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Whether and how the non-lesional sensorimotor cortex is activated and con-
tributes to post-injury motor recovery is controversial. Here, we investigated
the role of interhemispheric pathway from the contralesional to ipsilesional
premotor cortex in activating the ipsilesional sensorimotor cortex and pro-
moting recovery after lesioning the lateral corticospinal tract at the cervical
cord, by unidirectional chemogenetic blockade in macaques. The blockade
impaired dexterous hand movements during the early recovery stage. Elec-
trocorticographical recording showed that the low frequency band activity of
the ipsilesional premotor cortex around movement onset was decreased by

the blockade during the early recovery stage, while it was increased by
blockade during the intact state and late recovery stage. These results
demonstrate that action of the interhemispheric pathway changed from
inhibition to facilitation, to involve the ipsilesional sensorimotor cortex in
hand movements during the early recovery stage. The present study offers
insights into the stage-dependent role of the interhemispheric pathway and a
therapeutic target in the early recovery stage after lesioning of the corti-

cospinal tract.

The lateral corticospinal tract (I-CST) is crucial for dexterous hand
movements in higher primates". Lesions of the I-CST impair hand
dexterity and the activities of daily living. It is widely known that
damaged neurons regenerate rarely in adults®*, but impaired motor
function can be recovered considerably by rehabilitative training>®.
Thus, the mechanism of functional recovery is associated with the
training-induced plasticity of residual neural circuits’®, Identifying the
pathways for functional recovery would reveal targets for future neu-
romodulation therapies. In the clinical setting, the unilateral lesions of
CST are often observed in patients with stroke or spinal cord diseases,

highlighting interest in the role of the non-lesional sensorimotor cor-
tex; however, whether and how it contributes to the post-injury
recovery remains controversial’ ™.

We previously demonstrated that after I-CST lesioning of the
middle cervical cord (C4-C5) in macaque monkeys, the ipsilesional
sensorimotor cortex was activated during the early recovery stage
by using positron emission tomography, and that inactivation of
the ipsilesional primary motor cortex (M1) with muscimol affected the
recovery of hand dexterity'. The study revealed the role of the
ipsilesional sensorimotor cortex for the recovery, and it has also been
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reported that the ipsilesional sensorimotor cortex is involved in
locomotion recovery in rodents™'. However, which pathway activates
the ipsilesional sensorimotor cortex remains elusive. Then, Chao et al.
performed Granger causality (GC) analysis, which can provide a
unidirectional causal dependence between two signals, and evaluated
the connectivity between all pairs of multichannel (30 x 30 channels)
electrocorticography (ECoG) records spanning the bilateral sensor-
imotor cortices that were obtained throughout the intact and recovery
periods". As a result, interhemispheric signal flow from the contrale-
sional to ipsilesional premotor cortex (PM) at the « and low-p
bands (10-15Hz) during motor preparation was detected as one of
the main components explaining the variance in the whole dataset by
the data-driven generalization of principal component analysis for
higher order arrays called Parallel Factor Analysis. The longitudinal
profile of these network dynamics paralleled recovery, suggesting the
contribution of the interhemispheric pathway to the increased activity
of the ipsilesional sensorimotor cortex and functional recovery.
However, this mathematical analysis-based hypothesis awaits biologi-
cal validation.

The previous study suggested that inactivation of the contrale-
sional or ipsilesional PM with muscimol affected the recovery of hand
dexterity, but the effect was not consistent between the monkeys'.
The inconsistency might be due to the muscimol injection that
restricts the area that can be injected at one time. Another limitation of
the muscimol inactivation is that it inactivates all the neurons at
injection site so that it is difficult to evaluate the role of the specific
pathway. Recently, pathway-specific manipulation using chemoge-
netic or optogenetic tools has been developed not only in model
animals such as rodents but also in primates to analyze the causal role
of target pathways' 2’

Here, we blocked the interhemispheric pathway from the con-
tralesional to ipsilesional PM to demonstrate its contribution to dex-
terous hand movements during recovery in macaque monkeys
following lesioning. We also recorded the activity of the sensorimotor
cortices with ECoG to study the change in network dynamics caused by
the manipulation of the interhemispheric pathway.

Results

Blockade of the unidirectional interhemispheric pathway using
DREADDs

We combined double viral vector intersectional technology'®* > with
Designer Receptors Exclusively Activated by Designer Drugs
(DREADDs)*** for the reversible and unidirectional blockade of the
interhemispheric pathway. First, we trained two macaque monkeys to
perform a reach and grasp task with their right forelimb (Fig. 1A, B).
Before lesioning the right I-CST, we injected an anterograde vector
(AAVI-EF1a-DIO-hM4D(Gi)-mCherry) into the left (contralesional) PM
(mainly in its dorsal part, PMd) and a retrograde vector (AAV2retro-
CAGGs-Cre) into the right (ipsilesional) PM so that commissural neu-
rons from the contralesional to ipsilesional PM expressed hM4Di and
mCherry (Figs. 1C, S1A) using the convection enhanced delivery tech-
nique which enabled the injection of large dose without leakage.
Postmortem anti-RFP immunohistochemistry showed the labeling of
the cell bodies of pyramidal neurons in the superficial layers of the
contralesional PM, their axons in the corpus callosum, and their
terminal axons and buttons in the superficial layer of the ipsilesional
PM (Fig. 1D-H). The estimated averaged density of labeled neurons in
the contralesional PM was 344 /mm?® in Monkey A and 548 /mm? in
Monkey H (Fig. S1B). At the center of the injection site in the con-
tralesional PM (ex. Fig. 1D), 11.1 % and 9.9 % of the layer II/lll neurons
were labeled in Monkey A and H, respectively, although it is difficult to
evaluate the total number of the neurons projecting to the ipsilesional
PM in that location. Note that there were no labeled cell bodies in the
ipsilesional PM, suggesting that unidirectional blockade had been
achieved. Conversely, although a small number of collateral fibers

were detected in the bilateral putamen (Fig. S1IC)—intratelencephalic
neurons, recognized as having collateral projections to the striatum in
rodents***—the density of the labeled fibers was considerably lower
compared to that in the ipsilesional PM. The total fiber length at the
regions where projections were observed in contralesional and ipsi-
lesional putamen was only 4.6 % and 4.4 % of that in the ipsilesional PM,
respectively (Fig. SID).

In addition, we chronically implanted a 28-channel subdural ECoG
electrode array on each side of the PM, M1, and primary sensory cortex
(S1) for longitudinal recording (Fig. S1A).

Unidirectional blockade of the interhemispheric pathway
affects recovered hand movements

We made a surgical lesion involving the right dorsolateral funiculus at
the middle cervical cord (C4-C5) (Fig. 11). We evaluated performance
in the reach and grasp task according to the success rate of precision
grip and movement kinematics before lesioning and during recovery.
In the prelesional state, the monkeys could retrieve the food pieces
with a precise grip, using just the index finger and the pad of the
thumb, with a 100% success rate. We injected a DREADD agonist,
deschloroclozapine (DCZ)*, systemically to block the interhemi-
spheric pathway; however, no significant effect was observed on the
success rate of precision grip movements (Fig. 2A, P> 0.05, Pearson’s
X° test) or movement velocity (Fig. S2A, P> 0.05, Wilcoxon rank-sum
test) before lesioning.

Just after lesioning, the monkeys could barely move their
shoulders but not muscles distal to the elbow at all; however, they
gradually recovered with rehabilitative training. Initially, the monkeys
lifted their shoulders significantly to compensate for elbow extension,
but this behavior disappeared as recovery progressed. From day 42 in
Monkey A and day 31in Monkey H, the monkeys started to retrieve the
food pieces with their fingertips, and the success rate of precision grip
was improved. When we administered DCZ during the recovery (at day
45 and 49 in Monkey A, and day 31, 35 and 38 in Monkey H), the
recovered dexterous hand movements were impaired and the success
rate dropped in both monkeys (Fig. 2A, B, P<0.05, Pearson’s }” test);
grasping time was also significantly prolonged (Fig. 2C, P=5.1x107°
[Monkey A], 1.3x10™ [Monkey H], Wilcoxon rank-sum test). In con-
trast, when we administered the vehicle at day 36 in Monkey H, the
success rate and the grasping time was significantly improved. We also
observed slight improvement of the grasping time at day 46 in Monkey
A, although there was no significant difference (Figs. 2A, S2B). The
results suggested that within-day recovery was seen in the early
recovery stage and DCZ was effective enough to cancel out the within-
day learning effect and further impair the hand movements. Addi-
tionally, we confirmed that no learning effect was observed during the
sessions after DCZ administration (Fig. S2D).

A detailed video analysis for the type of motor impairment
revealed that Monkey A failed to retrieve the food pieces and tried to
grasp them repeatedly (wandering error; Fig. S2C and Supplementary
movie 1) and Monkey H retrieved them by using the dorsum of the
thumb, failing to use the pad of the thumb (precision error; Fig. S2C).
Both of them suggested an impairment in opposing movement of the
thumb and index finger. Furthermore, video images and machine-
learning based analysis of finger trajectories revealed that the monkeys
had difficulty in inserting their thumb into the slit (Fig. 2B, S3A-C).
Conversely, the trajectory of the index finger was not different
between before and after DCZ administration (Fig. S3A).

These results show that the interhemispheric pathway from the
contralesional to ipsilesional PM contributes to motor function during
recovery, especially the dexterity of the thumb such as opposability.
Additionally, the shoulder position during grasping was not different
between before and after DCZ administration, suggesting that the
effects of DCZ on behavior were independent of compensatory
movements of the proximal muscles (Figs S3D, S3E).
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Fig. 1| Unidirectional blockade of the interhemispheric pathway using
DREADDs. A Reach and grasp task. B Experimental schedule. C Schematic dia-
grams of vector injections and the mechanism of unidirectional blockade of the
interhemispheric pathway. D Representative RFP-labeled cells in the contralesional
(left) PM of Monkey A. Rectangle indicates the area shown in (E). Scale bar, 200 pm.
E High maghnification view of D. Scale bar, 100 um. F RFP-labeled fibers in the corpus
callosum of Monkey A. Scale bar, 100 um. G RFP-labeled fibers in the ipsilesional
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(right) PM of Monkey A. Rectangle indicates the area shown in (H). Scale bar,
100 um. H High maghnification view of (G). Scale bar, 20 um. I Extent of the I-CST
lesions. Lesions are indicated by black areas. The percentage indicates the pro-
portion of the unilateral ventral and lateral funiculus that are lesioned. Scale bar,
1 mm. Rehab., rehabilitation. Similar images were obtained from three independent
brain sections. (D, F, G).

We found that the effect of DCZ diminished as the baseline suc-
cess rate of the precision grip was increased. In Monkey H, since the
increase in success rate was slower compared to Monkey A and
we could administrate DCZ during the stages with lower success rate,

the effects seemed to be longer and clearer than in Monkey A. Another
possible explanation of the difference in effects across monkeys was a
greater density of infected neurons in Monkey H compared to Monkey
A (Fig. SIB).
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and after (red circles) DCZ administration and after vehicle administration (blue
circles). The dotted lines indicate the days when the results of the reaching and
grasping times shown in (C) were obtained. *P < 0.05 (two-sided Pearson’s x test;
Monkey A: P=3.0 x 107 [day 45], 0.0071 [day 49]; Monkey H: P=1.2 x10™* [day 31],
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Although DCZ is a high-affinity agonist for DREADDs, it could still
have off-target effects on endogenous receptors. To exclude the
possibility that our behavioral results were due to off-target effects, we
examined another monkey without DREADD expression and found
that DCZ did not affect its behavior during recovery after the lesioning
(Fig. S3F, G).

In this monkey, instead of chemogenetic blockade with DREADDs,
we performed a partial callosotomy between the PMs during recovery
after the lesioning and obtained similar behavioral results (Fig. S3F-H).
These results suggest that commissural fibers were the main con-
tributors to our results, although the interhemispheric pathway pro-
jected a small number of collateral fibers to the putamen (Fig. S1C, D).

Interhemispheric connectivity is blocked unidirectionally by
DREADDs

In this study, we recorded ECoG longitudinally and calculated GC
between the electrodes during the reach and grasp task to evaluate the
interhemispheric connectivity. We especially focused on GC in the low
frequency band because many studies suggested that the low fre-
quency band activity is related to long-range or interhemispheric
cortico-cortical connectivity while the high frequency band is related
to intracortical or local connectivity?®*°. In addition, as described
above, the previous study from our laboratory showed GC from the

contralesional to ipsilesional PM (mainly the PMd) in the low frequency
band (10-15 Hz) around movement onset was increased during early
recovery after I-CST lesioning". Therefore, we compared the GC at this
timing and frequency band between before and after DCZ adminis-
tration to confirm that our manipulation could block the interhemi-
spheric connectivity. We divided the recovery stage into the ‘early’ and
‘late’ periods, and the border between ‘early’ and ‘late’ was termed the
‘full recovery day’, which was defined as the experimental day on which
the success rate of precision grip first reached 100% after lesioning.
During the early recovery stage, we found the high GC from the con-
tralesional to ipsilesional PMd in the low frequency band (10-15 Hz)
around movement onset (-0.2 toOs in Monkey A, -0.1 to 0.1s in
Monkey H; see Methods for how to define these intervals) and the GC
was decreased after DCZ administration (Fig. 3A, B, D, E). We combined
the data from both monkeys and found a significant difference in the
GC value before and after using DCZ (Fig. 3G, P=0.0039, Wilcoxon
sign-rank test). In Monkey H, changes in GC were observed in other
time windows (-0.6 to -0.4s and -0.35 to -0.15s; Fig. 3D, right).
However, when using only the data from Monkey H, the effect of DCZ
on GC in the selected window (-0.1s to 0.1s) remained significant
(P=0.031), while change in the other windows (-0.6 to -0.4s and
-0.35 to -0.15s) was not significant (P=0.22 and 0.16, respectively,
Wilcoxon sign-rank test).
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In contrast, GC in the opposite direction (from the ipsilesional to
contralesional PMd) was not significantly changed by DCZ adminis-
tration (Fig. 3C, F, H, S4A, P=0.07, Wilcoxon sign-rank test). These
results suggest that our method successfully blocked the connectivity
of the target pathways in a unidirectional manner.

When aligning the data to the reaching onset, we found that the
time window of high GC in Monkey A was earlier compared to that in

Difference
(Pre- to Post-DCZ)

O Monkey A
X Monkey H

0.06  Contra — Ipsi

14
i
~

0.14
- x
= o >
& o 3
5 £ 2
S o8 §
o) c o .
o] o [0}
g s 2
= 0 © ~
O] = 7
(O] =
0 0.06 0.01 Pre  Post
DCZ DCZ
0.28 |012 H
2
® 8 Ipsi — Contra
g c 005
8 09 >
= o = /
> s 3 .
c = 5 i
5 5 8
O] =
[
Uo o2 2| &«
S|
014 Io.oe I5]
2 o =P Post
3 1) DCZ DCZ
> c
8 0w |
P o
g g
= £  Contra — Ipsi
Y a 0.14
O
\ 2z
Uo 006 ‘®
. 3
Difference 3
(Pre- to Post-DCZ) 5
0.0 001 O
C
o
>
£ 6 °l| =
o = 001 -
S = Pre  Post
3 03 Vehicle Vehicle
o 5]
= 5}
5 =
[ =
5 [a)
0 -0.01
0.1 / { w0.04
2 0
®© O]
g £
8 8
5 °s
2 5
o £
[G) [a]
Uo -0.04
0.1 0.04
2 I $)
© O]
g IS
8 03
P c
[ [}
2 5}
g £
15} a
Uo -0.04

Monkey H (-0.2 to Os in Monkey A, -0.1 to 0.1s in Monkey H). On
the other hand, when aligning the data to the grasping onset, the
time window in Monkey A was later than that in Monkey H (-0.4 to
-0.25sin Monkey A, -0.5 to -0.3 s in Monkey H, Fig. S4B). Taking into
account the difference in reaching time between Monkey A
and Monkey H in the early recovery stage (0.24 s in Monkey A vs 0.37 s
in Monkey H), these results might suggest that the enhanced
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Fig. 3 | Interhemispheric connectivity is unidirectionally blocked by DREADDs.
A, D Averaged time-frequencygram of GC from the contralesional to ipsilesional
PMd before (left figure) and after (middle figure) DCZ administration and their
difference (right) in the early recovery stage of Monkey A (A) and Monkey H (D).
Time O (black line) indicates movement onset. Red rectangles indicate the time
frequency ROI that was used for the calculations shown in (B, C, E-I). Black triangles
at the bottom indicate the onset of grasping. B, E Anatomical dimension of GC from
the contralesional to ipsilesional PMd (7 x 7 channels, encircled in red lines) in the

low-frequency band around movement onset (ROl shown in A, D), before (left) and
after (middle) DCZ administration and their difference (right). Each arrow indicates
the directionality and strength of GC. C, F Anatomical dimension of GC from the
ipsilesional to contralesional PMd. G-I Averaged value of GC in the ROI (shown in
A, D) in the early recovery stage of both monkeys (A, H). Each line plot indicates the
result of each experimental day in the early recovery stage (n=9 days). Error bars
indicate standard deviation. *P < 0.05 (two-sided Wilcoxon sign-rank test;
P=0.0039 [left], 0.07 [middle], 0.25 [right]).

connectivity included both reaching and grasping elements, and the
high GC period differed across the monkeys in both cases of alignment
depending on each monkey’s speed of reaching.

As the enhanced connectivity included the both reaching and
grasping elements, it could be possible that the prolongation of
reaching time after DCZ administration influenced the change of GC.
However, significant effects on GC could be seen both in the results
aligned to the reaching onset (Fig. 3G) and grasping onset (Fig. S4D,
P=0.027, Wilcoxon sign-rank test), suggesting that the effects on GC
were not caused by the change in reaching time.

In the late recovery stage, the high GC observed in the early
recovery stage had diminished and the effect of DCZ on the GC was not
observed (Fig. S4C, E). This suggests that interhemispheric con-
nectivity was decreased after full recovery, consistent with the pre-
vious study".

Interhemispheric facilitation during recovery

We investigated the longitudinal change in the activity of the ipsile-
sional PM during blockade of the interhemispheric pathway. We per-
formed time-frequency analysis of ECoG activity during the task and
compared the activity between before and after DCZ administration.
Since we aimed at revealing the role of the interhemispheric pathway
for activation of the ipsilesional sensorimotor cortex during the
recovery, we focused on the brain area with high activity during the
task in the early recovery stage (Ch 10 in PMd, black circle in Fig. S5).
We found that in the early recovery stage, the activity in the low fre-
quency band (7-9 Hz) was high during the movement onset (-0.2 to
Os in Monkey A, -0.1 to 0.1s in Monkey H) and the activity was
decreased by DCZ administration (Figs. 4, S5B, P<0.039, Wilcoxon
sign-rank test). The effect was prominent particularly during the earlier
experimental days in both monkeys (Fig. S5D, Day 45 in Monkey A (red)
and Day 27 in Monkey H (violet)). However, in Monkey H, the effect
became unclear during the later part of the early stage (Day 43 and 48
in Monkey H (light blue)). Contrary, in the intact state and the late
recovery stage, the activity was increased by DCZ administration
(Fig. 4, S5A, C, P=7.8x10™ [intact], 0.020 [late], Wilcoxon sign-rank
test). Vehicle had no effect on the activity in any stage (Fig. SSE).
Regarding the contralesional PM, no change was observed in the intact
state and the late recovery stage. In the early recovery stage, there was
a trend of decreased activity with DCZ administration, although this
did not reach statistical significance (Fig. S6, P=0.055, Wilcoxon sign-
rank test).

These results indicate that the interhemispheric pathway inhibits
the activity of the opposite PM in the intact state, while this pathway
facilitates the ipsilesional PM and contributes to recovery in the early
recovery stage (Fig. 5). It is known that the commissural fibers are from
excitatory neurons which mainly project to the inhibitory interneurons
on the opposite side. Thus, the disinhibition observed in this study
should be due to the change in the local inhibitory mechanisms at the
ipsilesional PM (see Discussion).

In addition, we performed electrical stimulation with the subdural
ECoG electrodes on the bilateral sensorimotor cortices and observed
muscle twitches in the ipsilesional forelimb (Figs. S7A-D). Lesioning of
|-CST at C4/C5 diminished twitches of the elbow or more distal muscle
by stimulation of contralesional sensorimotor cortices. On the con-
trary, since the motor pathways to parts of shoulder muscles such as

trapezius and levator scapulae could be spared in this lesion, shoulder
twitches were still preserved postoperatively. This might be associated
with the compensatory shoulder movements observed during the
period when distal muscles were paralyzed. As twitches in the distal
muscles began to recover, the compensatory movements diminished,
suggesting a reduced relative contribution of the shoulders to limb
movements. More interestingly, in the intact state, muscle twitches of
the ipsilesional forelimb were barely observed when stimulation was
given through the ipsilesional electrodes. However, during the early
recovery stage, electrical stimulation on the ipsilesional side induced
twitches in the ipsilesional forelimb muscles, suggesting the involve-
ment of the ipsilesional sensorimotor cortex in the control of affected
hand movements.

We also recorded cortico-cortical evoked potentials (CCEPs)* at
the ipsilesional PM by stimulating the contralesional PM. The ampli-
tude of CCEPs was increased during the early recovery stage (Fig. S7E,
F, F=52.04, P<0.05 for Monkey A; F=18.33, P<0.05 for Monkey H,
one-way analysis of variance followed by Bonferroni’s post hoc test).

These results supported our conclusion that the interhemispheric
pathway from the contralesional PM facilitates the activity of the
ipsilesional sensorimotor cortex, and the pathway from the ipsilesional
motor cortex to the ipsilesional hand muscles is upregulated and
supports recovery during the early stage after lesioning (Fig. 5).

Discussion

The early recovery stage after lesioning is critical because a previous
study showed that the lack of training during the first month after
I-CST lesioning has a severe impact on recovery®. In the present study,
we first demonstrated that DCZ-induced blockade of the interhemi-
spheric pathway caused impairment of hand movements during the
early recovery stage, but not in the intact state or late recovery stage,
by using an intersectional pathway-specific blocking technique. Addi-
tionally, DCZ administration to the monkey without DREADD expres-
sion had no effect in the early recovery stage. All these results
indicated that the behavioral impairment observed in this study was
the result of interhemispheric pathway blockade and not of a non-
specific effect of DCZ administration. Furthermore, electro-
physiological recordings with ECOG demonstrated that the action of
the interhemispheric pathway changed from inhibition to facilitation,
leading to the involvement of the ipsilesional sensorimotor cortex in
hand movements during the early recovery stage.

In the intact state, blockade of the interhemispheric pathway did
not affect motor performance in the reach and grasp task, showing
that neither the interhemispheric pathway nor ipsilateral motor cortex
contributed to hand movements. Time-frequency analysis suggested
that the interhemispheric pathway from the contralesional PM inhib-
ited the activity of the ipsilesional PM in the intact state, which is
consistent with previous reports®**. Interestingly, the present results
suggest that the effect of the interhemispheric pathway changes from
inhibition to facilitation and the ipsilesional sensorimotor cortex
becomes directly involved in the control of dexterous hand move-
ments during the early recovery stage after lesioning. Commissural
fibers originate from glutamatergic excitatory pyramidal neurons
and exert excitatory and inhibitory effects on the pyramidal neurons
in the opposite sensorimotor cortex>>*°. Therefore, the disinhibition
observed in the early recovery stage could be due to changes in the
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activity level of inhibitory interneurons at the ipsilesional PM or the
postsynaptic effect of GABA from inhibitory to excitatory due to

developmental stage or in some pathological conditions®, but the
detailed mechanisms still remain unclear. Additionally, it has been

changes in CI transporters, as observed during the early reported thatdisinhibition occurred not only in the intact side but also
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Fig. 4 | Interhemispheric facilitation during recovery. A-F The average nor-
malized time-frequencygram of brain activity at the ipsilesional PMd (Ch 10) before
(left) and after (middle) DCZ administration in the intact state (A for Monkey A and
D for Monkey H), early recovery stage (B for Monkey A and E for Monkey H), and
the late recovery stage (C for Monkey A and F for Monkey H). Right figures show the
difference in activity between before and after DCZ administration. Time O (black
line) indicates movement onset. Red rectangles indicate the time frequency ROI
that was used for the calculations shown in (G), H, I Black triangles indicate the

onset of grasping. Averaged value of normalized brain activity (ECoG) at the ipsi-
lesional PMd in the ROl in the intact state (G, n =16 experiment days including 1074
trials [Pre-DCZ] and 1093 trials [Post-DCZ]), early recovery stage (H, n=9 days, 591
trials [Pre-DCZ] and 525 trials [Post-DCZ]), and late recovery stage (I, n =14 days,
970 trials [Pre-DCZ] and 972 trials [Post-DCZ]) of both monkeys (A, H). Error bars
indicate standard deviation. *P < 0.05 (two-sided Wilcoxon sign-rank test,
P=7.8x10"*[G], 0.039 [H], 0.020 [I]).
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Fig. 5 | Proposed hypothesis of the interhemispheric facilitation during recovery. Diagram showing the hypothesis drawn from the present findings. Red lines indicate
the activated areas and pathways. Dotted lines indicate the suppressed areas and pathways.

in the affected side especially in patients with stroke®**’. In the current
study we focused on the disinhibiton of the ipsilesional cortex and not
the contralesional cortex. However, the result that DCZ administration
also decreased the activity of the contralesional PM, although without
statistical significance, might suggest that disinhibition occurred
bilaterally so that inactivation of the ipsilesional PM caused the inac-
tivation of the contralesional PM by the secondary effect through the
interhemispheric pathway.

Our electrophysiological data recorded with ECoG showed that
the activity of the ipsilesional PM was increased around the movement
onset in low frequency band but not in high frequency band during the
movement that is known to be directly related to the process of motor
execution in M1***, In addition, the blockade of the interhemispheric
pathway affected the activity of the ipsilesional PM around the
movement onset. These results suggest that the interhemispheric
pathway between PM may have a gating function that modulates the
motor execution signals rather than directly conveying them. Some
other studies supported this hypothesis by showing that the cortico-
cortical oscillations in the low frequency band play a role for an inhi-
bitory gating control*>**. Additionally, it has been reported that the
activity in the ipsilateral PMd during movement preparation repre-
sents ipsilateral arm movements in an abstract manner in intact
monkeys*’. Also, ipsilateral M1 neurons represent the ipsilateral arm
movements to some extent in monkeys and humans***, although the
contribution of the ipsilateral M1 is much lower than that of con-
tralateral M1. These findings suggest that the motor representation in
the ipsilateral motor cortex exists to some extent but is suppressed in
the intact state. The current study suggested that in early recovery
stage, the gating control might change from inhibition to facilitation to
enhance the motor execution signals in the ipsilesional motor cortex.
Since it has been reported that the motor execution signals (i.e. the
high frequency activity) in M1 are also modulated by other motor
related areas like supplementary motor area and subcortical regions
such as thalamus, cerebellum or basal ganglia*®™*’, it is possible that the
cortico-cortical or cortico-subcortical pathways also contributed to
the recovered dexterous hand movements. In this study, we could
show the role of the interhemispheric pathway between premotor
cortices for the motor recovery but further studies are needed to
evaluate the contribution of other areas and the interaction
between them.

More interestingly, DCZ administration had no effect on behavior
in the late recovery stage, and time-frequency analysis showed the
effects of DCZ in this period were similar to those in the intact state.
These results suggest that the action of the interhemispheric pathway

returned to inhibition after full recovery. These findings were con-
sistent with previous studies also suggesting that the contribution of
the interhemispheric pathway and ipsilesional motor cortex was more
obvious in the early stage than in the chronic stage'*". In addition, a
recent study in patients with stroke also showed that the interhemi-
spheric inhibition was increased in chronic stage while motor function
was improved®. Although the mechanism and the role of interhemi-
spheric inhibition after the recovery are still controversial, the current
and relevant studies suggest that the increased interhemispheric
inhibition in chronic stage might be the consequence of the recovery
rather than preventing motor recovery. Furthermore, our recent
neuroanatomical study demonstrated that late stage recovery is sup-
ported by reorganization of the CST including the sprouting of axons
originating from the contralesional and ipsilesional motor cortices in
the gray matter both caudal and rostral to the lesion, including a re-
direction of the CST to hand motoneurons®. In addition, other des-
cending motor pathways such as propriospinal and reticulospinal
tracts remained intact in our lesion model. Since these pathways might
also contribute to the recovery of hand movements, contribution of
the ipsilesional motor cortex could be decreased by the increase of
interhemispheric inhibition in the chronic stage.

In the clinical setting, many studies have focused on the role of the
interhemispheric pathway in patients with a CST lesion such as
stroke’ ™. However, it is still controversial whether the interhemi-
spheric pathway and motor cortex on the intact side support or dis-
rupt recovery>?. It is thought that the results depend on lesion size,
recovery stage, comorbidities, etc., but these are difficult to control in
clinical studies. One of the advantages of our research was that we
could follow the whole process longitudinally before and after a par-
ticular lesion. In addition, pathway-specific manipulation using che-
mogenetic techniques is one of the best approaches to reveal the
causal relationship between a target pathway and its functions. Fur-
thermore, since it enabled us to block the pathway reversibly and
repeatedly, we could investigate its role longitudinally in different
phases with a minimum number of animals.

There are some technical concerns about our pathway-specific
blockade method. First, since it is difficult to evaluate the total number
of the commissural fibers between PM, we could not estimate the
accurate target efficiency of the double viral injections. Although
some portion of the target neurons might have been spared from the
DREADD manipulation, the efficiency was high enough to show the
significant effects on the behavior and electrophysiology. Second, in
this study, we could not assess the time course of DREADD expression,
and it is possible that changes in expression levels before and after
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lesioning contributed to differences in the effects. However, an earlier
study, though not using the double viral vector technique, has repor-
ted that DREADD expression via AAV vectors stabilized six weeks post-
injection and remained stable for over a year™. Additionally, before
lesioning, we conducted the behavioral and electrophysiological
experiments repeatedly from 8 weeks to 4 months after the viral
injections. We confirmed that the effect of the chemogenetic blockade
on the brain activity was stable and there was no behavioral effect
before lesioning. Therefore, we consider it unlikely that changes
in expression levels significantly contributed to differences in the
effects before and after lesioning. Third, the current study could not
completely rule out the possibility that collateral fibers to the putamen
influenced the results. However, considering the results of callo-
sotomy and the majority of labeled neurons projecting to the ipsile-
sional PM, we believe that the role of interhemispheric pathways
was predominant. Fourth, in this study, it was not possible to assess
how much other neural circuits, including distant ones, were
affected by the blockade of the interhemispheric pathway, and whe-
ther such indirect effect led to behavioral changes. Further research
is needed, such as using neuroimaging techniques to evaluate the
global brain activity including subcortical nuclei after blockade.
However, even if we take into account potential secondary effects, the
behavioral effect can be safely inferred as a consequence of
the interhemispheric blockade. Finally, the current study showed that
the effect of the interhemispheric blockade on the behavior dis-
appeared over recovery stage. As we mentioned above, the result
suggest that the interhemispheric pathways returned to inhibitory as a
result of involving alternative pathways. However, it was possible that
repeated DCZ administration was involved in attenuating the effect.
Recent studies have reported attenuation of the effect of chemoge-
netic blockade by repeating the task several hundred times in a session
and between sessions on different days, suggesting compensation
through other pathways™. On the other hand, our previous
study showed that sustained blockade of the propriospinal pathway
over several days attenuated the effect of motor deficit, but did
not show attenuation between sessions. This suggests that the
degree of compensation during blockade may depend on the target
pathways, duration and frequency of the blockade, and the task
intensity during blockade. Although we minimized the frequency of
DCZ administration and the number of task trials to avoid learning
effects and compensation during blockade, it was difficult to exclude
that the tasks during the DCZ session promoted compensation by
other pathways.

Our findings demonstrated that the contribution of the inter-
hemispheric pathway was observed in the early recovery stage. In the
clinical setting, the enhancement of functional recovery in the early
stage with neurorehabilitation is important for patients to increase
their activities of daily living and motivation. Otherwise, poor func-
tional recovery in the early stage results in disuse and muscle atrophy
in the late stage. Our results offer insights on a target pathway for
neuromodulation therapy to enhance recovery during the early phase
after lesioning of the CST.

Methods

Study design

We designed this study to test our hypothesis that the interhemi-
spheric pathway from the contralesional to the ipsilesional PM con-
tributed to the motor functional recovery after the unilateral I-CST
lesioning. To achieve this aim, we used two Japanese macaque mon-
keys (Macaca fuscata; Monkey A [5 years old, 7 kg, male] and Monkey H
[7 years old, 8 kg, female]) for the pathway-specific blockade experi-
ments in which we blocked the interhemispheric pathway by using
DREADD and evaluated the effect on motor function and the brain
activity recorded with ECoG before lesioning and during recovery. We
selected the number of monkeys, experimental days and trials on the

basis of the previous studies”'#*?**_ No sex- and gender-based ana-
lyses have been performed due to the limitation of the number of
animals. However, both male and female monkeys participated in this
study and the results were consistent across sex. The two monkeys
were not allocated and they underwent the same experimental pro-
cedures. In both monkeys, DCZ or vehicle were used in different days.
The order of drug administration was not random. Instead, the
administration days of DCZ and vehicle were alternated as much as
possible to control the influence of the degree of recovery on the
results. The behavioral analyses were performed in a blinded fashion
and the electrophysiological analyses were performed automatically
by using the same MATLAB code across experimental days. We used
another two monkeys (Monkey I [6 years old, 7 kg, female] and Monkey
K [6 years old, 6kg, female]) for the callosotomy experiments
(Fig. S2E-S2G). All the monkeys used in this study were provided by
the National BioResource Project of the Ministry of Education, Culture,
Sports, Science, and Technology of Japan (MEXT). All experimental
procedures and animal care were performed in accordance with the
ILAR’s Guide for the Care and Use of Laboratory Animals and
were approved by the Committee for Animal Experiments at the
Graduate School of Medicine in Kyoto University, Japan.

Surgery

We performed all surgical procedures described below under general
anesthesia. First, we anesthetized the animals with ketamine hydro-
chloride (10 mg/kg, i.m.) and xylazine (1 mg/kg, i.m.) and then intu-
bated them and maintained anesthesia with isoflurane (1-2 %)
inhalation. We monitored heart rate, blood pressure, peripheral
capillary oxygen saturation, body temperature, and end-expiratory
carbon dioxide pressure during surgery. We administered dex-
amethasone (0.825 mg/kg, i.m.), analgesics (butorphanol [0.2 mg/kg,
i.m.], ketoprofen [1 mg/kg, i.m.], or diclofenac [12.5 mg, anally]), and
antibiotics (ampicillin sodium [200 mg, i.m.], ceftriaxone [SO mg, i.m.],
or cefazolin [100 mg, i.m.]) during and after surgery.

Implantation of steel tubes for head fixation

First, we performed magnetic resonance imaging of the brain under
anesthesia with ketamine hydrochloride (10 mg/kg, i.m.) and xylazine
(1 mg/kg, i.m.) and then intubated the animals and maintained anes-
thesia with isoflurane (1-2 %) inhalation using a 3 T magnetic resonance
imaging scanner (Verio; Siemens, Washington, DC, USA) to decide the
location of plastic screws, steel tubes, and craniotomy.

We mounted two steel tubes on the monkey’s head for fixation
during the behavioral task. First, we made a skin incision on the head.
We peeled off the soft tissue and a part of the temporal muscles to
expose the skull. We attached small plastic screws to the skull as
anchors. We mounted two steel tubes in parallel over the frontal and
occipital lobes. Finally, we covered the skull, screws, and steel tubes
completely with acrylic resin.

Injection of viral vectors and implantation of ECoG electrodes

To block signal transmission through the interhemispheric pathway
from the contralesional (left) to ipsilesional (right) PM, we injected
AAVI-EF1a-DIO-hM4Di-mCherry (1.5x10”2 vg/mL [Monkey A] and
2.2x102? vg/mL [Monkey H]) into the contralesional PM and
AAV2retro-CAGGS-Cre (6.0 x 10 vg/mL [Monkey A] and 5.3 x 10" vg/
mL [Monkey H]) into the ipsilesional PM. We packaged the vectors
using the AAV Helper Free Expression System (Cell Biolabs, Inc., San
Diego, CA) following a previous study®. A transferred plasmid, pAAV-
hSyn-hM4D(Gi)-mCherry was a gift from Bryan Roth (Addgene plasmid
# 50475; http://n2t.net/addgene:50475; RRID:Addgene_50475). We
transfected the packaging and transfer plasmids into HEK293 T cells by
using calcium phosphate method. We obtained a crude cell extract
containing AAV vector particles from the cells and subsequently pur-
ified the AAV vector particles by serial ultracentrifugation with cesium
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chloride. We dialyzed the purified particles, followed by concentra-
tion. We determined the titer by real-time quantitative PCR.

We exposed the PM, M1, and S1 by removing the acrylic resin,
craniotomy, and incision of the dura mater. We injected six tracks in
the PMd (the area between the spur of the arcuate sulcus and superior
precentral sulcus) and two to three tracks in the ventral part of the PM
(lateral to the spur of the arcuate sulcus). The distance between the
tracks was 2.0 ~ 2.5 mm (Fig. S1A). To spread the vector solution to a
large area of the cortex, we adopted a convection-enhanced delivery
technique®®”, which enabled the injection of a large volume of solution
at a controlled high rate. Specifically, we injected 6.05 pL vector at
each track in two steps. We injected the first 1.25 pL at 0.25 pL/min, and
injected the remaining 4.80 uL at 0.60 pL/min by using a 25-pL
Hamilton syringe (1702SN, flat tip; Hamilton Company, Reno, NV, USA)
with a 32-gauge injection needle. We fitted a fused silica capillary (450-
pm outside diameter) to create a1 mm ‘step’ away from the needle tip
to reduce reflux. We inserted the needle 1.5 mm from the surface of the
cortex. Before and after injection, we waited for 5 and 10 min,
respectively.

After the injection, we implanted a platinum ECoG array com-
prised of 28 channels (7 x 4 grid) electrodes on a parallelogram-shaped
silicon sheet (23 x 11.5 mm) covering the PM where the injections were
made, M1 hand area, and S1. The diameter of each electrode was 2 mm
and the inter-electrode distance was 3 mm (the distance between the
electrodes on the M1 and S1 was 4 mm). There were four other elec-
trodes on the opposite surface of the sheet for reference. We per-
formed the surgeries one side at a time in two separate days.

Lesioning of the I-CST

We lesioned the I-CST at the right middle cervical cord (C4-C5)"**. We
exposed the dorsal surface of the spinal cord by laminectomy of the C3
and C4 vertebrae and incision of the dura mater. We transected the
dorsal part of the lateral funiculus at the border between the C4 and
CS5 segments from the dorsal root entry zone ventrally to the level of
the lateral ligaments by using a pair of fine forceps. We extended the
lesion ventrally at the most lateral part of the lateral funiculus. We
closed the opening of the dura mater by using artificial dura mater
(Gore-Tex membrane; WL Gore & Associates, Flagstaff, AZ, USA), and
we sutured the muscles and skin with absorbable sutures and silk,
respectively.

Behavioral testing
First, we trained the monkeys to sit in a monkey chair with their heads
fixed in a stereotaxic frame attached to the chair and with their left arm
fixed gently in the arm holder (Fig. 1A). The monkeys were required to
push a button on a board attached to the chair with their right hand for
more than 2s. Then, a cube of sweet potato (6 x 6 x 6 mm®) was
presented between a vertical slit (8 mm width), and the monkeys could
retrieve it with their thumb and index finger. Signals from the button
allowed us to determine the timing of movement onset. We used two
digital video cameras (120 frames/s) to record and analyze the reach
and grasp task; one from the left and another from the upper side of
the monkeys. Additionally, a third camera (60 frames/s) was placed in
front and above the monkeys to capture supplementary footage.
Since the monkeys could not perform the reach and grasp task
just after I-CST lesioning, we performed intensive rehabilitation for
5-6 days per week with manual assistance of movements and with
larger pieces of sweet potatoes and apples to promote rehabilitation
until they were able to perform the task.

ECoG recording during behavioral testing

While the monkeys performed the reach and grasp task, we recorded
brain activity on the surface of the bilateral sensorimotor cortices
using the ECoG electrodes. We recorded the signals at a sampling rate
of 2000 Hz using PyCorder V1.0.9 (Brain Products GmbH, Gilching,

Germany). We extracted ECoG signals using multichannel amplifiers
with 0.3-Hz high-pass and 7500-Hz low-pass analog filters.

Administration of DCZ

We used DCZ (HY-42110; MedChemExpress, Monmouth Junction, NJ,
USA), a high-affinity and selective agonist for DREADDs, to block the
interhemispheric pathway. We dissolved DCZ in 2% dimethyl sulfoxide
in saline (vehicle) to a final concentration of 1 mg/mL. Before DCZ
administration, the monkeys performed 70 trials of the reach and grasp
task as the Pre-DCZ session. After the Pre-DCZ session, we administered
DCZ (100 pg/kg) intramuscularly and the monkeys performed 70 trials
of the task as the Post-DCZ session. The Post-DCZ session was started at
30 min after DCZ administration and was accomplished by 60 min after
administration. We waited 8 weeks after injection of viral vectors
before starting the sessions of DCZ administration. Previous studies
suggested that this waiting time was sufficient for each viral vector and
DREADD to be expressed®**>***°, We administered DCZ or vehicle once
or twice per week during the prelesional period, for 2-3 months before
lesioning, and for 4 months in the postlesional period.

We conducted all sessions and rehabilitation in the early after-
noon. To control hunger during the sessions, we gave a fixed amount
of food, fruit and candy after the experiments instead of allowing free
access to food. We set the amount of food to be sufficient for the daily
nutritional intake and confirmed that there was no weight loss
throughout the recovery course.

Behavioral data analysis

We calculated the success rate of precision grip during the reach and
grasp task'®?. We identified three types of error: ‘drop error’, ‘wan-
dering error’, and ‘precision grip error’. For drop errors, the monkeys
dropped the food and failed to eat it. We defined wandering errors as
trials in which both fingers touched the food, but the monkeys
released it and tried to pick it up again. If the monkeys could not pinch
the food with their index finger and the pad of the thumb, we defined
these trials as precision grip error trials, although they were able to eat
the food. In this study, we evaluated success rates by removing these
errors. We compared the success rates of the Pre- and Post-DCZ ses-
sions on each day by using Pearson’s x* test (two-sided).

We calculated the reaching and grasping times in each trial. We
defined reaching time as the time from movement onset to when the
monkey’s finger first touched the slit, while grasping time was the time
during which the monkey’s fingers were inside the slit. We removed
drop error trials from the analysis. We tested the significance of the
difference in the reaching and grasping times between the Pre- and
Post-DCZ sessions by using the Wilcoxon rank-sum test (two-sided).

We tracked the position of the thumb and index finger recorded
from the left side by using machine-learning software (DeepLabCut)*°.
Briefly, we selected 500 frames randomly from two videos that
recorded the Pre- and Post-DCZ sessions on the same experimental day
that we used to label the tips of the thumb and index finger, food, and
upper and lower right edges of the slit. We trained the deep learning
network over 500,000 iterations and fed it both videos to track the
tips of the fingers during the task. We extracted the coordinates of all
labels using MATLAB (MathWorks, Natick, MA, USA). We removed the
drop error trials and plotted the trajectories of the thumb and index
finger in each trial (Fig. S3A) at the timing just before the monkeys
retrieved the food. We plotted the positions of the thumb and index
finger (Fig. S3B) at the timing of retrieval, which we defined as the
timing at which the x coordinate of the food first exceeded the baseline
position by a threshold of 5 standard deviations. We calculated
the distance of the thumb tip from the slit entrance at the timing when
the monkeys retrieved the food as an index for the dexterity of the
thumb, which indicates how well they could insert the thumb into the
slit (Fig. S3C). Additionally, we tracked the position of the shoulder
using the camera placed in front and above the monkeys and defined
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its position at the timing of retrieval. As an indicator of the shoulder
movements during grasping, we calculated the distance of the
shoulder from a fixed neck plate, which remained constant throughout
the experiments, and compared this measurement before and after
DCZ administration (Fig. S3D, E). We tested the significance of the
difference in the distance between the Pre- and Post-DCZ sessions by
using the Wilcoxon rank-sum test (two-sided).

Dynamics of corticocortical connectivity

We quantified the dynamics of corticocortical connectivity by spectral
GC*, following a previous study"”. We removed the 60-Hz line noise
from the raw ECoG data using the MATLAB FieldTrip toolbox®. We
downsampled the data eight times, resulting in a sampling rate of
250 Hz. We then aligned the ECoG signals from each channel using
the timing of reaching onset, which we defined as the timing when the
monkeys left the button (Time O; see Fig. 3). In addition, we aligned the
data to the grasping onset by measuring the time from reaching onset
until the monkey’s finger entered the slit using video recordings.
Basically, by the time monkeys started retrieving the food, they could
press buttons. However, Monkey A was unable to press the button in
28 % of the trials during the session after DCZ administration on day 45
due to the weakness of the hand and the wrist. We excluded these trials
from electrophysiological analysis. Also, the drop error and wandering
error trials were removed from the analysis. Between the signals from
two channels (56 x 56 channels), we calculated in-trial spectral GCs
from each session, where each GC represents a unidirectional con-
nectivity from one channel to another, during times between -1.5 and
1s (50 time points), and across frequencies between 5 and 120 Hz.

We used three preparation steps for spectral GC calculation:

1) Preprocessing: we performed detrending, temporal normal-
ization, and ensemble normalization to achieve local stationarity of the
data®;

2) Window length selection: we set the length and step size of the
sliding window for segmentation as 200 ms and 50 ms, respectively;

3) Model order selection: we set the model order, which is related
to the length of the signal in the past that is relevant to the current
observation, as 10 samples (equivalent to 10 x 4 =40 ms of history) in
both monkeys, following a previous study”.

After GC calculation, we averaged all combinations of GC from the
contralesional PMd to ipsilesional PMd (7 x 7 channels, Fig. 3B) or the
opposite direction. We set the time frequency region of interest (ROI)
in the low frequency band (10 ~ 15 Hz) around movement onset (-0.2
to 0.2s for Monkey A, -0.1 to 0.1s for Monkey H) where GC in
0010-15 Hz exceeded three standard deviation above the averaged GC
of baseline (-1.5 to -1s) before DCZ administration, and calculated the
mean GC of the ROI in each session of each experimental day. We
divided the experimental period into three groups: ‘intact’ (pre-lesion),
‘early’ recovery stage, and ‘late’ recovery stage. We termed the border
between early and late as the ‘full recovery day’, which we defined as
the experimental day on which the success rate of precision grip first
reached 100% (day 57, Monkey A; day 49, Monkey H). We tested the
significance of the difference in the mean GC of the ROI between the
Pre- and Post-DCZ sessions in each experimental day during the early
recovery stage (n=3 for Monkey A, n=6 for Monkey H) or late
recovery stage (n=7 for Monkey A, n="7 for Monkey H) by using the
Wilcoxon sign-rank test (two-sided).

Dynamics of cortical activity

To evaluate the dynamics of cortical activity, we performed time-
frequency analysis of the ECoG data”. We downsampled the data four
times, resulting in a sampling rate of 500 Hz. We then aligned the ECoG
signals from each channel at reaching onset. By using the MATLAB
FieldTrip toolbox, we quantified the dynamics of cortical activation in
each channel by the time-frequency representation generated by the
Morlet wavelet transform method at 116 different center frequencies

(5-120 Hz) with the half-length of the Morlet analyzing wavelet set at
the coarsest scale of five samples. We normalized each time-frequency
representation value by the baseline value (mean time-frequency
representation value at the corresponding frequency during the rest-
ing period from -1.5 to -15s).

To focus on a time window where activity was high in the ipsile-
sional PM in the early recovery stage, we set the time window around
the movement onset (-0.2 to 0.2s for Monkey A, -0.1 to 0.1s for
Monkey H), consistent with the Granger causality (GC) analysis. We
chose a frequency range of 7-9 Hz for the region of interest (ROI), as
the activity within the time window was at least 3 SD higher than the
averaged activity of all frequency bands before DCZ administration in
the early recovery stage (Fig. 4B, E). We calculated the mean normal-
ized time-frequency representation of the ROI in each session of each
experimental day. We tested the significance of the difference in the
mean activity of the ROI between the Pre- and Post-DCZ sessions in
each recovery stage (intact, n=9 for Monkey A, n=7 for Monkey H;
early, n=3 for Monkey A, n= 6 for Monkey H; late, n=7 for Monkey A,
n=7 for Monkey H) by using the Wilcoxon sign-rank test (two-sided).

Electrical stimulation

We performed electrical stimulation experiments by using the ECoG
electrodes several times before I-CST lesioning and once a week after
lesioning. We trained the monkeys to sit on the monkey chair during
stimulation under awake conditions. We delivered current pulses
(monophasic, 3 pulses with 20 Hz, 3 ~4 mA, pulse duration: 0.5 ms)
20 ~ 30 times with a 2-s interval through a stimulator (Nihon Kohden,
Tokyo, Japan). In response to stimulation, we recorded the muscle
twitches in the ipsilesional forearm and CCEPs on the hemisphere
opposite to the stimulated side. Throughout the entire experiment,
the same two fixed experimenters together confirmed and recorded
muscle contractions by observing and palpating the muscles. We
evaluated the magnitude of muscle twitches in each body part by using
the following criteria: (1) no response; (2) invisible muscle twitches
(detected by palpation); (3) visible muscle twitches without joint
movements; and (4) muscle twitches with joint movements
(Fig. S7A-S7D). We calculated the baseline to first negative peak
amplitude of the CCEPs and tested the significance of the difference in
the amplitude between each recovery period by using one-way analysis
of variance (ANOVA) and post hoc pairwise comparisons with Bon-
ferroni’s correction (Fig. S7F).

We also evaluated the change in the amplitude of CCEPs recorded
at the ipsilesional PM between before and after intramuscular DCZ
administration (100 pg/kg). However, DCZ did not show any significant
effect on CCEPs in any recovery stage (data not shown). Possible rea-
sons we considered are as follows.

1. DREADDs including hM4Di are expressed at the surface of cell
bodies and axon terminals”. As electrical stimulation directly
activates Na* channels at the axon hillock and evokes action
potentials, hM4Di expressed at the surface of the cell bodies does
not affect CCEPs.

2. hM4Di expression at the axon terminals might not be sufficiently
high to change CCEPs, although it did affect spontaneous or
physiological activity including the event-related activity shownin
Fig. 3. One factor was that its expression with the double viral
vector technique could be relatively low compared with single
vector injection.

Histological assessment and anti-RFP immunohistochemistry
After the behavioral experiments were completed, we anaesthetized
the monkeys deeply with thiopental sodium (25 mg/kg, i.v.) and per-
fused them transcardially with 0.1 M phosphate-buffered saline (PBS),
followed by 4% paraformaldehyde in PBS.

We extracted and preserved the whole brain and cervical and
upper thoracic spinal cord in 4% paraformaldehyde overnight for

Nature Communications | (2024)15:6762



Article

https://doi.org/10.1038/s41467-024-51070-w

post-fixation. After saturation with 30% sucrose solution in PBS, we
used a freezing microtome (Retoratome; Yamato Kohki Industrial,
Saitama, Japan) to make serial sections (40-um thick) of the brain
(coronal) and spinal cord (axial).

We processed the brain sections for anti-RFP immunohis-
tochemistry. Specifically, we incubated the sections with a rabbit anti-
RFP antibody (1:2,000; Rockland Immunochemicals, Inc. Boyertown,
PA, USA, 600-401-379, polyclonal, Lot: 42896) and then with a bioti-
nylated goat anti-rabbit IgG antibody (1:200; Vector Laboratories,
Burlingame, CA, USA, BA-1000, polyclonal, Lot: ZEO730). We visua-
lized the immunoreactive signals with diaminobenzidine (1:10,000;
Wako, Tokyo, Japan) containing 1% nickel sodium ammonium and
0.0003% H,0, in Tris-buffered saline. We counterstained the sections
with Neutral Red. We processed the spinal cord sections for Nissl
staining with 0.1% cresyl violet to evaluate the size of the I-CST lesion.

To estimate the density of labeled neurons in the contralesional
PM of each monkey, we manually counted the labeled neurons in every
12th section (every 480 um), for a total of 15 sections per monkey using
BZ-X Viewer v.1.03 (Keyence, Osaka, Japan) and the Cell Counter plugin
in ImageJ 1.54f (Wayne Rasband, US National Institutes of Health,
rsb.info.nih.gov/ij/). The total number of labeled neurons in each
section was shown (Fig. S1B left). To further investigate the distribution
of the labeled neurons, we divided PM within each section into 1 mm?
regions and counted the number of cells within each ROI to estimate
the cell density (Fig. S1B right).

Additionally, to estimate the density of the labeled fibers, we
observed the ipsilesional PM and the bilateral putamen in every 12th
section and photographed the regions where labeled fibers were most
prominent in three different sections of each monkey using a 20x
objective lens. We then manually traced the fibers with a consistent
thickness and estimated the total fiber length by dividing the sum of
the traced fiber pixels by the number of pixels for the thickness using
Image).

Experiments with callosotomy

We trained Monkey | to perform the reach and grasp task and then
lesioned the I-CST at the right C4-C5. Before lesioning and during
recovery, we administered DCZ (100 pg/kg) intramuscularly and mea-
sured the success rate of precision grip (Fig. S3F) to confirm that DCZ
by itself did not affect task performance during recovery in a monkey
without DREADD expression. We performed a partial callosotomy at
the rostral part of the corpus callosum where the callosal fibers con-
nect to the bilateral PMs during the early recovery stage (35 days after
I-CST lesioning). Briefly, under the general anesthesia described above,
we performed a craniotomy and incision of the dura mater at the
vertex. We accessed the corpus callosum with gentle retraction of
the right hemisphere and coagulated the corpus callosum between the
bilateral PMs by using bipolar forceps. After callosotomy, we sutured
the dura and skin.

We trained Monkey K to perform the task and it underwent the
same partial callosotomy without I-CST lesioning to confirm that cal-
losotomy in the intact state did not affect the success rate of the task
(Fig. S3H).

Statistical analysis

We used MATLARB for statistical analyses. We used Wilcoxon rank-sum
test, Wilcoxon sign-rank test, Pearson’s x> test or One-way ANOVA
depending on the experimental design (see each section of “Methods”.
We used post hoc pairwise comparisons with Bonferroni’s correction
for One-way ANOVA. Values of P< 0.05 were considered significant.

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

Data availability
The primary data described in the manuscript are available online at
https://doi.org/10.6084/m9.figshare.26013223. Source data are pro-
vided with this paper.

Code availability
The codes for the main findings of this study are available online at
https://doi.org/10.6084/m9.figshare.26013223.
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