals (green), AChRs (red), and Dok-7
tagged with EGFP (gray) were visualized as in Fig. 1A
(E) Quantified data for the size of each AChR clus-
ter in the diaphragm muscle at P42 (n = 30 mi-
croscopic fields in 6 mice; male = 3 to 4, female =
2 to 3). (F) Immunoblotting for tyrosine phospho-
rylation of MuSK or AChR and for g-actin in the
hind-imb muscle at P42, Experiments were
performed as in Fig. 1C. (G) Quantified data for
tyrosine phosphorylation of MuSK and AChR in
the hind-limb muscle at P42 (n = 3 mice; male =
1to 2, female = 1 to 2). P value (A) was calculated
by log-rank test (Lmna KO - NT versus Lmna KO -
AAV-D7). Values in (B), (C), (E), and (G) are means +
SD. *P < 0.05 by analysis of variance (ANOVA) and
Dunnett’s test.
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control mice died by P20 (Fig. 2A and fig. S12).
Indeed, body weight and motor activity—as deter-
| mined by grip strength, wire-hang, and rotarod

tests—of AAV-D7-treated mice approximated those
of age-matched WT controls by P56 (Fig. 2, B to E).
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specifically in skeletal muscle restored survival
and motor activity of DOK7 myasthenia mice as
determined by wire-hang and rotarod tests, indi-
cating that muscle-specific expression of Dok-7 is
sufficient to rescue these mice (fig. S13, A to C).

We next investigated whether AAV-D7 treat-
ment promotes activation of MuSK and subse-
quent enlargement of NMJs in DOK7 myasthenia
mice. We found that MuSK and AChR phosphor-
ylation was strongly elevated in DOK7 myasthe-
nia mice just 5 days after treatment with AAV-D7
(Fig. 3, A and B). Consistent with this, NMJs
were greatly enlarged in DOK7 myasthenia mice
within 5 days of treatment (Fig. 3, C and D, and
fig. S14) and remained enlarged at 8 weeks of
age (fig. S15). Together, these data demonstrate
that treatment with AAV-D7 (hereafter referred
to as “Dok-7 therapy”) facilitates MuSK-mediated
NMJ formation, resulting in stable enlargement of
NMJs, restoration of motor activity, and enhanced
survival of DOK7 myasthenia mice.

Because AAV-D7 enlarges NMJs not only in
DOK7 myasthenia mice but also in WT mice, we
hypothesized that Dok-7 therapy might be ap-
plicable to other types of neuromuscular disor-
ders that are associated with abnormalities of
NMJ structure but not caused by DOK7 mutations.
As noted above, AD-EDMD is one such candi-
date. AD-EDMD is caused by mutations in the
LMNA gene, which encodes lamin A/C, an im-
portant determinant of interphase nuclear ar-
chitecture (27). Patients with AD-EDMD develop
cardiac defects and skeletal muscle weakness (28).
Although pacemaker and implantable cardioverter
defibrillator (ICD) insertion helps address the
cardiac defects (29), there is no effective freatment
for skeletal muscle weakness. Histology and gene
expression profiles of muscle biopsies from pa-
tients with AD-EDMD are suggestive of alterations
in NMJ structure (12, 30, 31).

We studied a mouse model of AD-EDMD (here-
after referred to as “AD-EDMD mice”) that is
genetically deficient in lamin A/C and that has
structurally abnormal and functionally ineffi-
cient NMJs (12, 30). At P16, we administered 4.0 x
10" vg of AAV-D7 into the AD-EDMD mice by a
single intraperitoneal injection. Disease onset
was confirmed in each AD-EDMD mouse at P16,
when the animals showed hind-limb paralysis
and required at least 10 s to right themselves after
being placed on their sides. We found that Dok-7
therapy prolonged survival of AD-EDMD mice
(Fig. 4A). Mice receiving Dok-7 therapy, but not
those receiving AAV-EGFP treatment, lived an av-
erage of 29 days longer than untreated mice (P <
0.0001, log-rank test) (Fig. 4A and fig. S16). In
addition, Dok-7 therapy increased latency to fall
of AD-EDMD miice, as determined by wire-hang
and rotarod tests by 49 s and 44 s, respectively,
over untreated mice (P < 0.05, Dunnett’s test)
(Fig. 4, B and C), indicating enhanced motor ac-
tivity. Forced expression of Dok-7 specifically in
skeletal muscle via a transgene also enhanced
AD-EDMD mouse survival and motor activity, as
determined by wire-hang and rotarod tests, indicat-
ing that muscle-specific expression of Dok-7 is
sufficient to benefit these mice (fig. S13, D to F).
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Dok-7 therapy enhanced MuSK activation and en-
larged NMJs in the skeletal muscle within 26 days
of treatment (Fig. 4, D to G), and the NMJs in con-
trol, untreated AD-EDMD mice were significantly
smaller than those in WT mice (Fig. 4, D and E).
Electrocardiographic and histological analyses
showed that Dok-7 therapy did not benefit heart
function in AD-EDMD mice (fig. S17). It is pos-
sible that the beneficial effects of Dok-7 therapy
on muscle weakness are partially masked in these
mice by heart failure, which, as noted above, would
be treatable in patients with AD-EDMD by pace-
maker and ICD insertion (29). These findings sug-
gest that Dok-7 therapy might be beneficial for
patients with AD-EDMD.

The mechanisms through which Dok-7 ther-
apy alleviates muscle weakness in mouse models
of DOK7 myasthenia and AD-EDMD remain to
be determined. We speculate that, in addition to
an effect on the postsynaptic region of muscle, the
mechanism likely involves retrograde signaling
from the muscle to the nerve. This idea is con-
sistent with the observation that enlargement of
the nerve terminals at NMJs is seen in the Dok-7
Tg mice that overexpress Dok-7 only in the skel-
etal muscle, as well as in AAV-D7-treated mice.

Recent studies of mouse models of ALS and
SMA revealed that peripheral motor nerve degen-
eration first manifests as reduction of the nerve
terminal area with subsequent denervation at
NMJs, and then proceeds proximally, a pattern
known as “dying-back” pathology (32, 33). Con-
sistent with this, autopsies of patients with ALS
or SMA suggest that motor neuron pathology be-
gins at the distal axon and proceeds proximally
(32, 34). Because AAV-D7 has the potential to
enlarge the nerve terminals at NMJs, it is tempt-
ing to speculate that Dok-7 therapy may counter-
act the “dying-back” pathology at NMJs and be
beneficial in these multifactorial disorders of
mostly unknown etiology. Interestingly, in a re-
cent study of the SOD1 (superoxide dismutase 1)
G93A Tg mouse model of ALS, it was reported
that a modest, muscle-specific increase in MuSK
expression via a transgene delayed denervation
at NMJs and improved motor activity, but not
survival, of the mice (35). However, a previous
study had shown that higher-level expression of
MuSK in the muscle induces scattered NMJ for-
mation throughout myotubes, leading to severe
muscle weakness and ultimately to death (36).
Dok-7 gene therapy may be a safer approach be-
cause it greatly facilitates correct, centrally local-
ized NMJ enlargement without lethal effects for
more than 1 year in DOK7 myasthenia mice (Figs.
2A and 3C and figs. S14 and S15).

AAV-mediated gene transfer to skeletal muscle
can result in long-term expression of the ther-
apeutic gene. For instance, in a patient with he-
mophilia B, AAV-mediated expression of factor IX
was detected even 10 years after a single intra-
muscular injection (37). In addition, although AAV
capsid, rather than transgene, is the antigen that
is targeted by the host immune responses in hu-
mans, this process can be controlled by a short
course of treatment with immunosuppressant
without loss of transgene expression (38), raising

prospects for long-term use of these vectors in
therapies.

Our findings demonstrate that elevated Dok-7
expression, or any equivalent method that stably
and safely enlarges the NMJ, has potential as a
therapy for a variety of neuromuscular disorders
that feature defects in NMJ structure, including
those of unknown etiology. Such NMJ-targeted
therapies could be administered alone or in com-
bination with other therapies.
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Two distinct layer-specific dynamics of cortical
ensembles during learning of a motor task

Yoshito Masamizu2?, Yasuhiro R Tanaka'>?, Yasuyo H Tanaka'?, Riichiro Hiral2, Fuki Ohkubo!-3,
Kazuo Kitamura®®5, Yoshikazu Isomura®9°, Takashi Okada”® & Masanori Matsuzaki!~3

The primary motor cortex (M1) possesses two intermediate layers upstream of the motor-output layer: layer 2/3 (L2/3) and

layer 5a (L5a). Although repetitive training often improves motor performance and movement coding by M1 neuronal ensembles,
it is unclear how neuronal activities in L2/3 and L5a are reorganized during motor task learning. We conducted two-photon
calcium imaging in mouse M1 during 14 training sessions of a self-initiated lever-pull task. In L2/3, the accuracy of neuronal
ensemble prediction of lever trajectory remained unchanged globally, with a subset of individual neurons retaining high prediction
accuracy throughout the training period. However, in L5a, the ensemble prediction accuracy steadily improved, and one-third of
neurons, including subcortical projection neurons, evolved to contribute substantially to ensemble prediction in the late stage

of learning. The L2/3 network may represent coordination of signals from other areas throughout learning, whereas L5a may
participate in the evolving network representing well-learned movements.

M1 is the most prominent motor-output area of the cerebral cor-
tex. In M1, L2/3 and L5a constitute intermediate layers upstream of
layer 5b (L5b), the major motor-output layer. L2/3 and L5a transmit
excitatory flow to L5b, but much less information is transmitted in
the reverse direction, that is, from L5b to L2/3 or L5a"2 Although
L2/3 and L5a are reciprocally connected in M1, only L5a projects
to subcortical regions such as the striatum?. During motor learn-
ing, the microcircuits of M1 are thought to self-organize to integrate
various types of signals related to motor planning, motor primitives
and sensory feedback into motor output?-%. In fact, when repetitive
training is used to improve motor performance, M1 is functionally
and structurally reorganized’-11. However, it is challenging to identify
L5a neurons and record their activity in vivo, and it remains unknown
how the neuronal activities of L2/3 and L5a of M1 are reorganized
during learning of a motor task.

The ability to predict movement by monitoring motor corti-
cal ensemble activity often improves with motor learning!?-15,
Furthermore, representation of movement in single L2/3 neurons
in M1 changes dynamically during motor learning (over six ses-
sions of a sensorimotor discrimination task)!6. The single-neuron
representation of movement in L5 of M1 is unreliable during the
first 3 d of a two-choice movement task, but the accuracy of pre-
diction improves during this period!4. Functional and structural
reorganization in L5 of M1 is prominent in the late stages of motor
learning, after performance has plateaued!®!!. We hypothesize that
this change in the predictive accuracy of neuronal ensembles is
achieved by one of two models in which the predictive accuracies

of single-neuron activities variously change'>~17. The first model
is the rank-stable evolving model, which is based on the concept
that single-neuron representations of movement are relatively sta-
ble!$19 In this model, a subset of neurons greatly contributes to
the ensemble representation in both the early and late stages of
learning. Neurons representing motor primitives or sensory feed-
back that are necessarily linked to movement continuously contrib-
ute to the ensemble representation, and their predictive accuracy
rank?® remains high throughout learning. The second model is the
rank-changing evolving model, in which a subset of neurons rises
through the predictive accuracy rankings!®. In the late stage of
learning, these neurons contribute to the ensemble representation
more substantially than the neurons that were highly ranked in the
early stages of learning.

Mouse forelimb M1, also known as the caudal forelimb area?!»22,
is a subdivision of M1 in which low-intensity intracortical micro-
stimulation elicits forelimb movements rather than other body move-
ments2!22, Its activity is necessary for the performance of a forelimb
movement (lever pull) task and many neurons in the rodent forelimb
M1 exhibit forelimb movement-associated activity?3, We conducted
two-photon calcium imaging in L2/3 and L5a of the forelimb M1
while mice practiced a self-initiated lever-pull task (requiring forelimb
use) for 14 consecutive days. L2/3 and L5a were identified according
to the cortical depth of the imaging plane. We found that ensemble
and single-neuron activities that predicted the lever trajectory were
dynamically reorganized in two distinct layer-specific manners dur-
ing long-term training.
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RESULTS

Mice were trained over 14 sessions (1 h d™1) to use their right fore-
limb to pull a lever over a distance of 5 mm for 700 ms to acquire a
water reward (Supplementary Movies 1 and 2). Training was initi-
ated 2-3 weeks after injection of an adeno-associated virus (AAV)
2/1 encoding GCaMP3 (ref. 24) into the left forelimb M1. As the
training progressed, the success rate and number of successful trials
increased and the median time interval between successful trials
decreased (Fig. 1a—c). These task performance parameters began
to plateau by session 10, and substantial differences were observed
between the early (sessions 1-4) and late (sessions 11-14) sessions
(Fig. 1d-f).

Two-photon calcium imaging was performed on the left forelimb
M1 of nine mice for 14 training sessions without any apparent distor-
tion of the vasculature structure (Fig. 2a). Data were obtained from
seven L2/3 fields and seven L5a fields (Fig. 2b and Supplementary
Table 1). We imaged L5a, which was defined as the upper region
of L5 containing large neurons (Fig. 2¢), at a depth of 503 £ 29 pm
from the cortical surface. Sessions with greatly displaced focal planes
were removed and the remaining (more than seven) sessions were
analyzed for each field (L2/3, 11.3 & 2.0 sessions, n = 7 fields from
6 mice; L5a, 11.7 +2.3 sessions, n = 7 fields from 6 mice). After motion
correction21:2526, a region of interest (ROI) for each active neuron
was semi-automatically determined on the basis of cell shape and
the correlation between the intensities of nearby pixels (Fig. 2d,e and
Supplementary Fig. 1). The number of reconstructed neurons was
similar in early and late sessions (L2/3, 40.3 = 24.4 versus 44.4 + 16.1,
P=1.0, n="7 fields from 6 mice; L5a, 53.2 = 17.4 versus 50.8 £ 25.3,
P=1.0,n=7 fields from 6 mice, sign test). Fluorescence intensity and
fluorescence variability of the reconstructed neurons were also similar
in early and late sessions (ROI intensity: L2/3, 727 & 143 versus 725 &
144, P = 1.0, n = 7 fields from 6 mice; L5a, 681 * 138 versus 679 +
122, P =0.81, n = 7 fields from 6 mice; mean coefficient of variation
of baseline intensity of individual ROIs: L2/3, 0.039 % 0.012 versus
0.040 £ 0.015, P = 0.94, n = 7 fields from 6 mice; L5a, 0.037 £ 0.015
versus 0.035 £ 0.0098, P = 0.58, n = 7 fields from 6 mice; Wilcoxon
signed-rank test). These results indicate that two-photon imaging was
stable over the repeated training sessions. Calcium transients in single
neurons that were associated with the lever pull were detected in both
L2/3 and L5a in early and late sessions (Fig. 2f,g and Supplementary
Fig. 2). In vivo cell-attached recordings and in vitro whole-cell record-
ings confirmed that calcium transients were correlated with neuronal
firing (Supplementary Fig. 3a—d), as shown in previous reports!626,
The mean half-decay time of calcium transients (inferred by decon-

volution?”) was similar in early and late sessions (L2/3, 372 + 45 ms
versus 373 £50 ms, P=0.70, n = 7 fields from 6 mice; L5a, 375+ 45 ms
versus 379+ 57 ms, P = 0.67, n = 7 fields from 6 mice; Student’s ¢ test).
In addition, the relative change in fluorescence (AF/F) and its signal-
to-noise ratio in individual neurons during non-lever-pull periods
(from 1 s after the end of a lever pull to 1 s before the onset of the next
lever pull) showed only a slight change from the early to Jate sessions
in both layers (Supplementary Fig. 3e.f). These results indicate that
the neuronal responsiveness did not deteriorate over repeated sessions
in either layer (see Online Methods).

We next assessed the effect of repetitive training on the neuronal
coding of movement. Forelimb (forepaw) movements that were not
directly involved in the lever-pull movement were infrequent through-
out the training sessions (Supplementary Fig. 4a). In the strength of
the correlation between lever movements and forelimb movements
(evaluated from infrared video camera recordings), there was no dif-
ference throughout training (Supplementary Fig. 4b,c). In addition,
forelimb movements related to lever pulling were reliable and stable
throughout training (Supplementary Fig. 4d). These results indi-
cate that the lever movement provided a good representation of the
forelimb movement. Thus, we next determined whether the accu-
racy of the lever trajectory predicted from neuronal ensemble activity
improved with learning. In each session and in each imaged field, we
predicted lever trajectory with a nonlinear support vector regression
(SVR) model?® that uses inferred spike events obtained from decon-
volution of AF/F of multiple neurons (Fig. 3a,b and Supplementary
Modeling). To evaluate the predictive information carried by the neu-
rons (Iepsemple)s We calculated the mutual information between pre-
dicted and recorded lever trajectories?-30 (Supplementary Modeling
and Supplementary Fig. 5). L semple increased as a function of the
number of neurons in the ensemble (Fig. 3¢), which is similar to the
hand-trajectory predictions made from cortical ensemble activity in
the primate!331. In L2/3, there was no substantial change in I.nsemble
from the early to late sessions (Fig. 3d). In contrast, in L5a, Lysemble
was substantially higher in the late sessions than in the early sessions
(Fig. 3d). We also confirmed this result using alternative analytical
methods, including a squared correlation coefficient instead of mutual
information (Fig. 3e) and multilinear regression instead of SVR
(Fig. 3f). These methods are often used for motor decoding!3! and
support the validity of our results.

In the predictive information carried by L5a neurons for reward
timing (that is, the mutual information between predicted and
actual reward timings), there was not a substantial difference
between early and late sessions (Fig. 3g). In a similar self-initiated

a (o
Figure 1 Learning of a lever-pull task. Early . | Late 400 Early | Late @ Early | Late
(a-c) The mean success rate (a), the number X 60 ' ' 2 ! ' 2 ' !
of successful trials (b) and the median time ° ] ! £ 300 : ' Z 40 : :
interval between successful trials (¢; n=9 b 40 v ' 2 200 s ' g ' '

. Lo @ 1 [ 2 1 ' z ' 1
mice for all). Error bars indicate s.e.m. 8 20 ' \ 2 100 ' . € 20 H :
(d-f) The success rate (d), the number of 3 ' ! a ! ! 8 ! !
successful trials (e) and the median time 0 ;Il;(ll!llill114 01”5:‘|x||t:1|1x|1|4 2 0‘;||‘«1;:|||:1u1r|1|4
1ntexival between successful trials (f) in Session (d) Session () Session (d)
sessions 1-4 (early) and sessions 11-14 (late), d f
after normalization to the value in the early .25 € o g
sessions. Each gray line indicates an individual g g 20 g £ 2= ;'g -
mouse. Thick black lines indicate the mean b ‘é 1.5 832 g5 0~8
across mice. Significant differences were £ 8 1.0 £ 3 2 < 04
observed between the early and late sessions 3305 25 28

. i L@ £y o2
(success rate, P = 0.012; successful trials, 0 E 4

P = 0.004; interval time, P=0.004; n=9
mice, Wilcoxon signed-rank test). *P < 0.05.

Early
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Late
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Late Late

Early
Sessions
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Figure 2 Long-term /n vivo two-photon imaging
of forelimb M1 neurons, (a) Representative
vasculature images obtained on day 14 after
craniotomy (the first training day) and day

90 after craniotomy. In this mouse, training
finished on day 27 after craniotomy. Scale

bar represents 500 pm. (b) All imaged fields
overlaid on a schematic dorsal view of the left
hemisphere of the cortex. 1.2/3 imaged fields
are blue and purple and L5a imaged fields

are red and purple, Each of the three purple
fields (1, 2 and 3) represents L2/3 and Lba
fields in the same harizontal location from the
same animal. (c) A representative profile of the
size of the neuronal soma as a function of the
depth from the cortical surface. 100 GCaMP3-
expressing neurons were randomly chosen d
from a set of XYZ two-photon images of forelimb

M1 in vivo. The axial step size for XYZ images

was 4 um. The area of the soma in the XY plane

at the center of the soma was measured for

each neuron. The curve denotes the fitted

sigmoidal function. (d) Top, representative

two-photon images of an L2/3 field from

training session 2 and training session 14.

The field was 162 yum from the cortical surface.

Scale bar represents 50 um. Bottom, contours

of all ROIs for the reconstructed neurons within

this field. Ten neurons that were monitored in

more than seven training sessions, including

the two displayed sessions, are numbered.

(e) Top, representative two-photon images of an

L5a field from training session 2 and training

session 11. The field was 500 pum from the f

a Day 14 after craniotomy
(5 n

Day 90 after craniotomy

Session 2

cortical surface. Scale bar represents 50 pm. Session 2

(f,g) Representative traces of motion-corrected PR SV

calcium transients in ten L2/3 neurons in 2 et

sessions 2 and 14 (f) and ten L5a neurons s-mﬂ [

in sessions 2 and 11 (g). These neurons

correspond to the neurons numbered in d and e. LA AL

Calcium transients of additional neurons are 5 ek ll |

shown in Supplementary Figure 2. The lever

trajectory, reward timing and occurrence of 6

licking behaviors are shown in the bottom three 7 P A

traces. Period with similar lever trajectories in

the two sessions for each field are presented. Bw"‘
Q s koM e
10wy

lever-pull-push task performed by rats,

reward-modulated neurons were very rarely rever LLLUIIW W,

observed (~3%) in the forelimb M1 (ref. 32). Reward 111l

Licking H H “ ‘i_[

Thus, it is unlikely that reward-modulated L5a
neurons have a large effect on the increase in
L5a Iongemble Of lever movement.

To determine whether the changes in Iysemple are associated with
progress in motor task learning, we calculated the fold increase in
Tensemble i €ach session relative to Ipsemple averaged over the early
sessions for each field. The fold increase in Ioysempble Was plotted against
the fold increase in each task performance parameter in each session
relative to the one averaged over the early sessions (Fig. 4). The fold
increase in L5a Igpeemple Was correlated with the fold increase in success
rate, the number of successful trials and the median interval time,
whereas the fold increase in L2/3 I psempble Was not correlated with
the fold increase of any task performance parameter. The difference
between layers and the variability across different imaged fields in
each layer was not a result of differences in the horizontal location
of the imaged fields or the experimental conditions (Supplementary
Fig. 6 and Supplementary Table 1). Thus, no consistent changes in
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L2/3 I jsemble Were observed as learning progressed, whereas increases
in L5a Iegemble Were associated with improved task performance.
The correlation between the timing of lever movements and
licking behavior was substantially higher in the late sessions than
in the early sessions (Supplementary Fig. 7a-g). This indicates
that licking behaviors became more strongly associated with lever
movements as learning progressed. In fact, mutual information
between the recorded lick rate and the lick rate predicted from
neuronal activity increased from the early to late sessions in L5a,
but not in L2/3 (Supplementary Fig. 7h). However, licking was
preceded by lever-pull movement in both the early and late sessions
(Supplementary Fig. 7f,i). In the forelimb M1, licking-related
neurons are much less common than lever movement-related
neurons?!. Thus, although neurons associated with licking behaviors,
but not with lever-pull movement, may have contributed to the
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Figure 3 Changes in /lonsembie during learning.
(a) Analytical procedures to calculate the
prediction accuracy of ensemble activity for
the lever movement. In each imaging session,
AF/F of individual neurons in a given imaging
field (left top) during the lever-pull task were
deconvoluted to calculated inferred spike
events (left bottom). For each neuron, values
were linearly normalized to set the minimum at
0 and the maximum at 1. The lever trajectory
was predicted using SVR with the inferred
spike events of multiple neurons (right bottom).
The prediction accuracy was quantified as

the mutual information (fensemble) between

the recorded lever trajectory (right top) and b
the predicted lever trajectory (right bottom).

(b) Representative traces of the recorded

lever trajectory (gray) and the lever trajectory
predicted from 20 neurons (black) in L2/3 (left)
and L5a (right) in training session 3 (top row)

Inferred spike event

Neuron

@
&

Recorded lever trajectory

Mutual information
(!

lDeconvqution
ensemble)

Predicted lever trajectory

Decoding
(SVR)

10s

L2/3
Session 3 ‘“ ’ﬂ‘ ’GD A R“M &
Session 11 zg L pﬂhi M! I MM A hh

L5a
Session 3 A ‘ ‘ l “ m mam

and training session 11 (bottom row). [ Target: lever / model: SVR d Lever/SVR

(€) fensembie @s @ function of the number of 1273 L5a L2/3 L5a
neurons in the ensemble in a representative 0.6 — Early 0.6 0.6 5
.2/3 field and a representative L5a field. The = = - Middle = 3 = *
fields are the same as those shown in b. Each =1 < 04 — Late S 04 , £ o4 /3
line represents a training session (n= 14 2 2 0z 2 0z y E 0z ;
sessions for L2/3 and n = 12 sessions for L5a). R 5 £ 5

Colors denote the learning stage: green, early 04 i i X 0z : X o 0l —r—
(sessions 1-4); yellow, middle (sessions 5-10); 0 20 40 60 0 20 40 Early Late Early Late
orange, late (sessions 11-14). (d) lensemble Number of neurons Number of neurons Sessions Sessions
averaged over early and late sessions for each e f

field (L2/3, P=1.0, n =7 fields from 6 mice; Lever/SVR Lever / linear regression g Reward / SVR

L5a, P=0.016, n= 7 fields from 6 mice, sign 06, 28 06, @ 04, 2B 04, 2 06, 28 06, 158
test). Thick lines indicate the fields shown in b * £ 0a £ 03 % z z /
and c. The numbers indicate the fields that were 04 0.4 = = £ 04 £ 04

obtained from the same horizontal locations & é L g 02 Z g02 / g £

for L2/3 and L5a (purple fields in Fig. 2b). o2 02 Zos Eos g0 Z - go2

*P < 0.05. (e) Squared correlation 04— . ol —— 0l . ol i ol . ol .
coefficient (R2) between the recorded lever Early Late Early Late Early Late Early Late Early Late Early Late
trajectory and the lever trajectory predicted by Sessions Sessions Sessions Sessions Sessions Sessions

the SVR averaged over early and late sessions

for each imaged field (L2/3, P=0.13, n=7 fields from 6 mice; L5a, P=0.016, n= 7 fields from 6 mice, sign test). *P < 0.05. (f) The mutual
information (/ensempie) between the recorded lever trajectory and the lever trajectory predicted by multilinear regression averaged over early and late
sessions for each imaged field (L2/3, P=0.45, n=7 fields from 6 mice; L5a, P=0.016, n = 7 fields from 6 mice, sign test). *P < 0.05. (g) The
mutual information {/gnsembie) between the actual reward timing and the reward timing predicted from neuronal activity averaged over early and late
sessions for each imaged field (L2/3, P=0.13, n=7 fields from 6 mice; L5a, P= 0.45, n = 7 fields from 6 mice, sign test).

Lensemble Of lever movement, we believe that the change in Ipsemple
of lever movement observed over the early to late sessions primarily
represents the reorganization of neuronal activity in the forelimb
M1 that occurred as a result of motor task learning.

Next, to determine how each neuron changes its predictive informa-
tion (Lngle) during learning, we analyzed Iuq1 of neurons that were
monitored in more than seven training sessions, including at least
one early session and one late session (pursued neurons; 7 = 126 pur-
sued neurons in L2/3 and n = 187 pursued neurons in L5a). Neurons
that increased or decreased L,z across sessions (Spearman’s rank
correlation coefficient 2 0.4 or < —0.4) were defined as increase or
decrease neurons, respectively (Fig. 5a and Supplementary Table 2).
The proportion of increase and decrease neurons was substantially dif-
ferent between layers (Fig. 5b). In L2/3, there was a similar proportion
of increase and decrease neurons (19% versus 17%, P = 0.77; estimated
from the distribution obtained from 3,000 bootstrap samples in which
126 neurons were sampled with replacement from 126 neurons con-
taining 24 increase and 22 decrease neurons; Fig. 5b), suggesting that
the overall change in 12/3 g was balanced across all imaged fields.
In contrast, in L5a, there was a higher proportion of increase neurons

than decrease neurons (33% versus 3%, P < 0.001; estimated
from the distribution from 3,000 bootstrap samples in which 187
neurons were sampled with replacement from 187 neurons containing
63 increase and 5 decrease neurons; Fig. 5b). Associations between
the classification of pursued neurons and their baseline activities were
not detected (Supplementary Fig. 8). Rather, the mean activity of L5a
increase neurons during successful lever-pull movements was signifi-
cantly higher in the late sessions than in the early sessions (Z scored
activity, 0.12 & 0.42 in the early sessions versus 0.42 * 0.67 in the
late sessions, P < 0.001, n = 63 neurons, Wilcoxon signed-rank test;
Fig. 5¢,d). Thus, many L5a increase neurons displayed an increase in
activity associated with lever-pull movements during learning.

To verify the contribution of L5a increase neurons to the increase in
Tensemble during training sessions, we calculated I ceppe from ten ran-
domly chosen L5a neurons, including increase neurons, in each session
in each field (total 70 sessions in six fields of L5a from five mice that
contained more than nine pursued neurons). We then recalculated
Tensemble from the same ten L5a neurons, but replaced increase
neurons with other randomly chosen L5a neurons. This replacement
significantly decreased the correlation between the fold increase in
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Figure 4 Relation between the fold increase in lypspmpre and the fold
increase in task performance, (a-c¢) The fold increase in success rate (a),
number of successful trials (b) and median time interval between
successful trials (¢) plotied against the fold increase in lepsempie Carried
by 20 neurons in L.2/3 (left) and L5a (right). The fold increase was
obtained from each value divided by the mean value in the early sessions
(sessions 1-4). Data are plotted from sessions in which 220 neurons
were reconstructed (L2/3, n= 72 sessions from 7 fields from 6 mice;
L5a n = 82 sessions from 7 fields from 6 mice). Each field is indicated
by a different color. Regression lines are shown for each field. The black
regression lines are for all points. Spearman’s rank correlation coefficient
(p) and P values for the regression involving all points are shown.

Tensemble and two task performance parameters, the success rate and
the number of successful trials (success rate, one-tailed P = 0.048,
Spearman’s rank correlation coefficient was lower after the replace-
ment than before that in 2,855 of 3,000 trials; successful trials, one-
tailed P = 0.002, Spearman’s rank correlation coefficient was lower
after the replacement than before that in 2,994 of 3,000 trials; interval
time, one-tailed P = 0.11, Spearman’s rank correlation coefficient was
lower after the replacement than before that in 2,666 of 3,000 trials).
This indicates that increase neurons are critical for the correlation
between L5a Iygemple and task performance.

To determine a subset of neurons that greatly contributed to the
ensemble representation in each session, each neuron within a field
in a given session was ranked according to L,y (ref. 20) and the rank
was then normalized between 1 (top) and 100 (bottom). The g,
of the 20th (as normalized) ranked 12/3 neuron was not different
between the early and late sessions, whereas that of the 20th ranked
L5a neuron was higher in the late sessions (Fig. 6a). The I semble
of the top 20% of ranked neurons was larger than the I gemple Of
the bottom 50% of ranked neurons in >85% of sessions in L2/3
(69 of 79 sessions) and L5a (70 of 82 sessions). Thus, the top 20% of
ranked neurons were considered to be highly ranked neurons that
strongly contributed to the ensemble representation.

Next, we determined whether increase neurons became highly
ranked neurons in the late sessions and whether highly ranked neu-
rons in the early sessions remained highly ranked in the late sessions

Figure 5 Changes in lsingle during learning. a
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(rank stable). L.2/3 increase neurons rose through the ranks from
the early sessions to occupy 31% of the top 20% of ranked neurons
in the late sessions (Fig. 6b,c). We found that 46% of the top 20%
of ranked neurons in the early sessions were also in the top 20% of
ranked neurons in the late sessions (Fig. 6¢). This proportion was not
smaller than the 500th lowest value of 10,000 data calculated from
the shuffling of Liingle across sessions (this is equivalent to a one-sided
P value of 0.05; Fig. 6d). We refer to these neurons stable, highly

L2/3 Increase b

(a) Jsingie of each pursued neuron in L2/3 (top)
and L5a (bottom) in each session. The color
denotes the logarithm of kingie. Sessions in
which I5inge could not be calculated or was
approximated to zero (11 data points in L5a)
are shown in gray. Blue and red bars indicate
decrease and increase neurons, respectively.

(b) Proportion of increase (red), decrease (blue),
and other (gray) neurons across all fields in 14
L2/3 (left) and L5a (right). The proportion

of increase and decrease neurons (L2/3, c
24 increase neurons, 22 decrease neurons,

80 other neurons; L5a, 63 increase neurons,

5 decrease neurons, 119 other neurons) was
significantly different between layers (P < 1075,

x2[21 = 24.9, ¥2 test). **P < 0.01. (c) Mean

Zscored inferred spike events averaged in early

and late sessions for each pursued neuron in

L2/3 and L5a. The pursued neurons are ordered
according to the peak timing (white stars) of

the averaged inferred spike events in early and

Decrease

Session (d)

early peak

Sessions

Pursued neurons sorted by /
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=it
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ingle dY Correlation
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late sessions. Black horizontal bars indicate the successful lever-pull time (700 ms). Signals between imaging frames that were linearly interpolated
every 10 ms were used to calculate the average?!. Note that more increase neurons had activity peaks during the lever-pull time in late sessions than
in early sessions. (d) Mean Zscored inferred spike events of a representative L5a increase neuron aligned to the onset of successful lever pulls in
training sessions 1, 2, 13 and 14. Gray lines indicate s.e.m. Horizontal bars underneath each trace indicate the lever pull.
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Figure 6 Changes in /5ngie rank during learning. (a) Mean /nge of the L2/3 or L5a neuron
with a normalized rank of 20th in early and late sessions (L2/3, P=0.81, n=7 fields
from 6 mice; L5a, P=0.047, n= 7 fields from 6 mice, Wilcoxon signed-rank test).

*P < 0.05. (b) The median normalized Jsinge rank of increase (red), decrease (blue)

and other (gray) neurons in L2/3 (left) and L5a (right). The rank of /ge was normalized
between 1 (top) and 100 (bottom) in each field in each session. Lines indicate moving
averages for three consecutive sessions. (c) The proportion in the top 20% of ranked
neurons in early and late sessions. Black fan shapes denote the proportion of the

top 20% of ranked neurons that were present in both sessions (stable, highly ranked
neurons). (d) Histogram of the proportion of the top 20% of ranked neurons in early Session 2

Q.

L5a
S & 30,P<0.05
2 & P
k5 g%
3 5 10 *
g 9 g 0
“ "0 20 40 60 80 100 " 0 20 40 60 80 100

Proportion of stable neurons (%)  Proportion of stable neurons (%)
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sessions that were also in the top 20% of ranked neurons in late sessions from 10,000 trials,

where the fngie Of every pursued neuron was shuffled across sessions. The area to the left of the dashed line denotes P < 0.05. Yellow circles indicate
the experimental results (L2/3, P=0.089; L5a, P = 0.0027; one-tailed, estimated from the shuffling of /juge). *P < 0.05. (e) Mean Zscored inferred
spike events of a representative L2/3 stable, highly ranked neuron aligned to the onset of successful lever pulls in training sessions 2, 4, 11 and 13.
Gray lines indicate s.e.m. Horizontal bars underneath each trace indicate the lever pull.

ranked neurons. The mean activity of the stable, highly ranked
neurons in L2/3 during successful lever-pull movements decreased
slightly, but did not significantly change from the early to late sessions
(Z scored activity, 2.0 £ 1.8 in the early sessions versus 1.3+ 1.1 in the
late sessions, P = 0.067, n = 11 neurons, Wilcoxon signed-rank test;
Fig. 6¢). These results suggest that L2/3 Lpeemple Was maintained by
balanced activity of increase and decrease neurons and by the activity
of stable, highly ranked neurons. In contrast with L2/3, the rank of
L5a increase neurons gradually increased during the middle (sessions

Figure 7 In vivo two-photon imaging of CCS a
and CSp neurons in L5a during fearning.

(a) rAAV2/9-Syn-hChR2-EYFP injection

into the left forelimb M1 (ref. 43) yielded
dense staining of axonal fibers in the right
DLS. CC, cerebral cortex. Scale bar represents
1 mm. (b) GCaMP3 fluorescence (left),
propidium iodide staining (middle) and

their overlays (right) in the left forelimb

M1 from the same coronal section from a
mouse in which rAAV2/9-CMV-Cre and
rAAV2/9-Syn-Flex-GCaMP3 were injected

into the right DLS and the left forelimb M1,
respectively. Scale bar represents 200 um.

(c) GCaMP3 fluorescence (left), propidium
iodide staining (middie) and their overlays
(right) in the left forelimb M1 from the same

o

Successful trials

coronal section from a mouse in which ] 11

rAAV2/9-CMV-Cre and rAAV2/9-Syn-Flex-

GCaMP3 were injected into the spinal cord f
and the left forelimb M1, respectively.

Scale bar represents 200 pm. (d) The number

of successful trials performed by three mice

with GCaMP3-expressing CCS neurons (brown)

and the two mice with GCaMP3-expressing

Session (d)

Session 2

5-10) to late sessions (Fig. 6b), and increase neurons accounted for
73% of the top 20% of ranked neurons in the late sessions (Fig. 6¢).
In L5a, only 23% of the top 20% of ranked neurons in the early ses-
sions were in the top 20% of ranked neurons in the late sessions. This
proportion was smaller than the 100th lowest value of 10,000 data
calculated from the shuffling of Ing. across sessions (Fig. 6d). These
results indicate that the increase in L5a Iejsemble is supported by the
conversion of increase neurons into highly ranked neurons during the
middle to late sessions (rank-changing evolving model).

b ccs
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CSp neurons (cyan). (e) In vivo two-photon

R
R

imaging of CCS neurons transduced with
rAAV2/9-Syn-GCaMP3 in the left forelimb
M1 at four depths from the cortical surface.
In this field, fluorescent-labeled somata

Lever 1L ) WL B b B 1
Reward Jii & IRER_F MMM ROMER R
Licking Aans Ao LU 4 AR i o UGN Ak Ju A

Lever JL Ba1 0 Lo @i d WM W ¢ W o}
Reward L 111 T |
Licking i Al Ui MAnA sl A

(arrowheads) were identified at depths of 2450 pm. Scale bar represents 20 um. (f,g) Motion-corrected calcium transients of five L5a CCS neurons from
one field (487 um depth) in training sessions 2 and 13 (f), and five L5a CSp neurons from one field (519 pm depth) in training sessions 2 and 13 (g).
Red dots denote increase neurons. Asterisk denotes a stable, highly ranked neuron.
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L5a and L5b of M1 project to the dorsolateral striatum (DLS;
Fig. 7a), in which activity gradually increases during motor skill
learning®. In L5a, crossed corticostriatal (CCS) neurons, which
possess properties of intratelencephalic corticostriatal neurons, were
more abundant than corticospinal (CSp) neurons>* (Fig. 7b,¢). We
first determined whether the Ljng, dynamics of L5a CCS neurons
during learning were the same as those of projection-unidentified
L5a neurons. CCS neurons in the left forelimb M1 were retrogradely
labeled? from the right DLS (Fig. 7b) and 32 CCS neurons from three
mice were examined over multiple sessions (Fig. 7d-f). We found
that 31% of the examined L5a CCS neurons (10 of 32) were increase
neurons and 3% (1 of 32) were decrease neurons. Of the top 20% of
the ranked CCS neurons observed in the early sessions, only 17%
(1 of 6) were in the top 20% of the CCS neurons observed in the late
sessions. Next, we examined [, dynamics for L5a CSp neurons.
CSp neurons were retrogradely labeled from the spinal cord (Fig. 7¢)
and 19 L5a CSp neurons from two mice were examined over multiple
sessions (Fig. 7d,g). We found that 26% (5 of 19) of examined L5a
CSp neurons were increase neurons and 5% (1 of 19) were decrease
neurons. Of the top 20% of the ranked CSp neurons observed in the
early sessions, 100% (3 of 3) were in the top 20% the CSp neurons
observed in the late sessions. Although the number of the examined
CCS and CSp neurons is limited, these results suggest that increase
neurons are more prevalent than decrease neurons for both L5a CCS
and CSp neurons. In addition, a subset of L5a CCS neurons is likely
recruited into the newly formed ensemble that represents the lever-
pull movement, whereas this does not occur for L5a CSp neurons.

DISCUSSION

To the best of our knowledge, these results provide the first dem-
onstration of a distinct functional reorganization of ensemble and
single-neuron activities in L2/3 and L5a during the learning of a
motor task. Two-photon imaging enabled the determination of
exact Jaminar positions, based on the cortical depth of the imaging
plane and the size of the neurons, and examination of the activity of
subcortical-projecting neurons. No substantial change in Ioysemble Was
observed in L2/3 over the training sessions. At the single-neuron level,
increase neurons were counterbalanced by decrease neurons, and
a subset of neurons maintained high Ljnge- Thus, the rank-stable
evolving model can be modified to a rank-stable constant model with
a constant lepsemple- 1N 158, Tensemble improved with learning. At the
single-neuron level, one-third of neurons gradually increased inge
during learning and strongly contributed to Ippsemple in the late train-
ing sessions. Increase neurons accounted for 73% of the highly ranked
neurons in the late sessions. This corresponds to the rank-changing
evolving model.

The long-term changes in Ijpg in L2/3 and L5a could be a result of
differences in cellular conditions in the early and late stages of learning.
However, the number of imaged neurons, the variability in the baseline
fluorescence intensity and the inferred half-decay time of the calcium
transients were not different between the early and late sessions in either
layer. Thus, it is unlikely that a difference in cellular conditions accounted
for the changes in L) in 1.2/3 and L5a (Online Methods).

The observation of a dynamic representation of movement by single
12/3 neurons during motor task learning is consistent with a previous
report’S. By focusing on changes in the contribution of single neu-
rons to the ensemble coding, we found that changes in information
carried by single L2/3 neurons were counterbalanced across imaged
fields and that approximately 10% of neurons in L2/3 maintained high
Liingle throughout the learning process. The balanced changes in L2/3
neurons could reflect the fact that L2/3 neurons with highly plastic

ARTICLES

activity'® process a variety of information from other areas of the
brain®*10 to maintain a constant overall level of network activity for
homeostasis!®*0. At the same time, L2/3 neurons with a stable, high
Liingle may be associated with sensory feedback?!%7 that is inevitably
evoked by the lever-pull movement. Alternatively, they might be asso-
ciated with motor primitives®> formed before the start of the learning
task. L2/3 neurons may be important for rapid acquisition of novel
movements or rapid adaptation to some disturbance by combining
sensory feedback and motor primitives. As such, L2/3 may work as a
driver for motor output throughout learning.

L5a Iepsemble increased during learning, and this was maintained by
a gradual increment in Jgpg1e ranks of a subset of L5a neurons (increase
neurons). At the beginning of training, these L5a neurons contributed
little to Iysembles but evolved throughout training to supersede the neu-
rons that had a high initial contribution to Ipygemple. Int the late sessions,
the activity of L5a increase neurons was prominent during successful
lever-pull movement, indicating that these neurons were directly asso-
ciated with lever-pull movement and presumably worked as a potent
driver for motor output in the late sessions. Functional reorganization
in the human M1 is slow in motor learning and is presumed to repre-
sent motor memory'%. In the motor cortex, L5 synaptogenesis and area
expansion are prominent in the late stages of motor learning!!. Activity
gradually increases in the DLS during motor learning??, whereas the
dorsomedial striatum, which is innervated by the medial prefrontal
cortex, is engaged at an earlier stage than the DLS*»%. In M1, L5a CCS
neurons showed the same dynamic changes as projection-unidentified
L5a neurons during learning. Thus, changes in L5a neurons in M1 may
represent the formation of motor memory that accompanies memory
transfer from the prefrontal area to M1 and the basal ganglia'?. The
DLS is crucial for habit formation of motor skills?»3°. The lever-pull
movement appears simple, but requires a sequence of grasping, pull-
ing and holding by the forelimb, similar to the components of skilled
forelimb food-handling behavior?h4041, Thus, in the late sessions,
L5a of M1 may constitute the corticostriatal system required for habit
formation. In addition to CCS neurons, subcerebrally projecting
neurons, including CSp neurons, also project axons to the ipsilateral
striatum®®42, Further experiments are required to comprehensively
address whether and how exactly intratelencephalically projecting
neurons and subcerebrally projecting neurons constitute different
learning networks with the basal ganglia%?.

L5a CSp neurons were less prevalent than L5b CSp neurons,
the major motor-output neurons (Fig. 7c), and the number of the
observed L5a CSp neurons was limited. However, if the dynamic
activity changes of L5a CSp neurons represent those of CSp neurons in
general, then the activity of CSp increase neurons could be increased
by the L5a CCS increase neurons in the later stages of learning because
CSp neurons receive synaptic inputs from L5a CCS neurons, but
not vice versa®. Stable, highly ranked CSp neurons may be directly
associated with muscle movements or motor primitives®S. These
neurons could be synaptically driven by the highly ranked L2/3
neurons throughout learning because CSp neurons can receive strong
direct input from L2/3 neurons?. The distinct dynamic networks in L2/3
and L5a, the two intermediate layers of M1, would be core elements
that drive the L5b motor output for well-learned movements.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Animals. The Institutional Animal Care and Use Committee of the National
Institutes of Natural Sciences, Japan, approved all experiments. 2-month-old
C57BL/6 male mice were used. All mice were provided with food and water
ad libitum in a 12-h:12-h light-dark cycle and were not used for other experi-
ments before the present study. A head plate was attached to the skull using dental
cement (Fujiryu-to BC; GC, Bistite 11; Tokuyama Dental) and the surface of the
intact skull was subsequently coated with dental adhesive resin cement (Super
bond; Sun Medical), as described previously?!. Mice were allowed to recover for
1 d before virus injections. The number of mice per cage was 2-5 before the head
plate was attached. After that, mice were single caged to avoid damaging the head
plate and the glass window.

Virus production. GCaMP3 cDNA was cloned from the GCaMP3 vector and
inserted into pAAV to obtain recombinant AAV2/1 (rAAV2/1) expressing
GCaMP3. The vector plasmid contained GCaMP3 ¢cDNA and the woodchuck
hepatitis virus post-transcriptional regulatory element, which was expressed
under control of the pan-neuronal human synapsin I promoter (Syn-GCaMP3).
rAAV2/1-Syn-GCaMP3 was produced with pAAV2-1 and purified, according
to previous studies?>#45 All rAAV2/9 were obtained from the University of
Pennsylvania Gene Therapy Program Vector Core.

Virus injection. | h before surgery, dexamethasone sodium phosphate (1.32 mg
per kg of body weight; to prevent cerebral edema), sulfadiazine (24 mg per kg) and
trimethoprim (4.8 mg per kg) antibiotics, and an anti-inflammatory, carprofen
(6 mg perkg), were administered intraperitoneally*®. Isoflurane (1%) inhalation was
used for anesthesia throughout surgery. A 2-mm diameter circular craniotomy was
made over the left forelimb M1 (circle centered at ~0.2 mm anterior and ~1.2 mm
lateral to bregma)?!-22, In all cases except for two 1.2/3 fields, the dura mater was
removed?, as the dura mater reduced L5a fluorescence. Mice were randomly
chosen for imaging 1.2/3, L5a or both. Before virus injections, a pulled glass pipette
(broken and beveled to 25-30-pm outer diameter; Sutter Instruments) and a 5-jl
Hamilton syringe were back-filled with mineral oil (Nacalai Tesque) and front-
loaded with virus solution. Between 0.25 and 1 pl of rAAV2/1-Syn-GCaMP3
(2.76 x 103 vector genomes ml~!) was injected at 0.1 pl min~! with a syringe
pump (KDS310; KD Scientific). The injection site was aimed at the left forelimb
MI. To observe both L2/3 and L5a or L5a alone, the axis of the pipelte was angled
30° from the horizontal plane and was advanced by 1.4 mm along the axis of the
pipette?”. To observe only 1.2/3, the pipette was inserted vertically approximately
300-400 m ventral from the brain surface. After injection, the pipette was main-
tained in place for an additional 10 min. The pipette was then slowly withdrawn,
4% agarose L (wt/vol, Nippon Gene) was placed over the craniotomy, a 4.5-mm
diameter glass coverslip (number 0 thickness; Matsunami Glass) was pressed onto
the agarose surface, and the edges were sealed with the dental cement and dental
adhesive resin cement. After surgery, sulfadiazine (24 mg per kg) and trimetho-
prim (4.8 mg per kg) antibiotics were included in drinking water, and carprofen
(6 mg per kg) was administered intraperitoneally every day*S,

Labeling of CCS neurons and CSp neurons. In one mouse, 0.5 1l of rAAV2/9-
Syn-GCaMP3 (9.5 x 103 vector genomes ml™!) was injected into the right
DLS$2343542 (~0.1 mm posterior and ~2.5 mm lateral to bregma and ~2.5 mm
ventral from the cortical surface). 4 months after the injection, a cranial window
was created over the left forelimb M1. After a recovery period of 1 week, the
mouse began the lever-pull task. The other two mice received an injection of
0.25 ul of rAAV2/9-CMV-Cre (6.6 x 10'3 vector genomes ml™!) into the right
DLS (~0 mm posterior and ~2 mm lateral to bregma and ~2.5 mm ventral from
the cortical surface) and, on the following day, a craniotomy was performed,
0.25 pl of rAAV2/9-Syn-Flex-GCaMP3 (1.1 x 10'3 vector genomes ml™') was
injected to the left forelimb M1 (700 um ventral from the cortical surface), and a
cranial window was created. After 2 weeks, the lever-pull task was initiated.

For two mice, 0.5 il of rAAV2/9-CMV-Cre was injected to the spinal cord at
the cervical level (C4, 0.3 mm right of the midline). After 5 d, 0.5 pl of rAAV2/9-
Syn-Flex-GCaMP3 was injected to the left forelimb M1 (600 pim ventral from the
cortical surface). Then after 4-5 weeks, the lever-pull task was initiated.

Self-initiated lever-pull task. The task was modified from a previously described
procedure?!. Mice with head plates were inserted into body chambers and their

heads were fixed in the task device for 1 b, 2 d before the start of the experiment,
which allowed them to habituate to the device, After habituation, the mice were
water-deprived in their home cages, and were maintained at 80-85% of their nor-
mal weight throughout the experiments, Immediately before the start of the first
training session, mice were given several 4-pl drops of water from a spout near
their mouths to recognize water delivery from the spout. Then, when mice pulled
the lever 5 mm for 700 ms using their right forelimb, they were rewarded with a
4-pl drop of water from the spout and the lever was quickly brought back to the
wait position by the force of a solenoid valve. After the lever returned it could not
be moved from the wait position for 1 s. Mice were then allowed to pull the lever
again. If the lever was not pulled sufficiently, a weak magnetic force (~0.03 N)
returned it to the wait position; thus, mice had to maintain the lever pull for 700 ms
to receive the reward. After failed trials (less than 700 ms lever pull), the lever was
not immobilized and the mice were allowed to pull the lever at any time. Each
mouse was trained to perform the task for 1 h d=* for 14 consecutive days. The
experimental time was in the light cycle. The task parameters were constant across
14 training sessions to compare cellular activity across sessions in the same task
condition, in contrast with our previous study?!, in which the lever pull time was
gradually increased during training sessions. A program written with LabVIEW
(National Instruments) was used to regulate the timing of the reward, the lever
return and lever immobilization. The lever position and the solenoid signal were
continuously recorded?. Mouse behaviors were recorded with an infrared video
camera at an acquisition rate of 30 Hz. After each training session, the mice were
allowed ad libitum access to 1 ml of water until they were satiated, and were then
returned to their home cages.

Two-photon imaging. During performance of the lever-pull task, mice were
head-restrained under the microscope and two-photon images were acquired
with a FV1000-MPE system (Olympus) and a mode-locked Ti:sapphire laser
(Mai Tai DeepSee; Spectra Physics) tuned to a wavelength of 910-920 nm. For
one mouse, an LSM 7 MP system (Carl Zeiss) and a mode-locked Ti:sapphire
Chameleon Ultra 11 laser (Coherent) tuned to 920 nm were used. The imaging
parameters are listed in Supplementary Table 1.

When the imaging plane reached a depth of 377 £ 12 pum (n = 7 fields from
6 mice) from the cortical surface, the size of the neuronal soma suddenly increased
(Fig. 2¢). L5a imaging was performed at a depth of 126 27 um (1 = 7 fields from
6 mice) from this point. The imaged field was 382 :+ 124 pim x 367 % 148 pum
(pixel size, 1.47 :0.53 im x 2.83 £ 1.23 pm) ata depth below the cortical surface
of 193 £ 19 pm (1 = 7 fields from 6 mice) in L2/3, and 416 £ 111 um x 426 £
98 pm (pixel size, 1.62 £ 0.46 m x 3.09 & 1.18 pum) at a depth of 503 = 29 um
(n = 7 fields from 6 mice) in L5a. Frame duration was 240 * 42 ms (n =
7 fields from 6 mice) in L2/3 and 240 42 ms (»n = 7 {ields from 6 mice) in L5a.
Continuous 1,000 or 1,500 frame imaging was repeated one to four times in each
field per session for 14 consecutive days. The total imaging duration of each field
per session was 13 = 2 min (n = 7 fields from 6 mice) in L2/3 and 11 + 3 min
(n=7 fields from 6 mice) in L5a. If a slow z drift was detected by visual inspection,
the imaging plane was manually corrected every 1,000 or 1,500 frames to fit the
reference image frame that was acquired before each imaging session.

For each session, the laser intensity was adjusted to maintain a relatively constant
neuronal fluorescence intensity (25-60 mW in L2/3 and 76-114 mW in L5a).
The laser power for L5a imaging was relatively high compared to that used for
12/3 to L5 imaging in previous studies (10-90 mW (ref. 48) and <50 mW (ref. 49)),
but, taking into account the effects of light scattering®®!, it was comparable to a
power of <70 mW for long-term L2/3 imaging!®. The number, morphology and
the coefficient of variation of baseline intensity of the imaged L5a neurons were
not different between the early and late sessions. Thus, the 14-d imaging period for
L5a, which used a relatively high laser intensity, likely had few detrimental effects.
However, this laser intensity may have caused problems such as a slight increase
in temperature that could not be detected by our measurements.

Cell-attached recording in vivo. 2-3 weeks after rAAV2/1-Syn-GCaMP3 injec-
tion into the L2/3 of forelimb M1, a ~3-mm diameter circular craniotomy (center:
0 mm anterior, 1.5 mm lateral to bregma) was performed under isoflurane
anesthesia (1%). After the brain was covered with 2% agarose, the semi-circular
glass was put on the agarose and cemented with the skull. After the mice were
then recovered from anesthesia, they were given xylazine (30 mg per kg, intraperi-
toneal) as an analgesic and sedative. Glass microelectrodes (open-tip resistance,
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5-7 MQ) with an extracellular solution consisting of 140 mM NaCl, 4.5 mM KCl,
2 mM CaCl,, 1 mM MgCl,, 5 mM HEPES and 0.05 mM Alexa Fluor 594 (pH 7.4)
were attached to GCaMP3-expressing neurons that were detected by simultane-
ous two-photon imaging®2. The electrical signal in a loose-patch configuration
(seal resistance, 25-100 MC2) was detected with an amplifier (MultiClamp 700B;
Axon Instruments}, band-pass filtered at 0.5-1.5 KHz and sampled at 10 kHz. The
region including the attached cell was imaged with a frame duration of 115 £24 ms
(n = 4 regions from two mice). Calcium transient was calculated as described
below, and twofold down-sampled for the subsequent analysis. Mean half-decay
time of calcium transients was 491 + 123 ms (# = 4 neurons from two mice; range:
399-664 ms). This value is consistent with previous results?4%3.

Whole-cell recording in cortical slices. Relative fluorescent changes of
GCaMP3-expressing L5 neurons responding to action potentials were quanti-
fied in the slice preparation because in vivo cell-attached recording from the
fluorescently targeted neurons in L5 is technically difficult. More than 3 weeks
after the virus injection into the deep layer of forelimb M1, 500-um-thick cortical
slices containing forelimb M1 were prepared as described previously>%. In 95%
Q,/5% CO,-saturated artificial cerebrospinal fluid containing 125 mM NaCl,
3 mM KCl, 26 mM NaHCOs3, 1.25 mM KH,POy, 2 mM CaCl,, 1 mM MgCl,,
and 20 mM p-glucose (pH 7.4) at 30 £ 1 °C, GCaMP3-expressing L5 neurons
were recorded under whole-cell current-clamp mode with the patch-clamp
electrodes (open-tip resistance, 4-8 MQ) filled with a solution containing
135 mM potassium gluconate, 4 mM MgCl,, 10 mM disodium phosphocreat-
ine, 0.05 mM Alexa Fluor 594, 4 mM Na,-ATP, 0.4 mM Na-GTP and 10 mM
HEPES-KOH (pH 7.2, 297 mOsm). The mean resting potential of GCaMP3-
expressing L5 neurons under the current-clamp recording was —65 = 2 mV
(n = 4 neurons from two mice), which was similar to that of L5 neurons from a
mouse without the virus injection (-66 &2 mV, n = 5). The electrical signal was
detected with an amplifier (AxoPatch 200A; Axon Instrument), low-pass filtered
at 2 kHz and sampled at 10 kHz. The region including the recorded neuron was
imaged with a frame duration of 219 £22 ms (1 = 4).

Image processing. Analyses were performed using Image] (1.44k, US National
Institutes of Health) and MATLAB (R2011b, 7.13.0.564, MathWorks) software.
Image sequences were corrected for focal plane displacements as described pre-
viously21:2526, Each motion-corrected image frame was highly correlated with
the time-averaged image (time-averaged two-dimensional correlation coeffi-
cient 0.89 % 0.06, n = 14 fields). For determining the RO, pixels in manually
defined rectangles were automatically clustered by calculating the correlation of
the fluorescence intensity between pixels over time with a MATLAB-based GUI
(Supplementary Fig. 1c). Attempting to construct an ROI over a neuron that
did not exhibit any apparent calcium transients often resulted in pixel clusters
that were inconsistent with cell morphology. Thus, the ROIs obtained by our
method were restricted to active neurons. The number of reconstructed neurons
per session was 52.8 + 15.7 neurons in L2/3 and 54.1 + 17.6 neurons in L5a.
By calculating the density of neurons from Nissl staining (1,077.2 £ 59.4 mm™2
in L2/3, 788.4 £ 23.7 mm™2 in L5a; n = 5 fields for each layer from three mice),
percentages of the reconstructed neurons out of all neurons in the imaged fields
were estimated as 46 +29% of L2/3 neurons and 44 £ 11% of L5a neurons. Similar
to a previous report>®, 0.6% of GCaMP3-positive neurons in 12/3 and 1.9% of
GCaMP3-positive neurons in L5 were parvalbumin immunopositive (1 of 179
from four image slice planes in L2/3, n = 2 mice, and 3/162 from four image slice
planes in L5, # = 2 mice), and 1.2% of GCaMP3-positive neurons in L2/3 and
0.6% of GCaMP3-positive neurons in L5 were somatostatin immunopositive
(2 of 161 from four image slice planes in L2/3, n = 2 mice, and 1/175 from four
image slice planes in L5, n = 2 mice). Immunohistochemistry was performed
as previously described®?, with antibody to parvalbumin (mouse IgG, 1:2,000;
cat. no. 235, Swant) or somatostatin (rat IgG, 1:100; cat. no. MAB354, Millipore)®®.
Thus, most reconstructed neurons were excitatory neurons.

To identify each reconstructed neuron across sessions, correlation matrices
between all pairs of averaged images in different sessions were calculated, lateral
displacements between each pair of the averaged images were corrected to maxi-
mize the correlation coefficients and highly correlated ROIs were shared across
sessions. Although, ideally, all ROIs would be shared among all sessions, this
was not possible because the imaging planes were not perfectly matched across
sessions; possibly due to slight day-by-day angular displacements between the

window glass and the cortical surface. Registration of the reconstructed neurons
across sessions was also visually confirmed. The difference ratio between the
number of reconstructed neurons in imaging session i and the next imaging ses-
sion i + 1 (N; and Ny, respectively) was defined as AN}, = 2(Njy; — N/ (Nyy; +
N;). The mean AN; was 0.026 in L2/3 (n = 72 sessions from 7 fields from 6 mice)
and —0.0069 in L5a (n = 75 sessions from 7 fields from 6 mice). The mean of the
absolute value of AN; was 0.12 in L2/3 and 0.076 in L5a.

Averaging the fluorescence of all pixels in each ROI resulted in a raw time series,
from which time-averaged background fluorescence measured at unstained blood
vessels was subtracted. From this subtracted time series, the detrended relative
change in fluorescence (AF/F) was calculated with the eighth percentile value
ina+ 15 s-interval around each sample time point26. The fluorescence time series
was deconvoluted with a sequential Monte Carlo method?” with slight modifica-
tions (dissociation constant = 542 nM and Hill coefficient = 2.73) for fitting the
model to GCaMP3 kinetics®”. When inferred by this deconvolution method,
the mean half-decay time of calcium transients of the L2/3 neurons recorded in
the in vivo cell-attached mode was 499 £ 403 ms (n = 4 neurons).

Spontaneous neuronal activity is generally higher in L5 than in L2/3 (ref. 23),
and thus it may be expected that the small amount of activity associated with
the lever movement would not be detected in this study. However, in a similar
self-initiated lever-pull-push task of the rat, the firing rate of lever movement-
related neurons increased from the baseline activity by 5-20 Hz in superficial-
layer pyramidal neurons and 10-30 Hz in deep-layer pyramidal neurons during
and around the time of lever movement?3. Thus, we expected neuronal activity
associated with 700-ms lever-pull movement (0.7 s x 10-30 Hz = 7-21 action
potentials) to be detected as AF/F even in L5a in this study. A few action potentials
induced only small AF/F (<10%) in GCaMP3; thus, the contribution of neurons
that slightly changed their activity in relation to the lever-pull movement would
be underestimated in this study, as previously discussed!®.

In this study, fluorescence was observed in the nucleus as well as the cytosol
of the somata of many GCaMP3-expressing L5a neurons (Fig. 2e). It has been
reported that L2/3 neurons with nuclear GCaMP3 fluorescence have abnormal
activity?%. However, when the expression of the protein was not too strong, L5
neurons that appeared to possess nuclear GCaMP3 fluorescence showed healthy
calcium transient responses in their somata®’~#%. Our data support the latter
notion. First, when CCS neurons were retrogradely labeled by rAAV2/9-Syn-
GCaMP3, fluorescence was weaker than that of L5a neurons labeled by other
virus injection methods and the nuclei were not filled with GCaMP3 (Fig. 7e).
Their proportion of increase neurons was 2 of 6, which was the same as that in
the total pursued L5a CCS neurons (10 of 32). Second, whole-cell recording
from GCaMP3-expressing L5 neurons in slice preparations showed that calcium
transients increased as the number of action potentials increased, such as in the
in vivo cell-attached recordings in L2/3 (Supplementary Fig. 3c,d). In addition,
the inferred decay time of calcium transients in L5a neurons was not different to
that in L2/3 neurons. Thus, GCaMP3-expressing L5 neurons were physiologi-
cally healthy. Third, the inferred half-decay time in L5a neurons and the number
of L5a neurons were not different in early and late sessions. The signal-to-noise
ratio of AF/F in individual L5a neurons during non-lever-pull periods showed
only a slight change from the early to late sessions (Supplementary Fig. 3f).
Thus, there was no apparent degradation of GCaMP3-expressing L5a neurons
over the 14 training sessions. In light of these results, we concluded that L5a
neurons with nuclear fluorescence were healthy throughout the sessions, and
therefore the nuclear fluorescence of L5a neurons had little, if any, effect on the
experimental results.

Statistics. Data are presented as mean * s.d. Student’s ¢ test, sign test, Wilcoxon
signed-rank test, Wilcoxon rank sum test, Spearman’s rank correlation test,
Pearson’s correlation test, x> test, bootstrap tests and random permuta-
tion tests were used for statistical comparisons. For multiple comparisons in
Supplementary Figure 8, Wilcoxon rank sum test with Bonferroni correc-
tion was used. No statistical methods were used to predetermine sample sizes,
but our sample sizes are similar to those reported in a previous publication!s.
In statistical tests for the comparisons in the averaged half-decay time of the
calcium transients and in regression lines in Supplementary Figure 6c,d, data
distribution was assumed to be normal, but this was not formally tested. All statis-
tical comparisons except for two tests were two-tailed; the results in Figure 6d and
changes in the correlation between the Iysemple and performance parameters by
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replacing increase neurons were tested with one-sided statistics. This is because
the direction of the difference in these cases was predicted and the question
was limited to whether the magnitude of the difference was significant or not.
Data collection and analysis were not performed blind to the conditions of
the experiments. However, reconstructed neurons and pursued neurons were
collected as many as possible in the light of the criteria described above, which
were determined before analyzing the predictive information carried by neuronal
ensembles or by single neurons,

Prediction of lever movement trajectory by support vector regression and
the estimation of mutual information between the recorded and predicted lever
trajectories are described in Supplementary Modeling.

A Supplementary Methods Checklist is available.
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