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Understanding the reorganization of neural circuits spared after spinal cord injury in the
motor cortex and spinal cord would provide insights for developing therapeutics. Using
optogenetic mapping, we demonstrated a transhemispheric recruitment of neural circuits
in the contralateral cortical M1/M2 area to improve the impaired forelimb function after

a cervical 5 right-sided hemisection in mice, a model mimicking the human Brown-
Séquard syndrome. This cortical reorganization can be elicited by a selective cortical
optogenetic neuromodulation paradigm. Areas of whisker, jaw, and neck, together with
the rostral forelimb area, on the motor cortex ipsilateral to the lesion were engaged to
control the ipsilesional forelimb in both stimulation and nonstimulation groups 8 weeks
following injury. However, significant functional benefits were only seen in the stimulation
group. Using anterograde tracing, we further revealed a robust sprouting of the intact
corticospinal tract in the spinal cord of those animals receiving optogenetic stimulation. The
intraspinal corticospinal axonal sprouting correlated with the forelimb functional recovery.
Thus, specific neuromodulation of the cortical neural circuits induced massive neural
reorganization both in the motor cortex and spinal cord, constructing an alternative motor
pathway in restoring impaired forelimb function.

Introduction
Neurological incomplete tetraplegia ranked first among spinal cord injuries (SCIs) clinically, according
to the National Spinal Cord Injury Statistical Center’s Report (1), leading to severe motor impairments.
Notably, injuries clinically classified as complete or American Spinal Injury Association Impairment
Scale A (AIS-A) have been shown to have spared tissues (2). Due to the inhibitory environment following
trauma and the lack of neuronal intrinsic capacity to regenerate, it is very difficult for axons to regenerate
across a lesion gap and make functional connections to neurons caudal to the injury in the adult mam-
malian central nervous system (CNS) (3). Therefore, protection and modulation of the residual neural
circuits are considered feasible strategies for improving functional recoveries after SCI (4, 5).
Reorganization of neural circuits in the motor cortex rostral to SCI remains understudied. Electri-
cal intracortical microstimulation (ICMS) have traditionally been applied to map somatic motor and
sensory representations clinically and experimentally (6). Several cortical motor representations could
be organized according to classes of behavior (7). Recently, a novel rapid automated motor mapping
based on optogenetic technology has been developed to map cortical neural circuits in a more consistent
and quantitative way (6, 8). The cortical circuits for skilled forelimb function have been well decon-
structed using both optogenetic mapping and tracing techniques in rodents without injury (9). After
cervical SCI, cortical mapping showed a recruitment of the hindlimb area to control the forelimb (10).
Similarly, incorporation of the corticospinal hindlimb area into the forelimb area after thoracic SCI
was demonstrated using tracers and blood oxygen level-dependent functional MRI (BOLD-fMRI) (11).
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Thus, understanding and correlating the reorganization of both the cortical and spinal regions may pro-
vide new insights into neuromodulation-mediated functional recovery and facilitate the development of
new targeted therapeutics.

Neuromodulation, a neuronal activity-based approach such as electrical stimulation, was shown to
rebuild neural circuitry in the lumbar spinal cord after thoracic SCI (5, 12). The rationale behind this is
the presence of a central pattern generator (CPG) located in the lower thoracic and upper lumbar region.
Targeting this CPG using a stimulation strategy at multiple levels of the CNS shows promise in treating the
CNS conditions. For example, motor cortex activation by deep brain stimulation (DBS) to the midbrain, or
direct lumbar spinal cord activation by electrical stimulation, promoted the plasticity of activated pathways
to form new neural circuitry, resulting in hindlimb locomotor functional recovery (12-16). At the cervical
level, interestingly, electrical stimulation of the intact motor cortex also promoted forelimb skilled recovery
in an experimental unilateral pyramidotomy model (17). Although the presence of a cervical CPG is debat-
able, the presence of a special neural circuitry that modulate forelimb function may exist.

Although most SCIs occur at the cervical level, fewer studies have been conducted at this level. Here
we used optogenetic technology, both as a tool to investigate the reorganization of the motor map in the
cortex and as a specific neuromodulation strategy to selectively activate the map in a clinical-relevant severe
cervical SCI model. Our purpose was to understand the role of reorganization of the intact corticospinal
tract (CST), the main pathway projecting from the motor cortex to the spinal cord, in regulating the fore-
limb functional recovery after a unilateral cervical spinal cord hemisection. In this case, we can assume that
the neurons we tested in the optogenetic mapping experiment are the same groups of neurons that receive
optogenetic modulation, which reduce the overall variation during the experiment.

Results

A consistent right side hemisection model mimics the human Brown-Séquard syndrome. Producing a consistent
SCI model is essential for examining an injury mechanism or testing a therapeutic effect. In rodents, 95%
of the CST axons are in the ventral aspect of the dorsal funiculus, namely the dorsal CST (18, 19). The left
and right dorsal CSTs are located side by side within the dorsal funiculus, separated by a very thin poste-
rior medium septum. To produce a consistent injury that completely transects the CST on one side and
spares the one on the other side, a precise lateral hemisection through the midline is required. Thus, we
first developed a well-controlled lateral hemisection model in the space between the Cervical 4 (C4) and
Cervical 5 (C5) vertebrae, defined as a Cervical 5 right hemisection (C5-RH) (Figure 1A). This was done
by stabilizing the cervical vertebrae prior to the injury (20) to ensure the cord is in an upright position, as
we perform a right-sided hemisection stereotaxically with a VibraKnife attached to the Louisville Injury
System Apparatus (LISA) device, which produces precise cutting accuracy (21) (Figure 1B). We choose
laceration over other cutting methods due to the precision (0.01 mm) of the cutting and the minimization
of the “extrusion” or “stretch” to the spinal cord. To preserve the vertebral bone structure, the cutting was
made through the temporary-emerged gap between C4 and C5 vertebrae without laminectomy (Figure
1C). To reduce the potential heat damage to the spinal cord that might be generated by the vibration, we
added saline to the surface of the spinal cord during the whole cutting process. The potentially spared
spinal cord on the right side was further incised using a self-made thin blade and the left spinal cord was
protected by a modified needle during the cutting (Figure 1B). The completeness of the C5-RH was con-
firmed in several ways. First, it was confirmed by direct observation under a surgical microscope (Figure
1C). Second, on a horizontal section of the spinal cord, the right hemicord was shown to be cut on the
right side and dorsal CST axons on the contralesional side, labeled by biotinylated dextran amine (BDA),
remained uncut, (Figure 1D) which can be appreciated in the insert. Third, a cross section through the
injury epicenter showed that only the contralesional (left) hemicord was spared with a complete preserva-
tion of the intact CST, labeled with BDA (Figure 1E), whereas the ipsilesional (right) hemicord was com-
pletely removed by the injury. Fourth, in the spinal cord below the injury, increased astrogliotic responses
(GFAP-immunoreactive) were found only on the ipsilesional side as a result of CST axotomy after the
C5-RH (Figure 1F, yellow arrow) as compared with the lack of astrogliotic response on the contralesional
side where CST axons were uninterrupted. Thus, both horizontal (Figure 1D) and transverse sections (Fig-
ure 1E) through the lesion epicenter show the interruption of the ipsilesional CST while leaving the con-
tralesional CST uninterrupted. Functionally, optogenetic stimulation with a laser beam on one side of the
motor cortex to elicit an electrical response from the opposite side of the anterior biceps, or vice versa, was
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Figure 1. C5-RH completely eliminates the ipsilesional hemicord. (A) Schematic drawing shows the normal (left), and optogenetic-modulated (right)
projection of the corticospinal tract. (B) Schematic illustration of a precise C5-RH. Left, a vibrating blade was used to cut the right spinal cord along the
midline at C5; right, a modified needle, with a groove facing the lesion side. A fine blade was inserted into the groove and moved down to cut the spared
ventral spinal tissue. (C) A C5-RH under a surgical microscope. An arrow indicates the midline and a Vibraknife cut on the right side. (D) A horizontal
section shows a cut on the right side with a needle track next to the midline. BDA, CST (red); GFAP, astrocyte (green); Scale bar: 200um. (E) A representa-
tive image shows a cross section of the remaining intact left hemicord; Scale bar: 200 pm. (F) GFAP immunofluorescent staining on a cross section of the
spinal cord caudal to the C5 RH showed ipsilesional reactive astrogliosis (GFAP*, insert, yellow arrow). Such astrogliotic response was not found on the
contralesional side; Scale bar: 200 pum; Insert: 50 um (G) Timelines of the experiment.(H) Topographic representation of contralateral cortical recording of
the CST on left/right side prior to and at 1 day after the C5-RH. Stars indicate bregma. EMG responses were represented by a hot spot. Statistical analysis
of the dot numbers confirmed that ipsilesional control from the left motor cortex was complete disrupted, while the contralesional control from the right

motor cortex was intact, indicating the preciseness and completeness of this injury model. Data were presented as mean + SEM; n = 6 mice per group;
2-tailed paired Student’s t test; ****P < 0.0001.

performed to determine the continuity of the CST from one side of the motor cortex to the opposite side
of the forearm muscle after the C5-RH (Supplemental Figure 1, A and B; supplemental material available
online with this article; https://doi.org/10.1172/jci.insight.158150DS1). The number of stimulated spots
at the primary motor cortex that resulted in muscle motor end-plate action potentials were mapped and
plotted as spot numbers (Figure 1H). Spot numbers were the same between the 2 sides before the injury
(Figure 1H; P = 0.85). However, the numbers were reduced from 90 prior to the injury to 0 after the injury
on the ipsilesional side (Figure 1H; P < 0.0001) as compared with the unchanged contralesional side.
Importantly, behavior assessments showed no change to the contralesional (left) forelimb as reflected in
the pellet retrieval test (Supplemental Figure 2) and grid walking (see below). Thus, the hemisection model
minimizes injury variation and offers a unique opportunity to assess cortical map changes, anatomical
sprouting of the CST axons, and functional outcomes after the C5-RH.

JCl Insight 2022;7(12):e158150 https://doi.org/10.1172/jci.insight.158150 3



. RESEARCH ARTICLE

Optogenetic neuromodulation induces a significant cortical transhemispheric reorganization. Using the C5-RH
model and optogenetic mapping, we first determined whether the ipsilesional (right) motor cortex, orig-
inally controlling the contralesional (left) forearms, was enrolled in controlling the ipsilesional forearms.
An array of 180 points were rapidly stimulated on the ipsilesional cortex, and the electromyogram (EMG)
from both ipsilesional and contralesional anterior biceps were recorded during the optogenetic stimulation
(Figure 2A, Supplemental Figure 1A, and Supplemental Figure 3A). The maximum amplitude on x and y
axes was analyzed in both nonstimulation and stimulation animals that received C5-RH at different time
points. The connectivity of the intact motor cortex to the nonlesioned (left) forelimb and lesioned (right)
forelimb were examined separately, as characterized by ipsilesional and contralesional recordings (Sup-
plemental Figure 3, B-D, Supplemental Figure 4). In the ipsilesional recording (Figure 2B), the dots with
maximum amplitude from the stimulation and nonstimulation groups were plotted on the mouse brain
map (modified from ref. 22). A total of 3 parameters were derived from the raw data: spot number (Figure
2F and Supplemental Figure 3E), spot area (Figure 2G and Supplemental Figure 3F) and amplitude (Fig-
ure 2H and Supplemental Figure 3G). Spot number is defined as the number of stimulated spots on the
cortex that gave an EMG response above threshold. Spot area is defined as the total dimension of the area
that gave an EMG response to laser stimulation. Amplitude is defined as the amplitude observed along a
coordinate plane in the x and y axes. In the case of recording ipsilesional forelimb, the forelimb EMG could
not be elicited by stimulation at 1 day after the C5-RH in either the x or y axis (Figure 2, C-E).

Before injury, we observed functional connectivity of the ipsilesional (right) cortex and ipsilesional
(right) forelimb (Figure 2, D and E), which is contrary to the understanding that the right side of the cortex
controls the left side of the body. We hypothesized that the signal from the right cortex may travel via the
corpus callosum to activate the left cortex whose axons form the right CST (after the pyramidal decussa-
tion) to control the right forearm activity. To test this possibility, a corpus callosotomy (CC) was performed
(Supplemental Figure 4, A and B). Following this procedure, no functional connectivity was recorded
between the ipsilesional (right) motor cortex and ipsilesional (right) forelimb (Supplemental Figure 4A),
supporting our hypothesis. Furthermore, the spot number immediately dropped to 0 after the C5-RH and
corpus callosotomy in the ipsilesional forearm recording (Supplemental Figure 4A), indicating the exis-
tence of cortico-cortical connections via the corpus callosum in the normal brain. Thus, the functional
improvement of the impaired forelimb might be dependent on the newly formed neural circuits that may
involve the ipsilesional cortex, the contralesional cortex, and the ipsilesional spinal cord.

We observed a spontaneous transhemispheric remapping of cortical motor output at 2 and 8 weeks after
injury (Figure 2). Remarkably, the remapping occurred in animals receiving optogenetic stimulation (Figure
2, B-D). Despite limited spontaneous recovery in the nonstimulation group, the spot number, spot area, and
amplitude were significantly increased in the stimulation group at 2 and 8 weeks after the C5-RH (Figure 2, F-H).
In the contralesional recording, reflecting the normal function of the contralesional forelimb, no difference
in the spot number and spot area was found (Supplemental Figure 3, E and F). Collectively, these results show
that the contralesional CST forms functional connectivity with the ipsilesional forelimb as early as 2 weeks
after injury, and this connectivity was sustained for at least 8 weeks following the injury. The amplitude was
analyzed on x and y axes to observe the strength of the connectivity formed. In the ipsilesional recording,
we observed a stronger signal recording in the stimulation group compared with the nonstimulation group
(Figure 2, C and H), indicating that the stimulation promotes stronger functional connectivity of the motor
cortex with the ipsilesional spinal cord. Although there was no significant difference in the contralesional spot
number and spot area (Supplemental Figure 3, E and F), the amplitude was significantly increased in the stim-
ulation group (Supplemental Figure 3G), suggesting that cortical stimulation of the intact motor cortex also
enhances the activity of existing neural circuits in the contralesional forearm. In addition, the latency analysis
showed no significant changes in either ipsilesional or contralesional recordings among groups (Supplemental
Figure 5). Thus, the optogenetic cortical mapping reveals regaining of the cortical control over the paralyzed
right forelimb after the C5-RH with or without neuromodulation, offering direct evidence for marked remod-
eling of functional neurocircuitries after selective cortical neuromodulation.

Optogenetic stimulation promotes contralesional intact CST axons to sprout across the midline to innervate the ipsile-
sional hemicord at 6 weeks after injury, a short-term observation. Axons of the layer V motor neurons in the motor
cortex descend, via pyramidal decussation, to the contralateral side of the spinal cord in mammals. We next
examined the sprouting of the intact, contralesional CST in the spinal cord at 6 weeks after the C5-RH. The
CST axons were anterogradely labeled with BDA. After perfusion and tissue harvesting, mouse spinal cord
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Figure 2. Optogenetic stimulation modulates transhemispheric remapping which enhances electrophysiological responses. (A) Schematic drawing illus-
trates how the mapping was conducted; (B) Mice with optogenetic stimulation showed enhanced transhemispheric cortical map shift. Left, cortical map
reorganization at 8 weeks after a C5-RH in mice with or without stimulation. Pink square, the responsive mapping area at 8 weeks after the C5-RH with
optogenetic modulation. Blue square, the responsive mapping area at 8 weeks after C5*RH without optogenetic modulation. RFA, rostral forelimb area.
Right, representative heat map shows the increased response in optogenetic stimulation group at 8 weeks after the C5-RH compared with the nonstim-
ulation group. Right bottom, the coordinates of the spot with maximum amplitude at different time points. (C) Representative EMG traces with an arrow
indicating the onset of laser stimulation in C5-RH mice. (D) Representative heat maps of the ipsilesional biceps recording after laser stimulation at the
ipsilesional motor cortex in both the stimulation and nonstimulation groups at different time points after injury. (E) Maximum amplitude projection on

x and y axes. (F-H) Quantitative comparison of spot number, response area, and amplitude between the stimulated and nonstimulated groups. n = 6 per
group. Data are presented as the mean + SEM; statistical evaluation was carried out with 2-way ANOVA repeated measure followed by Tukey’s multiple
comparisons test; *P < 0.05, **P < 0.01, ***P < 0.001.

tissues were cut transversely above and below the injury for visualization of the labeled CST axons that
crossed the midline to innervate the ipsilesional hemicord (Figure 3, A and B). All BDA-labeled CST axons
were manually drawn using a Neurolucida System (MBF Bioscience) in a double-blinded manner (Figure 3,
A and B), and the results were normalized by the BDA-labeled CST axon number counted at the C2 level.
Our data show that optogenetic stimulation promoted robust sprouting of the intact, contralesional CST

JCl Insight 2022;7(12):e158150 https://doi.org/10.1172/jci.insight.158150 5
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axons to the ipsilesional gray matter at levels both rostral (Supplemental Figure 6, A and B), and caudal to
the injury (Figure 3, A and B, and Supplemental Figure 6B) as compared with the nonstimulation group.
Although there was spontaneous sprouting in the nonstimulation group, the stimulation group showed
much stronger sprouting across the midline. These axons extended deeply into the intermediate and ventral
gray matter (Figure 3B). Sprouting was quantified using 2 measurements: the axon length index (ALI) as an
indicator of general axonal elongation and the axon number index (ANI) as an indicator of axonal branch-
ing, spaced at every 100 pm from the midline (Figure 3, C and D). On the contralesional side, optogenetic
stimulation led to a significant increase in ALI, but no difference in branching (ANI) was observed (Figure
3C). On the ipsilesional side, however, optogenetic stimulation significantly enhanced both axon length and
branching at levels rostral and caudal to the injury (Figure 3D). These data collectively suggest that optoge-
netic stimulation of the intact CST on the contralesional side promotes robust axonal sprouting across the
midline to innervate the denervated ipsilesional spinal gray matter.

Optogenetic stimulation maintains intraspinal CST sprouting in the spinal cord for at least 10 weeks after injury,
a long-term observation. We then asked whether the optogenetic stimulation-mediated anatomical reorga-
nization would maintain long term in the ipsilesional gray matter. Therefore, we allowed mice to survive
for 10 weeks after the C5-RH (Figure 4). BDA was injected at 8 weeks after injury, and spinal cord
tissues were harvested at 10 weeks after injury (Figure 1G). In the contralesional spinal cord, the axon
length was significantly increased (Figure 4C, ALI) in the optogenetic stimulation group whereas axonal
branching (Figure 4C, ANI) showed no difference at levels both rostral and caudal to the injury, similar
to what was observed at 6 weeks following the injury. In the ipsilesional spinal cord, increased ALI and
branching (ANI) of the CST were observed in the stimulation group at levels both rostral and caudal to
the injury (Figure 4D and Supplemental Figure 7, A and B).

To further dissect the influence of the optogenetic stimulation on axonal growth in naive animals,
we performed the same stimulation and axon analysis in sham mice (Supplemental Figure 8). A similar
substantial rise in CST ALI without significant change of axonal branching (ANI) was observed on the
contralateral hemicord. On the ipsilateral hemicord (Supplemental Figure 8, A and B), although ALI was
significantly increased in the stimulation group, no axonal branching (ANI) was observed as compared
with the nonstimulation group. These results indicate that the C5-RH contributes to axonal branching.
Overall, these results indicate that the effect of optogenetic stimulation can be sustained for a long time
after SCI. Although the CST axonal elongation is significantly enhanced by optogenetic stimulation in both
the ipsilesional and contralesional hemicords, optogenetic modulation on axonal branching occurs only in
the hemicord that receives the C5-RH.

Optogenetic stimulation enhances synaptogenesis in the contralesional spinal cord. Since SCI results in signif-
icant reduction in the number of synapses caudal to the lesion (23) and since new synaptic formation is
essential for improving functional recovery, we next examined whether sprouted CST axons formed synap-
tic contacts with neurons in the ipsilesional gray matter after optogenetic stimulation. Spinal cord tissues
were harvested at 10 weeks after injury and were examined at levels caudal to the lesion site. Colocalization
of BDA-labeled CST axons with synaptophysin (present in presynaptic vesicles) and microtubule-associate
protein 2 (MAP2), a neuronal marker, were found in the ipsilesional intermediate and ventral gray matter
after optogenetic stimulation, suggesting the formation of new synapses between the sprouted CST axons
and ipsilesional dendrites (Figure 4, E and F). As expected, the stimulation group had a significantly higher
number of synaptic contacts that triple-labeled with BDA, MAP2, and synaptophysin as compared with
the nonstimulation group (P = 0.0416) (Figure 4G). These results indicate that optogenetic-stimulated CST
axons can form synaptic contacts in the ipsilesional spinal gray matter in areas where interneurons and
motoneurons are located after the C5-RH, providing evidence for the formation of an alternative cortico-
spinal pathway that mediates ipsilesional forelimb recovery.

Optogenetic stimulation of the ipsilesional motor cortex promotes ipsilesional forelimb skilled function and sensorim-
otor coordination recovery following the C5-RH. We next asked whether the optogenetic stimulation of the ipsile-
sional motor cortex (via the intact, contralesional CST) promote ipsilesional forelimb functional recovery. To
determine whether augmenting the activity in the contralateral motor cortex improves ipsilesional forelimb
dexterous function, task-specific single pellet retrieval test was performed in both the ipsilesional and con-
tralesional forelimbs (Figure 5A and Supplemental Figure 2A). In this experiment, mice received the C5-RH
followed by 1 week of intense optogenetic stimulation. The pellet retrieval task was performed at 4, 6, and 8
weeks after injury (Figure 1G) (24). A pellet retrieval task can be divided into reach, touch, grasp, and retrieve

JCl Insight 2022;7(12):e158150 https://doi.org/10.1172/jci.insight.158150 6
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Figure 3. Transcranial optogenetic stimulation promotes intact contralesional CST axons to sprout into the ipsilesional hemicord at 6 weeks after the C5-RH.
(A and B) Representative cross sections caudal to the C5-RH shows that the contralesional intact CST, labeled with BDA, located within the ventral portion of
the dorsal funiculus. Robust CST axonal sprouting across the midline was observed only after optogenetic stimulation in B as compared with the nonstimulation
case in A. High magnification of boxed areas further demonstrated the presence in B or absence in A of crossed CST terminals in the ipsilesional hemicord. Rep-
resentative Neurolucida drawings show the uncrossed and crossed CST axons (yellow) in a nonstimulated case in A or a stimulated case in B. (€) Quantification
of the intact CST axons projecting to the contralesional side (normal projection) at levels both rostral and caudal to the injury. Optogenetic stimulation enhanced
axonal length of the CST on the contralesional side. (D) Quantification of intact CST axons projecting to the ipsilesional side (denervated side) at levels both
rostral and caudal to the injury. Robust CST axonal sprouting at various distances from the midline was only observed in cases receiving optogenetic stimulation
as compared with the nonstimulation cases at levels rostral and caudal to the injury. Data were presented as the mean + SEM; n = 5 per group; 2-way ANOVA
followed by Tukey’s multiple comparisons test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bars: 100 pm.

steps (Figure 5C). A total of 4 groups of mice with various treatments were subjected to the test (Figure 5B).
To assess mice dexterity after injury, 4 parameters were used to score the reaching attempts according to our
previous protocol (25). They include fail to touch, touch, fail to retrieve, and retrieve (Figure 5C). In this test,
both ipsilesional forelimb (Figure 5A) and contralesional forelimb (Supplemental Figure 2A) were tested with
pellet retrieval assessment, respectively. We found that optogenetic stimulation significantly improved ipsile-
sional forelimb skilled function after the C5-RH as compared with the nonstimulation group in the categories
of fail to touch and touch (Figure 5C). A significant decline of fail to touch (RH + Nonstimulation versus RH
+ Stimulation: P < 0.0001 at 6 weeks; P < 0.0001 at 8 weeks) and increase of touch (RH + Nonstimulation
versus RH + Stimulation: P =0.0012 at 6 weeks; P = 0.0018 at 8 weeks; Supplemental Video 1) were achieved
with optogenetic stimulation. However, neither group was able to perform the retrieve task (Figure 5C), indi-
cating that the optogenetic stimulation alone was not sufficient to induce full-range forelimb recovery. In the
Sham + Nonstimulation and Sham + Stimulation groups, there were no statistically significant differences
in pellet retrieval test of both forelimbs (Figure 5C and Supplemental Figure 2, A and B). Thus, stimulation
alone without injury does not improve inherent forelimb motor function.
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Figure 4. Transcranial optogenetic stimulation promotes intact contralesional CST axons to sprout into the
ipsilesional hemicord at 10 weeks after the C5-RH, a long-term observation. (A and B) Representative spinal cord
cross sections caudal to a C5-RH show that the contralesional CST axons sprouted across the midline to innervate
the ipsilesional hemicord in the RH + Stim group (n = 9) as compared with the RH + Nonstim group (n = 8). Scale
bars: 100 pm (C) Quantification of the intact CST axons projecting to the contralesional (left) side at levels both
rostral and caudal to the injury. Like the short-term (6 weeks) group, optogenetic stimulation enhanced axonal
length of the CST on the contralesional side. (D) Quantification of intact CST axons projecting to the ipsilesional
(right) side at levels both rostral and caudal to the injury. Robust CST axonal sprouting across the midline at vari-
ous distances was only observed in cases receiving optogenetic stimulation as compared with the nonstimulation
cases at levels rostral and caudal to the injury. (E) schematic drawing shows that ipsilesional spinal cord caudal to
the lesion was examined. (F) BDA-labeled CST axons crossed the midline to the ipsilesional spinal gray matter and
contacted the target neurons. At higher magnification, triple labeling of BDA-labeled CST axons (green),
MAP2-labeled neurons (red) and dendrites, and a presynaptic marker synaptophysin (blue) were found (white,
arrows), indicating new synaptic formation between sprouted CST axons and target neurons in the ipsilesional gray
matter. Scale bars: 100 um (left), 10 um (right) (G) Statistical comparison of synapse formation between the non-
stimulated group and stimulated groups was shown. Data are presented as the mean + SEM; statistical evaluation
was carried out with 2-way ANOVA repeated measure followed by Tukey’s multiple comparisons test; *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001. Stim, stimulation; Nonstim, nonstimulation.
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To further reveal the movements associated with the pellet-retrieval task, we performed Eshkol-Wach-
mann Movement Notation (EWMN) scoring (26), which documents the pellet-retrieval task into conse-
quential 10 steps (Figure 5D). Optogenetic-stimulated animals showed significant improvement in “digits

” o«

to midline,” “digits semiflexed,” “aim,” “advance,” “digits extend,” “pronation,” and “grasp” as compared
with nonstimulated animals. No significance was found in “supination I,” “supination II,” and “release”
between the 2 groups, due to the failure to retrieve. These results further reveal that optogenetic stimulation
has promoted recovery of task-specific pellet-retrieval movement to a certain extent. The full dexterous
recovery, however, was not achieved, consistent with the original 4 parameter measures (Figure 5C).

The grid walking test was used to evaluate the sensorimotor coordination of the forelimbs and hind-
limbs. This test requires animals to accurately place their limbs on the bars while crossing grids. Although
this test is “less precise” than the pellet retrieval test, it indicates paw placement accuracy, which is another
skilled functional assessment for forelimb recovery (Figure 6A) (27). In this test, mice with optogenetic
stimulation showed a significant decrease in ipsilesional (right) forelimb drops at 2, 4, and 6 weeks after the
C5-RH as compared with the nonstimulation group (Figure 6A), indicating that optogenetic stimulation
can enhance skilled forelimb recovery on the ipsilesional side (RH + Nonstimulation versus RH + Stimu-
lation: P < 0.0001 at 2 weeks; P = 0.0013 at 4 weeks; and P = 0.0004 at 6 weeks). However, there was no
statistically significant difference at 8 weeks following injury between the 2 groups (P = 0.1244), likely due
to a gradual spontaneous recovery occurring in the nonstimulation group at the eighth week.

The rotarod test was used to evaluate motor coordination and forelimb grip on a rotating cylindrical
bar (Figure 6B) (28). The mice were trained to learn to walk on the rotating bar before experiments. The
optogenetic stimulation group was able to stay significantly longer than the nonstimulation group on the
rotating rod at 2, 4, and 8 weeks after injury at the speed of 18 rpm (Figure 6B; RH + Nonstimulation versus
RH + Stimulation: P=0.0381 at 2 weeks; P < 0.0001 at 4 weeks; and P = 0.0194 at 8 weeks). When the rota-
tion speed was increased to 30 rpm, the stimulation group still stayed longer on the rotation rod than the non-
stimulation group at 4 and 6 weeks after injury (Figure 6B; RH + Nonstimualtion versus RH + Stimulation:
P = 0.0081 at 4 weeks; P = 0.0063 at 6 weeks). No significant changes were found in the sham-operated
group in the presence or absence of optogenetic stimulation at all time points that were studied.

We next evaluated whether cortical optogenetic stimulation could improve other locomotor functions.
We selected 2 additional functional assessments, i.e., cylinder and overground locomotor tests, to study
sensorimotor and motor function following the C5-RH (Figure 6C and Supplemental Figure 9). For the
cylinder test, forelimb activity was recorded as the mouse reared and contacted the wall of the cylinder
with either right (ipsilesional), left (contralesional), or both paws. We defined the forelimb asymmetry as
the mouse favoring the left side, i.e., the nonlesioned side, after the C5-RH. The optogenetic stimulation
group increased ipsilesional forelimb usage at 8 weeks after SCI (Figure 6C).

General locomotion was further tested using a smart-cage system, which evaluated movement velocity
and distance traveled within a compartment (29). Cortical optogenetic stimulation significantly increased
moving distance (Supplemental Figure 9, A and B), whereas the optogenetic stimulation did not promote
the mice to move faster (Supplemental Figure 9C), indicating that the mice traveled longer distances after
optogenetic stimulation as compared with the nonstimulation group. Thus, our findings provide evidence
showing that enhanced remodeling of spared neural circuits in the motor cortex and the CST improves
motor recoveries following the C5-RH.

Close correlation between neuromodulation, intraspinal CST sprouting, and functional recovery. Next, we deter-
mined the correlations between optogenetic stimulation or ipsilesional CST sprouting and behavior out-
comes. The correlation analysis is conducted blindly in a biostatistics lab at the Indiana University School
of Medicine. In the pie chart, CST-specific motor improvements induced by optogenetic stimulation were
positively correlated most strongly with results of the rotarod test (r = 0.98), followed by the cylinder
(r = 0.88), grid walking (r = 0.82), and pellet retrieval (r = 0.75) tests (Figure 7). Interestingly, axonal sprout-
ing after optogenetic stimulation was strongly correlated with pellet retrieval (99%, measured as the percent-
age of change in R squared when axonal sprouting below the injury site was added to the model as another
intendant variable in addition to optogenetic stimulation), less strongly with grid walking (56%), but weakly
with cylinder (20%). Although the improvement of rotarod was strongly correlated with optogenetic stim-
ulation, it was not correlated with intraspinal CST axonal sprouting (4%, Figure 7). This indicates that an
alternative pathway from the ipsilesional motor cortex, via the contralesional CST, to the ipsilesional fore-
limb motor system may be crucial for modulating the pellet retrieval function and the grid walking function,
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Figure 5. Optogenetic stimulation improves ipsilesional task-specific single pellet retrieval function after the C5-RH. (A) Schematic drawing shows the
method of the ipsilesional (right) forelimb dexterous function tested in a single pellet retrieval task. Millets seeds were put on the right side in front of the
chamber slit, preventing the contralesional (left) forelimb from reaching them. (B) Representative images show examples of pellet retrieval in 4 experi-
mental groups. (C) A total of 4 consecutive steps towards a complete pellet retrieval process depending on difficulty levels. In the 4 parameters examined,
optogenetic stimulation significantly reduced the Fail to touch and improved Touch as compared with the nonstimulation group at 6 and 8 weeks after the
C5-RH. Stim, stimulation; Nonstim, nonstimulation. (D) Scores for each of the 10 movement components of the single pellet retrieval task. The reduced
score is shown in stimulation group in digits to midline, digits semiflexed, aim, advance, digits extend, pronation, and grasp, reflecting an improved skilled
functional recovery to an extent. n = 5-7 per group. Data were presented as the mean + SEM; 2-way ANOVA followed by Tukey’s multiple comparisons test;
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Figure 6. Optogenetic stimulation improves other forelimb less-specific skilled and locomotor functional recovery. (A) Grid walking test showed
no foot drops (as mistakes) on both the left (LF) and right (RF) forelimbs in the sham groups. Significantly increased foot drops were found in the
ipsilesional forelimbs of the RH + Nonstim group at 2, 4, and 6 weeks after injury as compared with the RH + Stim group. n = 5-14 per group. (B)
Rotarod test was performed at 2 different speeds, i.e., 18 and 30 rotations per minute (rpm). Optogenetic stimulation showed improvements in both
the slow (18 rpm) and fast (30 rpm) speeds as compared with the nonstimulation control after the C5 RH. n = 6-14 per group. (C) Cylinder test showed
that optogenetic stimulation significantly reduced the usage of the left hand (intact hand) and increased the usage of both hands (both the intact
and impaired hands) at 8 weeks after injury, indicating improvement of the impaired hand function on the right side. n = 5-7 per group. Data were
presented as the mean + SEM; 2-way ANOVA followed by Tukey’s multiple comparisons test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. RF,
right forelimb; LF, left forelimb; BF, both forelimbs; Stim, stimulation; Nonstim, nonstimulation.

whereas the cylinder and rotarod functions are mediated by some unknown pathways or mechanisms. Such
a functional alternative pathway from the ipsilesional motor cortex to the ipsilesional forearm is supported
by anatomical, electrophysiological, and behavioral outcomes provided by the current study.
Neuromodulation by optogenetic stimulation significantly increases neurotrophin brain-derived neurotrophic factor
expression in both the cerebral cortex and spinal cord after the C5-RH. Last, we examined whether a neurotrophin
brain-derived neurotrophic factor (BDNF) was expressed in the brain or spinal cord after optogenetic
stimulation. BDNF has been shown to be closely linked to neuroplasticity (30, 31), such as axonal branching
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(32) and neural connection between the CST and spared descending interneurons (33). We compared ipsile-
sional motor cortex and spinal cord tissue at the lesion site (Figure 8A) between the stimulation and nonstim-
ulation groups using Western blot analysis. Following the C5-RH, both the cortical and spinal cord BDNF
expressions were significantly increased in the stimulation group as compared with the nonstimulation group
(Figure 8, B and C). An optogenetic stimulation-induced increased level of BDNF expression was not found
in the sham group with or without optogenetic stimulation. These results indicate that cortical optogenetic
stimulation not only enhances BDNF expression at the site of cortical stimulation but also at the injured spi-
nal cord of its projection, a long distance away from the light stimulation.

Thus, the C5-RH induces spontaneous neural circuits reorganization in the contralesional motor cortex
and in the spinal cord. This reorganization can be further enhanced by selective optogenetic stimulation.
Optogenetic-mediated neuromodulation occurs not only in the motor cortex, but also in the spinal cord,
evidenced by increased axon length and branches in the denervated ipsilesional hemicord, leading to func-
tional improvements including skilled forelimb and locomotive recoveries.

Discussion

The purpose of this study was to understand how cortical transhemispheric neural reorganization affects
the CST plasticity and recovery of forelimb function after a C5-RH. We demonstrated that several motor
areas in the ipsilesional motor cortex (supposed to control the contralesional forelimb) are recruited to
control the ipsilesional forelimb after a C5-RH. We also showed that optogenetic stimulation significantly
improves the size and amplitude of the reorganized cortical map, leading to skilled forelimb and locomotor
recovery. The motor map spread to adjacent regions after SCI has been previously observed (10, 11); how-
ever, the long-distance transhemispheric remapping and its functional importance had not been shown. We
further found that neuromodulation by optogenetic stimulation not only induced beneficial reorganization
in the motor cortex, but also facilitated intact CST axonal sprouting and synaptogenesis in the denervated
ipsilesional hemicord. Thus, optogenetic neuromodulation of the motor cortex is sufficient to induce mas-
sive transhemispheric and trans-spinal neural reorganization, leading to meaningful functional improve-
ment after a severe unilateral cervical SCI in adult mice.

One of our main purposes was to explore the role of cortex-oriented CST systems in modulating func-
tional recovery following SCI. We showed that neuromodulation by optogenetic stimulation is precise and
efficient in mediating corticospinal remodeling after SCI. Anatomically, the cerebral cortex consists of 6
layers that contain heterogeneous populations of neurons (and glial cells) with a variety of neurotransmitters,
either excitatory or inhibitory, coordinately released. Whereas electrical stimulation activates all cell types at
the same time, the optogenetic stimulation activates cortical pyramidal neurons, without interrupting other
cell types, such as microglia, astrocyte, and oligodendrocyte, in the region. This makes the technique more
precise, specific, and efficient as compared with diffusive electrical stimulation (34). Although electrical stim-
ulation combined with other treatments such as rehabilitation shows therapeutic effect on treating SCI (12,
16), our study shows that optogenetic neuromodulation alone is sufficient to promote neural reorganization
both in the cortex and spinal cord, leading to functional recovery.

An important observation in the present study is that selective activation of the motor cortex is suf-
ficient to establish an alternative corticospinal motor pathway leading to forelimb functional recovery
following a C5-RH, mimicking the human Brown-Séquard syndrome. Using ThyI-ChR2 transgenic mice,
we show that selective activation of the excitatory neurons by optogenetic stimulation induced the intact
CST axons on the contralesional side to sprout and make synaptic connections with ipsilesional spinal
neurons below the level of injury. This stimulation-mediated neural reorganization itself, without any
other combination, led to both general and skilled forelimb functional improvements in a very severe
cervical RH model, which destroys not only the ipsilesional CST but also all other descending and
ascending pathways on the ipsilesional side.

Reorganization of neural circuitry occurs after SCI, and it is important to understand such remod-
eling of circuitry on regulating specific functional recovery. In the current study, we determined that the
contralesional intact CST pathway played a key role in bringing back the lost function of the impaired
ipsilesional forelimb. After a complete C5-RH, all rostral descending supraspinal and propriospinal tracts
(as well as ascending sensory tracts), were transected on the ipsilesional side, leading to the loss of
skilled motor control over the forearm and digits on the ipsilesional side. Since, after a C5-RH, severed
CST axons fail to regenerate spontaneously, the functional deficit of the ipsilesional forearm and digits
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Figure 7. Correlation analysis shows various degrees of correlation between optogenetic stimulation and different
behavioral outcomes. Optogenetic stimulation is positively related to different forelimb functional recoveries in
various behavior tests. The correlation of the numbers shown next to the lines connecting light stimulation to the

4 behavioral outcomes are the correlation coefficients between optogenetic stimulation and behavioral outcomes.
CST-specific effects (yellow in pie chart) are the percentages of change in R? associated with optogenetic stimulation
in behavior recovery outcomes when axonal sprouting below the injury site was included as an explanatory variable,
representing the proportion in the effects of optogenetic stimulation on behavioral outcomes that were accounted for
by axonal sprouting. CST-related effects (blue in pie chart) indicate the percentage of function recovery is mediated
possibly through other descending pathways receiving CST projections in other regions of brain or spinal cord.

is permanent. However, we demonstrated that functional improvement of the impaired forelimb was
achievable after the optogenetic stimulation and that such improvement was based on the reconstruction
of a newly formed, alternative CST pathway involving the sprouting of intact CST axons from the con-
tralesional side to the ipsilesional side and their synaptic connection with the ipsilesional motor system
that control the forelimb function. Construction of such an alternative corticospinal motor pathway, pro-
moted by optogenetic stimulation, led to prominent recovery of the impaired forelimb function follow-
ing a unilateral C5-RH. Interestingly, in sham-operated mice with no SCI, optogenetic stimulation also
increased axonal sprouting of the intact CST on the contralesional hemicord. This optogenetic stimula-
tion that modulated intact CST sprouting, however, did not interrupt the normal motor function in these
animals, indicating that optogenetic stimulation does not interrupt the existing motor functional neural
circuitry. Since we aimed to study motor function after SCI, the sensory function, which has also been
severely damaged in this injury model, was not explored. Chronic neuropathic pain is found to be related
to the neural plasticity after SCI (35). For example, the anterior cingulate cortex (ACC) is important for
acute pain perception as well as the development of chronic neuropathic pain (36). Because neuropathic
pain following SCI is often resistant to treatment clinically, there is also an urgent need to understand
the connection between neuropathic pain and circuit plasticity. However, this is beyond the scope of this
study, which is focused on the motor functional improvement.

Selective activation of the contralesional spinal CST motor circuits promotes both skilled and loco-
motive forelimb motor recovery after the C5-RH. Forelimb function is important for the quality of life
in SCI patients. However, it has been less studied after a severe cervical SCI. Like the human Brown-
Séquard syndrome, mice with cervical RH showed severe functional deficits in locomotion (37) and
skilled movement. Following the cervical lateral hemisection, the main descending pathways, including
cortico-, rubro-, vestibulo-, and reticulo-spinal tracts and the modulatory serotonergic, dopaminergic, and
noradrenergic fiber systems were disconnected by the lesion, leading to poor forelimb functional recovery.
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Figure 8. Optogenetic stimulation induces changes of BDNF in both the motor cortex and the injured spinal cord distal to the stimulation. (A) Scheme of

the location of CNS tissue extracted for protein analysis. (B and C) optogenetic stimulation significantly increased BDNF expression in both the motor cortex
and spinal cord after the C5 RH. No significant differences were found in sham animals between light-stimulated and nonstimulated groups. n = 5-6/group.
Data are presented as the mean + SEM; 2-tailed paired Student’s t test; *P < 0.05, **P < 0.01. Stim, stimulation; Nonstim, nonstimulation.

Impressively, we found that optogenetic stimulation promoted a significantly greater general locomotor
recovery as compared with the nonstimulation group. Optogenetic stimulation also significantly improved
skilled function, assessed by pellet retrieval parameters with EWMN measurements, and grid walking
analysis as compared with the nonstimulation group. Although the dexterous hand function, which is crit-
ical for quality of life in humans, improved in the neuromodulation group, the full pellet retrieve recovery
was not achieved. Further improvement of the forelimb function may require a combinatorial treatment
including promoting the damaged CST axons to regenerate on the ipsilesional side.

Although the CST is required for forelimb function, it is not the only pathway modulating the locomotive
and skilled movement of the forelimbs. Other descending pathways are also involved in motor control. For
example, the medullary reticular nucleus (MdV) located in the brain stem is known to receive cortical input
and descend its axons through the ipsilateral dorsolateral funiculus to the spinal cord. The MdV axons form
monosynaptic connections with both excitatory and inhibitory spinal interneurons at the cervical level, which
is of special significance for skilled function (38). It is possible that the MdV may indirectly mediate the CST
on forelimb function. Additionally, other regions of the brain stem centers may undergo various degree of
remodeling and play a role in forelimb function following SCI. For example, DBS of the midbrain locomotor
region was shown to improve hindlimb functional recovery after SCI (13). Previously we showed that the
descending propriospinal tract (dPST) plays a central role in NT-3—-mediated hindlimb functional recovery
(39). Thus, the subcortical and intraspinal neurons, which receive corticospinal projections, could also play
a role in regulating the optogenetic-modulated functional recoveries. These observations lead us to believe
that a significant increase of compensatory CST axonal remodeling, an orchestra with the plasticity of other
pathways, promoted multiple types of behavioral recoveries that are either CST-specific or CST-associated.

Optogenetic-stimulated mice moved longer distances than the nonstimulated mice in the SmartCage
analysis of this study. This so-called “general exercise,” triggered by optogenetic stimulation, could be
another reason for the improvement in general locomotor recovery. However, such an exercise could possi-
bly make skilled paw reaching function worse. This “one behavior training makes another behavior worse”
effect has been reported previously (40), indicating different patterns of newly formed neural circuitry
compete for specific functional control. Thus, to target a specific motor function, a combination of task-spe-
cific trainings with optogenetic stimulation would be a future direction. An earlier study showed that, when
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combining exercise training with optogenetic stimulation of the CST, improved motor function can be
found in a stroke model (41). With the development of brain-machine interface, decoding motor output has
provided knowledge to promise new therapeutics in treating SCI (42—44).

Finally, we demonstrated a long-lasting therapeutic effect of optogenetic stimulation on CST axonal
sprouting and recovery of forelimb function. This could be due to our intense stimulation strategy. Unlike other
short-term (several minutes) optogenetic stimulations (45, 46), we chose an aggressive and repetitive stimula-
tion strategy that stimulate animals for 6 hours per day during a consecutive 7-day period, similar to the earlier
electrical paradigm used for experimental pyramidotomy (17). Interestingly, activation of cortical pyramidal
neurons via optogenetic stimulation showed increased expression of BDNF, a critical neural plasticity modula-
tor, not only in the cortex, but also in the injured spinal cord, suggesting this remodeling occurred throughout
the entire CST system, agreeing with the results of neural reorganization in both the cortex and the spinal cord.

Methods

Detailed methods are provided in the Supplemental material.

Study approval. All experimental procedures including surgical interventions, behavior and electrophysi-
ological assessments, and postoperative animal care were performed in accordance with the “Guide for
the Care and Use of Laboratory Animals” (National Research Council) and approved by the Institutional
Animal Care and Use Committee of the Indiana University School of Medicine.

Statistical Analysis. Statistical analysis was performed using 2-tailed Student’s t-tests, 2-way ANOVA
with group and time as variables, and Tukey’s multiple comparisons test using Graphpad Prism 7.0
between all groups in each experiment. Statistical significance was accepted with P < 0.05. Data are
expressed as mean + SEM. Linear regression models were used to estimate the effect of optogenetic stim-
ulation on behavioral tests and to determine the magnitude of stimulation effect accounted for by axonal
sprouting, using percent changes in R2 for stimulation with the adjustment of axonal length in the models.
JMP analysis 11 was used for group comparison in the brain mapping study.

Author contributions

WW designed and performed the experiment, analyzed the data, and wrote the manuscript; JDO per-
formed imaging and data analysis; TN, XP, and XJ performed brain mapping experiments; NKL per-
formed Western blot analysis; YZ and CBS built up the LISA laceration system; XH and SG performed
statistical correlation analysis; YL performed optical stimulation; WQ, QH, and XW performed behavior
tests; and XMX designed the experiment and wrote the manuscript.

Acknowledgments

Research in the Xu laboratory is supported by NIH grant R01 100531, R0O1 grant NS103481, and RO1 grant
NS111776; by the Merit Review Award 101 BX002356, 101 BX003705, and 101 RX002687 from the U.S.
Department of Veterans Affairs; by the Mari Hulman George Endowment Funds (all to XMX); and the
Indiana Spinal Cord Injury research grant ISDH58180 of the Indiana Department of Health (to WW).
XMX is also a Research Career Scientist of the Department of Veterans Affairs.

Address correspondence to: Wei Wu, 320 West 15th Street, NB Room 500, Indianapolis, Indiana 46202,
USA. Phone 317.278.1034; Email: wu99@iupui.edu.

—

.NSCISC. Spinal Cord Injury Facts and Figures at a Glance. https://www.nscisc.uab.edu/Public/Facts%20and%20Figures%20
2020.pdf. Accessed May 18, 2022.

. Sherwood AM, et al. Evidence of subclinical brain influence in clinically complete spinal cord injury: discomplete SCI. J Neurol

Sci. 1992;110(1-2):90-98.

Yiu G, He ZG. Glial inhibition of CNS axon regeneration. Nat Rev Neurosci. 2006;7(8):617-627.

Bracken MB, et al. A randomized, controlled trial of methylprednisolone or naloxone in the treatment of acute spinal-cord injury.

Results of the Second National Acute Spinal Cord Injury Study. N Engl J Med. 1990;322(20):1405-1411.

.Harkema S, et al. Effect of epidural stimulation of the lumbosacral spinal cord on voluntary movement, standing, and assisted

IS

o

W

stepping after motor complete paraplegia: a case study. Lancet. 2011;377(9781):1938-1947.

o

Harrison TC, et al. Distinct cortical circuit mechanisms for complex forelimb movement and motor map topography. Neuron.
2012;74(2):397-409.

. Stepniewska I, et al. Microstimulation reveals specialized subregions for different complex movements in posterior parietal
cortex of prosimian galagos. Proc Natl Acad Sci U S A. 2005;102(13):4878-4883.

~

JCl Insight 2022;7(12):e158150 https://doi.org/10.1172/jci.insight.158150 15



8.

18.

1

el

20.

2

—

24.
25.

26.

27.

2

o]

30.

31.

32.
33.

34

35.

36.

3

~

3

o

40.

41.

42.

4

w

44

4

[

46.

RESEARCH ARTICLE

Ayling OG, et al. Automated light-based mapping of motor cortex by photoactivation of channelrhodopsin-2 transgenic mice.
Nat Methods. 2009;6(3):219-224.

. Wang X, et al. Deconstruction of corticospinal circuits for goal-directed motor skills. Cell. 2017;171(2):440-455.
. Hollis ER TI, et al. Ryk controls remapping of motor cortex during functional recovery after spinal cord injury. Nat Neurosci.

2016;19(5):697-705.

. Ghosh A, et al. Rewiring of hindlimb corticospinal neurons after spinal cord injury. Nat Neurosci. 2010;13(1):97-104.
. Wenger N, et al. Spatiotemporal neuromodulation therapies engaging muscle synergies improve motor control after spinal cord

injury. Nat Med. 2016;22(2):138-145.

. Bachmann LC, et al. Deep brain stimulation of the midbrain locomotor region improves paretic hindlimb function after spinal

cord injury in rats. Sci Transl Med. 2013;5(208):208ra146.

. Wagner FB, et al. Targeted neurotechnology restores walking in humans with spinal cord injury. Nature. 2018;563(7729):65-71.
. McPherson JG, et al. Targeted, activity-dependent spinal stimulation produces long-lasting motor recovery in chronic cervical

spinal cord injury. Proc Natl Acad Sci U S A. 2015;112(39):12193-12198.

. Courtine G, et al. Transformation of nonfunctional spinal circuits into functional states after the loss of brain input. Nat Neuros-

ci. 2009;12(10):1333-1342.

. Carmel JB, et al. Chronic electrical stimulation of the intact corticospinal system after unilateral injury restores skilled locomotor

control and promotes spinal axon outgrowth. J Neurosci. 2010;30(32):10918-10926.
Hsu JYC, et al. Development of the corticospinal tract in the mouse spinal cord: a quantitative ultrastructural analysis. Brain
Res. 2006;1084(1):16-27.

. Joosten EA, et al. An anterograde tracer study of the developing corticospinal tract in the rat: three components. Brain Res.

1987;433(1):121-130.
‘Walker MJ, et al. A novel vertebral stabilization method for producing contusive spinal cord injury. J Vis Exp. 2015;(95):e50149.

. Zhang YP, et al. Controlled cervical laceration injury in mice. J Vis Exp. 2013;(75):€50030.
22.
23.

Kirkcaldie MTK. Chapter 4 — Neocortex. In: Waton C, et al, eds. The Mouse Nervous System. Elsevier; 2012:52-112.

Vulovic M, et al. Confocal synaptology: synaptic rearrangements in neurodegenerative disorders and upon nervous system
injury. Front Neuroanat. 2018;12:11.

Chen CC, et al. Study motor skill learning by single-pellet reaching tasks in mice. J Vis Exp. 2014;(85):51238.

Al-Ali H, et al. The mTOR substrate S6 kinase 1 (S6K1) is a negative regulator of axon regeneration and a potential drug target
for central nervous system injury. J Neurosci. 2017;37(30):7079-7095.

Farr TD, Whishaw IQ. Quantitative and qualitative impairments in skilled reaching in the mouse (Mus musculus) after a focal
motor cortex stroke. Stroke. 2002;33(7):1869-1875.

Chao OY, et al. The grid-walking test: assessment of sensorimotor deficits after moderate or severe dopamine depletion by
6-hydroxydopamine lesions in the dorsal striatum and medial forebrain bundle. Neuroscience. 2012;202:318-325.

. Shiotsuki H, et al. A rotarod test for evaluation of motor skill learning. J Neurosci Methods. 2010;189(2):180-185.
29.

Qu W, et al. Automated monitoring of early neurobehavioral changes in mice following traumatic brain injury. Neural Regen Res.
2016;11(2):248-256.

Lipsky RH, Marini AM. Brain-derived neurotrophic factor in neuronal survival and behavior-related plasticity. Ann Ny Acad Sci.
2007;1122:130-143.

Cohen-Cory S, Fraser SE. Effects of brain-derived neurotrophic factor on optic Axon branching and remodeling in-vivo. Nature.
1995;378(6553):192-196.

Bilimoria PM, Bonni A. Molecular control of axon branching. Neuroscientist. 2013;19(1):16-24.

Vavrek R, et al. BDNF promotes connections of corticospinal neurons onto spared descending interneurons in spinal cord
injured rats. Brain. 2006;129(pt 6):1534-1545.

. Melchior JR, et al. Optogenetic versus electrical stimulation of dopamine terminals in the nucleus accumbens reveals local

modulation of presynaptic release. J Neurochem. 2015;134(5):833-844.

Gwak YS, et al. Neuronal-glial interactions maintain chronic neuropathic pain after spinal cord injury. Neural Plast.
2017;2017:2480689.

Zhao R, et al. Neuropathic pain causes pyramidal neuronal hyperactivity in the anterior cingulate cortex. Front Cell Neurosci.
2018;12:107.

. Filli L, et al. Motor deficits and recovery in rats with unilateral spinal cord hemisection mimic the Brown-Sequard syndrome.

Brain. 2011;134(pt 8):2261-2273.

. Esposito MS, et al. Brainstem nucleus MdV mediates skilled forelimb motor tasks. Nature. 2014;508(7496):351-356.
39.

Han Q, et al. Descending motor circuitry required for NT-3 mediated locomotor recovery after spinal cord injury in mice. Nat
Commun. 2019;10(1):5815.

Garcia-Alias G, et al. Chondroitinase ABC treatment opens a window of opportunity for task-specific rehabilitation.

Nat Neurosci. 2009;12(9):1145-1151.

Wahl AS, et al. Optogenetically stimulating intact rat corticospinal tract post-stroke restores motor control through regionalized
functional circuit formation. Nat Commun. 2017;8(1):1187.

Ethier C, et al. Restoration of grasp following paralysis through brain-controlled stimulation of muscles. Nature.
2012;485(7398):368-371.

. Capogrosso M, et al. A brain-spine interface alleviating gait deficits after spinal cord injury in primates. Nature.

2016;539(7628):284-288.

. Dougherty JB, et al. Effect of spinal cord injury on neural encoding of spontaneous postural perturbations in the hindlimb

sensorimotor cortex. J Neurophysiol. 2021;126(5):1555-1567.

. Cheng MY, et al. Optogenetic neuronal stimulation promotes functional recovery after stroke. Proc Natl Acad Sci U S A.

2014;111(35):12913-12918.
Gibson EM, et al. Neuronal activity promotes oligodendrogenesis and adaptive myelination in the mammalian brain. Science.
2014;344(6183):1252304.

JCl Insight 2022;7(12):e158150 https://doi.org/10.1172/jci.insight.158150 16



	Graphical abstract

