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The diversity and plasticity of
descending motor pathways
rewired after stroke and trauma
in rodents
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Descending neural pathways to the spinal cord plays vital roles in motor control.

They are often damaged by brain injuries such as stroke and trauma, which

lead to severe motor impairments. Due to the limited capacity for regeneration

of neural circuits in the adult central nervous system, currently no essential

treatments are available for complete recovery. Notably, accumulating evidence

shows that residual circuits of the descending pathways are dynamically

reorganized after injury and contribute to motor recovery. Furthermore,

recent technological advances in cell-type classification and manipulation have

highlighted the structural and functional diversity of these pathways. Here,

we focus on three major descending pathways, namely, the corticospinal

tract from the cerebral cortex, the rubrospinal tract from the red nucleus,

and the reticulospinal tract from the reticular formation, and summarize the

current knowledge of their structures and functions, especially in rodent models

(mice and rats). We then review and discuss the process and patterns of

reorganization induced in these pathways following injury, which compensate

for lost connections for recovery. Understanding the basic structural and

functional properties of each descending pathway and the principles of the

induction and outcome of the rewired circuits will provide therapeutic insights

to enhance interactive rewiring of the multiple descending pathways for

motor recovery.

KEYWORDS

axon reorganization, corticospinal tract, neural circuit plasticity, red nucleus, reticular
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Introduction

Descending motor pathways originate from a diverse and broadly distributed neuronal
population in the brain that projects axons to the spinal cord and plays crucial roles in
motor control. The execution of complex movements is achieved by the sophisticated
integration of these pathways to selectively activate target muscles via spinal interneurons
(INs) and motor neurons (MNs) (Lemon, 2008; Arber and Costa, 2018). Importantly, this
intricate motor pathway is often damaged by various forms of injury in the central nervous
system (CNS), which leads to motor deficits. For instance, brain injuries such as stroke
and trauma often disrupt the corticospinal pathway, resulting in severe motor impairments
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(Christiansen and Perez, 2018; Lin et al., 2019; Campos et al., 2023).
Once the descending pathways are damaged, full regeneration of
the damaged circuit is challenging; thus, no treatments currently
exist for complete recovery. Nevertheless, accumulating evidence
shows that residual pathways that escape injury dynamically
reorganize to compensate for the injured circuit, leading to modest
spontaneous recovery over time (Murphy and Corbett, 2009; Joy
and Carmichael, 2021). Therefore, an effective method to promote
such a rewiring process in the descending pathways may become a
promising therapeutic approach for motor recovery.

Recent technological advances have enabled a comprehensive
classification of the descending pathways, highlighting their
anatomical and transcriptomic diversity (Wang et al., 2018; Beine
et al., 2022; Wang et al., 2022; Golan et al., 2023; Winter et al., 2023).
Given their diversity, reorganization is conceivably induced via
multiple pathways after injury to influence the recovery process. In
this review, we focus on three major descending pathways that serve
as neural substrates for recovery and summarize current knowledge
of their fundamental structures (i.e., origin, spinal projection, and
synaptic targets) and functions. We then review and discuss the
patterns of reorganization of these pathways following stroke and
other traumatic injuries. Understanding the basic structural and
functional properties of each pathway, including their similarities
and differences, as well as the principles of the induction and
functional outputs of the reorganized circuits, will provide better
insights for therapeutic approaches, especially for those promoting
interactive rewiring of multiple descending pathways for motor
recovery.

The diversity and major origins of
descending pathways to the spinal
cord

The existence of diverse descending pathways has been
elucidated by retrograde tracing from the spinal cord. Nudo
and Masterton (1988) investigated the origins of descending
pathways in 22 mammalian species and identified 27 brain regions
that were common across the species. These highly conserved
structures suggest that they comprise basic neural components that
cooperatively send commands for movements generally evoked in
animals. In the first parts of this review, we summarize the findings
of the structures and functions of the descending system, primarily
focusing on those in rodents (mice and rats), which are among
the most widely used mammalian models in the neuroscience
field. Indeed, rodents serve as excellent models for studying neural
mechanisms of movements such as reaching and locomotion,
which are highly homologous to those in humans (Sacrey et al.,
2009; Klein et al., 2012).

Liang et al. (2011) performed retrograde tracing by injecting
conventional neuronal tracers, Fluoro-Gold and horseradish
peroxidase, into the spinal cord of mice and investigated the
distribution of retrogradely labeled cells throughout the entire
brain. A thorough investigation revealed numerous origins
of descending axons that are widely distributed across the
forebrain, midbrain, and hindbrain. This finding is further
supported by recent comprehensive analyses using retrograde
viral tracing combined with tissue clearing and 3D imaging,

which identified 69 brain regions comprising approximately
30,000 neurons that project to the spinal cord (Wang et al.,
2022). These studies indicated that the primary labeled regions
are the cerebral cortex (forebrain), red nucleus (midbrain),
and reticular formation (hindbrain). Importantly, each region
forms a major descending pathway essential for motor control:
the corticospinal tract (CST), rubrospinal tract (RbST), and
reticulospinal tract (RtST) (Figure 1A). We thus focused on
these three representative pathways in this review, although the
other pathways originating from relatively minor populations,
such as those in the hypothalamus, lateral vestibular nuclei, and
deep cerebellar nuclei, also play important roles in locomotion,
postural balance control, and skilled movements (Low et al., 2018;
Murray et al., 2018; Becker and Person, 2019; Reinoß et al., 2020;
Sathyamurthy et al., 2020).

Structures and functions of the
corticospinal tract in motor control

The CST is one of the most extensively studied descending
pathways. The CST originates from layer V (deeper Vb) of
the cerebral cortex, which forms axon bundles that project
subcortically through the internal capsule, the cerebral peduncle,
and the pyramid (Figures 1A, 2). The majority of the axons then
cross the midline at the pyramidal decussation of the caudal
medulla and project to the spinal cord predominantly contralateral
to their cortical origin, mainly through the dorsal column in
rodents. They then send extensive collaterals to the spinal gray
matter, mainly laminae III–VIII, in rodents [(Rouiller et al., 1991;
Ueno et al., 2018; Aizawa et al., 2019; Pourchet et al., 2021;
Sinopoulou et al., 2022) reviewed in Welniarz et al. (2017)]
(Figure 1B). A minor part of the CST axons also descends in the
lateral and ventral columns. In addition, some other populations
project to the ipsilateral side of their cortical origin without crossing
at the pyramidal decussation or by recrossing within the spinal
cord (Brosamle and Schwab, 1997; Bareyre et al., 2005; Steward
et al., 2021). Most CST axon terminals contain vesicular glutamate
transporter 1 (vGlut1) (Maier et al., 2008; Du Beau et al., 2012),
indicating a pure excitatory pathway.

Importantly, the CST is not a simple pathway but rather
includes multiple pathways comprising different cortical origins
and spinal terminations. In rodents, retrograde tracing has
revealed that the CST mainly arises from the primary motor
(M1), primary somatosensory (S1), secondary motor (M2), and
secondary somatosensory (S2) areas (Liang et al., 2011; Figure 2A).
These regions are often classified based on their functional
associations with specific limb movements: the rostral forelimb
area (RFA), the caudal forelimb area (CFA), and the hindlimb
area (Tennant et al., 2011; Steward et al., 2021). Other minor
neuronal origins, such as those in the parietal, cingulate, visual, and
prefrontal cortices, have also been determined (Miller, 1987; Chen
et al., 2014). Like rodents, macaque monkeys have multiple cortical
origins [14 regions (Darian-Smith et al., 1996)]. Recent human
studies using fiber tractography have also identified more than 10
cortical origins of the CST (Seo and Jang, 2013; Chenot et al., 2019;
Usuda et al., 2022), implying fundamental sensorimotor functions
of these conserved multiple pathways in the CST.
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FIGURE 1

Major descending pathways to the spinal cord. (A) The corticospinal tract (CST), rubrospinal tract (RbST), and reticulospinal tract (RtST), originating
from the cerebral cortex, red nucleus, and reticular formation. (B) Axon projection patterns of each pathway in the spinal cord (left-sided origins).
Colored dots and shaded regions (violet, red, and blue) indicate descending axons and the typical projection area of each pathway, respectively. CST
and RbST axons mainly descend in the dorsal and lateral columns on the contralateral side of their origins, respectively. RtST axons descend
bilaterally in the ventral and lateral columns with a predominance of ipsilateral projections. CST, RbST, and RtST axons mainly innervate laminae
III–VIII, V–VI, and VII–X, respectively. CSN, corticospinal neuron; RbSN, rubrospinal neuron; RtSN, reticulospinal neuron.

Anterograde tracing has further shown that the CST of each
cortical origin has distinct patterns of axon projections in the spinal
gray matter. For instance, the axons from the somatosensory cortex
predominantly target the dorsal horn area, whereas those from the
motor areas project mainly to the intermediate and ventral areas of
the spinal cord [(Kuang and Kalil, 1990; Bareyre et al., 2002; Ueno
et al., 2018; Kameda et al., 2019; Steward et al., 2021) reviewed in
Welniarz et al. (2017)] (Figure 2A). The axons from each cortical
origin further exhibit a specific projection pattern across the spinal
levels (Wang et al., 2017; Sahni et al., 2021b; Steward et al., 2021;
Wang et al., 2022). Corticospinal neurons (CSNs) in the M1 and
S1 extensively project from the cervical to the lumbar or sacral
levels, whereas the CSNs in the RFA and S2 predominantly project
to the cervical level. Lumbar-projecting CSNs are concentrated
in the caudal medial part of M1 and nested within a region of
cervically projecting CSNs (Kamiyama et al., 2015; Steward et al.,
2021). Collectively, the anatomical studies indicate that the CST
is organized by multiple CSN subpopulations that exhibit distinct
projection patterns to the spinal cord.

Corticospinal neurons have distinct
synaptic targets depending on their
cortical origin

The CST also comprises distinct spinal terminations among
the subpopulations and species. The corticospinal axons in higher-
order primates have monosynaptic connections to the spinal MNs,
which are believed to function in refined motor control, such as in
dexterous movements [reviewed in Lemon (2008), Alstermark and
Isa (2012)]. In contrast, direct corticomotoneuronal connections
are rare in other mammals, including rodents; instead, the

axons typically terminate on spinal INs [reviewed in Lemon
(2008), Ebbesen and Brecht (2017)]. These findings suggest
that fundamental motor programs governed by the CST are
encoded primarily in connections with INs in the spinal cord.
Interestingly, early postnatal mice and rats initially form direct
corticomotoneuronal connections, but they are eliminated in the
following 2 weeks during postnatal development (Maeda et al.,
2016; Gu et al., 2017). Notably, some studies have shown that a
minor direct anatomical connection is also preserved in adults, as
shown by conventional and recent viral tracing techniques (Liang
et al., 1991; Raineteau et al., 2002; Ruigrok et al., 2008; Fageiry
et al., 2024; Fait et al., 2024). This finding requires further careful
anatomical and functional investigation.

Spinal INs are highly diverse and are classified into dozens
of neuronal subtypes based on genetic, developmental,
morphological, physiological, and neurochemical aspects
[(Osseward et al., 2021; Russ et al., 2021) reviewed in Goulding
(2009), Alaynick et al. (2011), Zholudeva et al. (2021)]. Given the
unique multiple CST projections from different cortical origins,
we and others have investigated the types of INs that receive
inputs from each CST subpopulation. The analyses revealed that
each projection connects to genetically distinct INs (Figure 2A).
Specifically, the axons from the motor cortex predominantly
connect to intermediate–ventral spinal populations such as
Chx10+, Atoh1+, and Isl1+ INs that directly connect to MNs
for motor outputs, whereas those in the sensory cortex connect
to dorsal sensory populations such as excitatory Vglut3+ and
Lmx1b+ and inhibitory GlyT2+ and Pax2+ INs (Ueno et al., 2018;
Frezel et al., 2020; Fageiry et al., 2024). CSNs in the motor and
sensory cortices also connect to inhibitory Ptf1a+ and Gad2+

INs that engage in presynaptic inhibition of sensory afferents
(Ueno et al., 2018; Fageiry et al., 2024). Using a viral approach
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FIGURE 2

Structures and functions of the CST in motor control. (A) Multiple CST pathways with different cortical origins and spinal terminations. The axons
from the sensory and motor cortices target dorsal (light purple arrows) and intermediate and ventral side of the spinal gray matter (violet arrows),
respectively, and connect to distinct spinal interneurons (red and blue, excitatory and inhibitory neurons) for sensory and motor control [for
example, Ueno et al. (2018)]. They are integrated to control efferent (green) and afferent (orange) pathways between the spinal cord and muscle. M1,
primary motor cortex; M2, secondary motor cortex; S1, primary somatosensory cortex; S2, secondary somatosensory cortex; MN, motor neuron.
(B) Subcortical collaterals of the CST. Note additional target regions beyond those shown here. mRt, mesencephalic reticular nucleus; PAG,
periaqueductal gray; MVe, medial vestibular nucleus; Gi, gigantocellular reticular nucleus.
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combining anterograde transsynaptic labeling and single-nucleus
RNA sequencing (AnteroT-seq), Carmona et al. (2024) recently
determined that CSNs from the RFA and CFA preferentially
innervate ventral inhibitory INs (likely corresponding to Foxp2+

INs). Given these diverse types of connections, CST axons
plausibly send not only motor commands to activate muscles but
also multimodal information, such as for motor inhibition and
gain control of sensory inputs and the spinal reflex, to regulate
complex voluntary movements.

CSN subpopulations engage in distinct
sensorimotor functions during complex
voluntary movements

The CST contributes to sensorimotor function, which is
supported by previous studies showing that damage to the CST
caused by stroke, spinal cord injury (SCI), or experimental
transection called pyramidotomy leads to motor impairments
[(Starkey et al., 2005; Serradj et al., 2023) reviewed in Alstermark
and Isa (2012), Jones and Adkins (2015), Jones (2017)].
Interestingly, genetic ablation or optogenetic modulation of whole
CSNs impairs skilled movements (e.g., forelimb reaching) but
does not impair simple movements, locomotion (walking), or
muscle strength, suggesting that the CST is particularly required
for the accurate execution of skilled motor tasks (Wang et al.,
2017; Serradj et al., 2023). Consistently, calcium imaging revealed
that CSNs are typically activated during tasks (Wang et al., 2017;
Serradj et al., 2023). In rodent studies, a single-pellet reaching
task, which consists of 10 steps involving digit preparation,
advance of the forelimb, grasping, and release, is often used to
evaluate skilled forelimb movements [(Farr and Whishaw, 2002)
reviewed in Nicola et al. (2022)]. How each CSN subpopulation
orchestrates such complex movements is under investigation. For
example, silencing Chx10+ V2a INs, the major target of the CST
from the motor cortex, as well as injury in the motor cortex,
impaired the advance step of the reaching task, whereas silencing
Vglut3+ INs, the major target of the CSNs from the sensory
cortex, as well as injury in the sensory cortex, mainly affected
the releasing step (Azim et al., 2014; Ueno et al., 2018). The
CSNs connected to Chx10+ V2a INs are activated just prior
to and during the movement initiation, whereas sensory CSNs
connected to SST+ neurons are activated thereafter (Fageiry et al.,
2024). These findings suggest that the CSN subpopulations in
the motor and sensory cortices have different functions in skilled
movement. He’s group further identified distinct functions of
the CSN subpopulations of the RFA and CFA in the execution
of skilled forelimb movements (Wang et al., 2017). RFA-CSNs
ablation caused deficits in grasp and pronation, whereas CFA-
CSNs ablation affected aim, advance, and pronation, indicating
that CFA- and RFA-CSNs play distinct roles in reaching and
grasping, with shared roles in the pronation step. CST axons from
the sensory cortex and those projecting to the lumbar cord have
additional functions in modulating sensory information (Liu et al.,
2018a; Moreno-Lopez et al., 2021) and locomotion (Karadimas
et al., 2020). Taken together, these findings suggest that each CSN

subpopulation regulates distinct but some overlapping aspects of
voluntary movement.

Diverse subcortical axon collaterals of
corticospinal neurons

Another notable feature complicating the CST function is that
the axons also send multiple collaterals to the subcortical areas
along their descending route (Figure 2B). Single axon tracing
revealed that descending CST axons extend intermediate collaterals
to multiple subcortical regions (Kita and Kita, 2012). Recent
intersectional approaches using double viral vectors enable the
selective labeling and manipulation of a specific pathway, including
the CST [(Kinoshita et al., 2012; Sooksawate et al., 2013; Schwarz
et al., 2015) reviewed in Luo et al. (2018), Isa (2022)]. For instance,
injections of a retrograde virus encoding Cre recombinase into
the spinal cord and another recombinase-dependent reporter virus
into the cerebral cortex can specifically label the CSNs, which can
further label axons and collaterals extending to diverse subcortical
regions, such as the striatum, globus pallidus, thalamus, zona
incerta, tectum, mesencephalic reticular nucleus (mRt), superior
colliculus, red nucleus (RN), periaqueductal gray (PAG), pons,
medial vestibular nucleus (MVe), gigantocellular reticular nucleus
(Gi), and cuneate nucleus (Wang et al., 2017; Frezel et al., 2020;
Brain Initiative Cell Census Network (BICCN), 2021; Nelson et al.,
2021; Lu et al., 2022; Sinopoulou et al., 2022; Carmona et al., 2024;
Figure 2B). Interestingly, many of the above regions are known to
have subsequent descending projections to the spinal cord (Liang
et al., 2011; Wang et al., 2022), suggesting that the CST may also
transmit commands to the parallel descending pathways to the
spinal cord through the axon collaterals. Importantly, despite the
presence of such broadly distributed collaterals, approximately 90%
of synaptic termini appear to converge in the spinal cord (Wang
et al., 2017).

The functional significance of this broadcasting network,
especially in sensorimotor control, still remains to be determined
[reviewed in Arber and Costa (2018)]. A recent study investigated
the connections of the CST collaterals to the striatum, which
receives the most abundant collaterals among the subcortical areas
in rodents (Nelson et al., 2021). The study identified two CSN
subpopulations that innervate distinct types of striatal neurons, as
well as the spinal INs, whereas these populations exhibited similar
activity patterns during the forelimb motor task (Nelson et al.,
2021). These findings imply that (i) each CSN module conveys
similar information to downstream motor executive circuits
through this broadcasting system and that (ii) collateral-receiving
postsynaptic circuits play roles in forming more specific aspects of
movements. Outside the striatum, subcortical neuronal subtypes
that receive collateral inputs and their subsequent connections
and roles in motor control remain largely unknown. Although
additional studies are needed to understand the functional
properties of these cortico-subcortical pathways to the spinal cord,
this unique parallel descending system would be beneficial for
compensating for lost motor functions when one pathway is
injured, which is discussed in later sections.
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Structures and functions of the
rubrospinal tract in motor control

The red nucleus (RN), a distinct neuronal cluster located in
the midbrain, has been investigated over the past century; however,
research on the RN has waned, despite its importance in the motor
system [reviewed in Massion (1967, 1988), Basile et al. (2021),
Olivares-Moreno et al. (2021)]. The RN is cytoarchitectonically
divided into two subregions: the rostral parvocellular region,
consisting of small- to medium-sized neurons, and the caudal
magnocellular region, consisting of large, sparse neurons, which
form somewhat unclear boundaries in rodents [(Reid et al.,
1975; Strominger et al., 1987; Liang et al., 2012) reviewed in
Basile et al. (2021)] (Figure 3). The absolute populations of
magnocellular and parvocellular neurons are approximately equal
in number in rodents (Aghoghovwia and Oorschot, 2016). The RN
further includes a third population, interneurons, which are widely
distributed in the RN and have much smaller size than the other
neurons (Strominger et al., 1987).

The rubrospinal tract (RbST), the descending pathway from
the RN, has many properties that are similar to those of the
CST. The primary origin is the magnocellular region, with partial
contributions from the parvocellular region (Murray and Gurule,
1979; Huisman et al., 1981; Shieh et al., 1983; Strominger et al.,
1987; Liang et al., 2011, 2012; Figure 3). RbST axons cross the
midline within the midbrain (the ventral tegmental decussation),
then descend in the lateral column of the spinal cord, and project
to the lateral part of the intermediate zone (mainly laminae
V-VI) contralateral to their origin (Brown, 1974b; Yasui et al.,
2001; Liang et al., 2012; Figure 1). Small ipsilateral innervations
were also identified for ipsilaterally descending or recrossing
axons in the spinal cord (Shieh et al., 1983; Antal et al., 1992;
Küchler et al., 2002; Liang et al., 2012). Although the RbST
projects widely along the spinal level (Strominger et al., 1987;
Antal et al., 1992), cervical-projecting rubrospinal neurons (RbSNs)
topographically exist in the dorsomedial part of the RN, whereas
lumbar-projecting neurons in the ventral region and thoracic-
projecting neurons in the intermediate part have been identified
(Murray and Gurule, 1979; Strominger et al., 1987; Wang et al.,
2022). Some RbSNs co-innervate the contralateral side of the
reticular formation and the cerebellum with collaterals (Huisman
et al., 1983; Yasui et al., 2001). Most RbST axon terminals
contain vesicular glutamate transporter 2 (vGlut2) (Du Beau
et al., 2012), indicating an excitatory pathway. The diverse origins,
contralateral-dominant innervation, topographical organization,
and multiregional collaterals are typical features shared with the
CST.

The majority of the RbST axons are suggested to terminate
onto spinal INs of both excitatory and inhibitory subtypes, as
demonstrated by RN lesion experiments, anterograde tracing,
electron microscopy, and immunohistochemical staining (Brown,
1974b; Antal et al., 1992; Figure 3A). Recent monosynaptic rabies
tracing demonstrated that RbSNs connect to both excitatory
vGlut2+ and inhibitory vGAT+ long descending propriospinal INs
(Ruder et al., 2016). Anatomical and electrophysiological studies
have further shown that minor RbST axons also directly connect
to MNs in rodents (Raineteau et al., 2001; Küchler et al., 2002).
The connections preferentially target dendrites rather than the

soma of the MNs that predominantly control intermediate and
distal muscles (forearm and digits) but not the proximal muscles.
A single RbST axon innervates multiple MNs (Küchler et al., 2002).
Notably, such direct connections have also been demonstrated
by monosynaptic rabies tracing in mice (Esposito et al., 2014).
However, a comprehensive understanding of the connections
between RbSNs and spinal neurons remains limited.

The current knowledge of RbST function is mainly based
on lesion studies. Damage to the RbST had little effect on
general locomotion and the success rate of the reaching task
but significantly impaired the substeps of the reaching task,
including aiming, pronation and supination (Whishaw et al.,
1990; Whishaw et al., 1992; Whishaw et al., 1998; Muir and
Whishaw, 2000; Kanagal and Muir, 2008; Morris et al., 2011;
Morris et al., 2015; Rizzi et al., 2019; Figure 3C). This finding
was further confirmed by the chemogenetic silencing of RN
neurons (Rizzi et al., 2019), suggesting that the RbST contributes
to fine motor control rather than gross control. In particular,
“arpeggio movement,” characterized by sequential movements of
digits during the pronation step of the reaching task (Whishaw
and Gorny, 1994), appears to be a unique function mediated by
the RbST. This movement is impaired in RN lesions or RbST
transection but not in CST transection or partial lesions of the
parvocellular region [(Whishaw et al., 1998; Kanagal and Muir,
2008; Morris et al., 2011; Morris et al., 2015) reviewed in Morris and
Whishaw (2016)]. These findings suggest that the control of distal
dexterous motion relies on the magnocellular-derived RbST. This
hypothesis is further supported by anatomical and physiological
RbST connections to the distal muscle MNs (Küchler et al., 2002)
and RN firing evoked immediately before the end of the reaching
movement, likely corresponding to the pronation step (Jarratt
and Hyland, 1999). However, it should be noted that a chemical
lesion of the RN and surgical transection of the RbST may cause
impairments beyond the function of the RbST. For instance, RN
ablation can also disrupt efferent pathways to the inferior olive and
thalamus, as well as the afferents such as the corticorubral tract
from the cerebral cortex and those from the deep cerebellar nuclei
[(Brown, 1974a; Swenson and Castro, 1983; Akintunde and Buxton,
1992; Lopez-Virgen et al., 2022) reviewed in Basile et al. (2021)]
(Figure 3A).

In addition to the traditional anatomical segregations,
genetic characterization of RbSNs has begun to be revealed.
Using retrograde labeling, in situ hybridization, and
immunohistochemistry, Liang et al. (2012) identified vGlut2+

and C1ql2+ neurons in regions of retrogradely labeled RbSNs
and suggested that SMI-32 may be a potential marker for caudal
RbSNs. Recently, retrograde labeling from the lumbar cord and
single-nucleus RNA sequencing (snRNA-seq) by Blackmore’s
group identified marker genes of RbSNs, such as Rreb1, Emx2,
and Ttc6 (Beine et al., 2022). A more recent study by He’s group
performing retrograde labeling from a more extensive region of the
spinal cord and snRNA-seq has further revealed genetic signatures
that distinguish the RbSN subpopulation (Winter et al., 2023). They
found that Pvalb, Kcng4, and Spp1 are expressed in most RbSNs,
whereas their expression levels differ among the subpopulations,
which are related to their cell size and electrophysiological
properties. Spp1− RbSNs are present primarily in the rostral area,
likely corresponding to the parvocellular region, whereas Spp1+

RbSNs are likely present in the magnocellular region (Winter
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FIGURE 3

Structures and functions of the RbST in motor control. (A) The red nucleus comprising the parvocellular and magnocellular regions, the origins of
the RbST (upper, left). Afferents from the cerebral cortex and deep cerebellar nuclei and efferents to the inferior olive, thalamus, and spinal cord.
(B) RbST axons connect to excitatory and inhibitory spinal interneurons, while their genetic profile remains unknown. (C) The RbST is suggested to
contribute to fine motor control, such as distal dexterous motion in the reaching task.

et al., 2023). The genetic classification may enable the development
of genetic and viral tools to label and manipulate specific RbSN
subpopulations, which will lead to a deeper understanding of the
RbST structure and functions.

Structures and functions of the
reticulospinal tract in motor control

The reticulospinal tract (RtST) is one of the most complex
descending pathways because its origin, the reticular formation
(RF), comprises multiple neural nuclei distributed across
the brainstem, including the midbrain, pons and medulla
(Figure 4). The RF exhibits an ambiguous structure, which
lacks clear cytoarchitectonic boundaries; thus, the taxonomy
and nomenclature of each nucleus are often inconsistent across
literatures and species (Brownstone and Chopek, 2018; Perreault
and Giorgi, 2019). Many RF nuclei have variable amounts of
descending projections to the spinal cord, but the majority of RtST,
especially the gigantocellular reticular nucleus (Gi, also known as

the GRN), primarily arises from the medullary RF (Reed et al.,
2008; Liang et al., 2011; Wang et al., 2022; Figure 4A). The pontine
RF also moderately contributes to the origin of the RtST, whereas
the projections of the midbrain RF appear to be relatively low
[(Huma et al., 2014) reviewed in Perreault and Giorgi (2019)].

The complexity of the RF is further increased by the presence
of various subtypes of neurons defined by neurotransmitters,
such as glutamatergic, GABA/glycinergic, monoaminergic, and
cholinergic neurons [reviewed in Ruder and Arber (2019), Arber
and Costa (2022)]. These neurons are genetically characterized by
the expression of unique transcription factors during development
(Gray, 2013). Thus, unlike the pure excitatory systems in the CST
and RbST, the RtST contains various types of neurotransmitters and
modulators (VanderHorst and Ulfhake, 2006; Du Beau et al., 2012;
Hossaini et al., 2012; Mitchell et al., 2016; Capelli et al., 2017; Zhang
et al., 2024). This finding highlights the functional diversity and
multimodal roles of the RtST.

In contrast to the predominant contralateral innervation of
the CST and RbST, the RtST predominantly projects to the
ipsilateral side of the spinal cord with weak lateralization, as shown
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FIGURE 4

Structures and functions of the RtST in motor control. (A) Multiple nuclei in the reticular formation as the origins of the RtST. The gigantocellular
reticular nucleus (Gi) in the medullary reticular formation is the primary origin of the RtST, while the pontine reticular formation (oral and caudal
pontine reticular nucleus; PnO and PnC) and the midbrain reticular formation are the moderate and minor origins, respectively. (B) Spinal INs
[commissural INs, long descending propriospinal neurons, and sympathetic preganglionic neurons (SPNs)] and motor neurons (MNs) are connected
by the RtST. (C) RtSN subpopulations regulate distinct aspects of voluntary movement and locomotion (left, bottom). Inhibitory and excitatory RtSNs
exert opposite effects. The alpha/ventral gigantocellular reticular nucleus (GiA/V) co-regulate motor and sympathetic functions. Please see the text
for details. DPGi, dorsal paragigantocellular nucleus; LPGi, lateral paragigantocellular nucleus; IRt, intermediate reticular nucleus; PCRt, parvicellular
reticular nucleus; MdV, ventral medullary reticular nucleus; MdD, dorsal medullary reticular nucleus.
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by retrograde tracing from the spinal cord (Liang et al., 2011;
Sivertsen et al., 2016; Valencia Garcia et al., 2018; Pourchet et al.,
2021; Figure 1). Anterograde tracing further showed that medulla-
derived RtST axons project bilaterally to the ventral spinal cord
(mainly laminae VII-X) but with a predominance of ipsilateral
projections across all the spinal levels (Jones and Yang, 1985; Martin
et al., 1985; Liang et al., 2015; Capelli et al., 2017; Cregg et al., 2020).
Ipsilateral dominance is also observed in pons-derived RtST axons
(Jones and Yang, 1985; Liang et al., 2016).

Like CSNs and RbSNs, reticulospinal neurons (RtSNs) of
different RF origins have specific projection patterns to the spinal
cord. For example, RtSNs in the medial part of the pontine RF
project to the ipsilateral spinal cord, whereas a small population
in the lateral part projects contralaterally, as observed in the
tracing study of neonatal mice (Sivertsen et al., 2016). Physiological
studies have further demonstrated that electrical stimulation of
the medullary RF activates specific commissural INs and distinct
motor columns in the spinal cord, depending on the stimulation
site [(Szokol et al., 2008, 2011) reviewed in Perreault and Glover
(2013)]. Interestingly, recent genetic and viral experiments have
shown that RtSNs, even within a particular region, exhibit distinct
projection patterns to the spinal gray matter, depending on their
neuronal subtype (Capelli et al., 2017; Zhang et al., 2024). These
findings suggest that RtSNs are organized with functionally diverse
subpopulations that are intermingled in each RF region.

Although a comprehensive investigation has not yet been
conducted, RtSNs are reported to connect to various types of spinal
neurons (Figure 4B). MNs are one of the targets, which have been
validated primarily by anatomical experiments (Zagon and Bacon,
1991; Hermann et al., 2003; Capelli et al., 2017; Xie et al., 2023).
Using transsynaptic viral tracing in mice, Arber’s group further
determined that premotor RtSNs, which are monosynaptically
connected to MNs, are broadly distributed across RF nuclei, such as
the Gi, magnocellular reticular nucleus (Mc), medullary RF ventral
part (MdV), parvicellular reticular nucleus (PCRt), and pontine
reticular nucleus (Pn) (Esposito et al., 2014; Figure 4A). Notably,
each premotor RtSN population selectively connects to functionally
distinct MNs. For instance, RtSNs of the MdV primarily connect to
forelimb MNs rather than hindlimb MNs, with a marked preference
for biceps MNs over triceps MNs. Although the premotor RtSNs
in the MdV are excitatory vGlut2+ neurons (Esposito et al.,
2014), their subsequent work revealed that an inhibitory GlyT2+

subpopulation in the lateral paragigantocellular nucleus (LPGi)
preferentially targets the MNs more than the vGlut2+ RtSNs
do (Capelli et al., 2017). Indeed, another group has described
numerous inhibitory termini on the proximal dendrites of MNs
using electron microscopy (Holstege, 1987, 1991; Holstege and
Bongers, 1991).

Commissural INs and long descending propriospinal neurons
have also been identified as postsynaptic targets of RtSNs in
anatomical and physiological studies [(Szokol et al., 2011; Mitchell
et al., 2016; Ruder et al., 2016) reviewed in Perreault and Glover
(2013)] (Figure 4B). Importantly, these neurons are known to
form monosynaptic connections with MNs (Ni et al., 2014; Goetz
et al., 2015) and contribute to left–right and forelimb–hindlimb
coordination in locomotion [reviewed in Laliberte et al. (2019)].
A comparative study revealed that commissural INs and long
descending propriospinal neurons receive minimal contacts from
the CSNs but many inputs from the RtSNs, with approximately

80% excitatory and 20% inhibitory connections (Mitchell et al.,
2016). As other synaptic targets, excitatory vGlut2+ (Esposito et al.,
2014), inhibitory vGAT+ (Esposito et al., 2014) and vGlyT2+ INs
(Bouvier et al., 2015), and sympathetic preganglionic neurons
(Aicher et al., 1995; Zhang et al., 2024) have been identified.
Thus, RtSNs form excitatory and inhibitory connections with MNs
and spinal INs, which could be a substrate for generating and
controlling diverse types of movement. Future studies are expected
to further characterize the genetic and functional features of target
spinal neurons.

Based on the variable connections to the spinal neurons,
the RtST would mediate multimodal functions in motor control
(Figure 4C). Like the CST and RbST, the RtST also contributes to
skilled forelimb movement. This finding is supported by evidence
that ablation of the MdV, one of the origins of the RtST, impairs
the performance of the grasping phase in the forelimb reaching
task (Esposito et al., 2014). Their subsequent work demonstrated
that the PCRt, referred to as the LatRM (lateral rostral medulla),
is also important for forelimb movement, as its firing rate
increased specifically during the forelimb task (Ruder et al., 2021).
Chemogenetic silencing of excitatory PCRt neurons impaired
performance in the reaching phase of the task, and optogenetic
stimulation of spinally projecting excitatory PCRt neurons evoked
a forelimb reaching movement but not a digit movement (Ruder
et al., 2021). These findings indicate that each RtSN subpopulation
regulates distinct aspects of voluntary movement.

Notably, in contrast to the minimal influence of the CST and
RbST on locomotion (Wang et al., 2017; Rizzi et al., 2019), the
RtST plays pivotal roles in locomotor control (Figure 4C). Kiehn’s
group found that optogenetic activation of excitatory Chx10+

RtSNs in the Gi suppressed locomotor rhythm generation and
activity via inhibitory spinal INs [(Bouvier et al., 2015; Cregg
et al., 2020) reviewed in Leiras et al. (2022)]. In addition, a recent
study identified projection-specific subpopulations of Chx10+ Gi-
RtSNs: cervical-projecting neurons influence head orientation and
the locomotor trajectory by directly innervating MNs, whereas
lumbar-projecting neurons reduce the locomotor speed without
turning orientation (Usseglio et al., 2020). A most recent study
revealed that the Chx10+ Gi neurons is driven by inputs from
excitatory Pn neurons within the RF (especially in the oral part:
PnO) (Cregg et al., 2024). Other excitatory LPGi neurons initiate
forward-directed locomotion and sustain high-speed locomotion,
but these effects are abolished when inhibitory LPGi neurons
are co-activated by unconditional optogenetic stimulation (Capelli
et al., 2017). The high-speed locomotion is also modulated by
excitatory RtSNs in the alpha/ventral part of the Gi (GiA/V)
(Zhang et al., 2024). Interestingly, GiA/V-RtSNs innervate not
only the lumbar premotor area but also thoracic sympathetic
preganglionic neurons, enabling co-regulation of somatomotor and
sympathetic functions that supports the high-speed locomotion
(Zhang et al., 2024). Like the LPGi, the intermingled inhibitory
RtSNs in the GiA/V play an opposite role to the action of
excitatory RtSNs (Zhang et al., 2024). Taken together, these findings
indicate that RtSN subpopulations are highly organized to regulate
distinct aspects of locomotor movement, enabling fine behavioral
adjustments through the selective activation of each subpopulation
(Figure 4).

For details of the role of the reticulospinal system in motor
control, please refer to other excellent reviews, which include
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findings from other species [reviewed in Brownstone and Chopek
(2018), Ruder and Arber (2019), Arber and Costa (2022)].

Rewiring of the descending
pathways and recovery after stroke
and trauma

Given the importance of descending pathways in motor
control, as described above, their damage undoubtedly results
in diverse types of motor impairment. Regenerating the original
pathway is highly challenging due to the limited capacity for axon
growth and neurogenesis in the adult CNS [reviewed in Lie et al.
(2004), Liu et al. (2011), He and Jin (2016), Mahar and Cavalli
(2018)]. However, although full recovery is rare, a modest level of
spontaneous recovery is often observed over time. This recovery
has been demonstrated to be achieved by the reorganization of
spared neural circuits functionally linked to the damaged circuits,
thereby compensating for the lost functions [reviewed in Murphy
and Corbett (2009), Jones and Adkins (2015), Campos et al. (2023)].

The process of reorganization involves various plastic events of
residual neurons, including structural and functional remodeling
of axons, dendrites, and synapses, which underlie changes in gene
expression and neural activity [reviewed in Murphy and Corbett
(2009), Joy and Carmichael (2021), Campos et al. (2023), Jones
et al. (2024)]. Axonal regrowth is an important process that
supports reorganization and functional recovery after stroke and
SCI [(Weidner et al., 2001; Ueno et al., 2012) reviewed in Benowitz
and Carmichael (2010), Fink and Cafferty (2016), Hollis (2016),
Carmichael et al. (2017)]. Axonal regrowth can be categorized
into two distinct processes: “regeneration” arising from the tips
of injured axons and “sprouting” originating from the middle
of injured or uninjured axons (Tuszynski and Steward, 2012;
Geoffroy and Zheng, 2014; Figure 5). Here, we summarize the
patterns of axon rewiring that occur in the descending pathways,
especially when the CST is damaged. Specifically, we address three
forms of CST injury: cortical, subcortical, and spinal cord injury
(SCI), in which cortical injury directly damages the CSNs, whereas
subcortical injury and SCI damage the descending axonal tract but
remain CSN cell bodies intact.

Rewiring of the descending pathways
following cortical injury

Damage to CSNs is primarily observed in cortical injuries, such
as stroke and trauma. In this case, rewiring is mediated by axon
sprouting from spared neurons. We and others have shown that,
after unilateral injury to the sensorimotor cortex, intact CST axons
originating from the contralesional cortex newly sprout into the
denervated side of the spinal cord and contribute to motor recovery
(Lee et al., 2004; Liu et al., 2008; Lapash Daniels et al., 2009; Ueno
et al., 2012; Kaiser et al., 2019; Sato et al., 2021; Figure 6A). These
sprouting axons connect with specific spinal INs, such as segmental
INs and propriospinal neurons (Ueno et al., 2012), which play
critical roles in motor control [reviewed in Isa et al. (2007)]. Recent
study has further identified Chx10+ V2a INs as the target neurons

(Sato et al., 2025). Interception or chemogenetic silencing of intact
CST fibers as well as the target Chx10+ INs impaired the recovered
motor functions, indicating the importance of the rewired pathway
in recovery (Ueno et al., 2012; Wahl et al., 2014; Sato et al., 2025).
These models show 20–30% spontaneous recovery in reaching
task and the interception of the residual network mostly disrupt
the recovered portion, indicating the functional importance of the
rewired circuit (Ueno et al., 2012; Sato et al., 2025). This finding is
further supported by electrophysiological responses and retrograde
tracing, which showed an increase in ipsilaterally projecting CSNs
(Ueno et al., 2012; Bachmann et al., 2014; Lindau et al., 2014).

Importantly, the population of CSNs recruited in the rewiring
process varies depending on the lesion size and location. In a large
stroke involving the RFA, CFA and S1 in which the CST originates,
the contralesional CST axons sprout as described above, but this
process does not occur in a small stroke where the lesion is limited
to the CFA and S1 (Sato et al., 2021; Figure 6B). Instead, the axons
from the ipsilesional RFA sprout on the denervated side (Sato et al.,
2021). Another study reported that ipsilesional S2-CSNs increase
spinal projections following stroke (Bachmann et al., 2014). These
findings reveal the basic principles that generate the patterns
of CST rewiring: ipsilesional CSNs are predominantly recruited
for rewiring, and contralesional CSNs are involved when the
ipsilesional CSNs are mostly eliminated by the injury (Figures 6A,
B). In support of these findings, rodent evidence has demonstrated
that inactivation of the contralesional cortex by lidocaine has
minimal effects on rehabilitation-induced recovery in a small stroke
but significantly disrupts it in a large stroke (Biernaskie et al.,
2005). Other studies have documented the significance of spared
ipsilesional areas in motor recovery after a relatively small stroke
or injury, as shown by electrophysiological assays or secondary
lesion experiments of the spared areas (Nishibe et al., 2010; Nishibe
et al., 2015; Okabe et al., 2016; Okabe et al., 2017a; Abe et al.,
2018). These findings indicate that the contribution of the ipsi-
and contralesional cortex to recovery depends on the lesion size,
as discussed in human patients (Cramer et al., 2011; Dodd et al.,
2017). Additional factors such as severity of the injury may also
determine the patterns of the rewiring process, which should be
further investigated.

Generally, functionally homologous CSNs compensate for the
damaged circuit; however, some redundancies are reported among
the different cortical areas and pathways. For instance, following
stroke in the sensorimotor cortex of the forelimb area, CSNs in
the hindlimb area compensate for the lost cervical projections of
the forelimb CSNs (Starkey et al., 2012b; Figure 6C). Interestingly,
these hindlimb CSNs withdraw their original projections from
the lumbar cord and instead innervate the cervical cord (Starkey
et al., 2012b). Although recent DNA microarray and snRNA-seq
studies identified Epha4, Epha6, Epha7, Efna5, Crim1, and Klhl14
as candidate genes underlying the cervical- and lumbar-projecting
properties (Sahni et al., 2021a; Winter et al., 2023), how these
molecules are involved in switching their spinal projection targets
after injury remains unclear. Importantly, the CST subpopulation
derived from the motor and sensory cortices does not mutually
innervate the dorsal and ventral spinal areas, respectively, when
the sensory or motor cortex is injured (Sato et al., 2021). This
finding suggests that functionally different subpopulations of the
CST cannot be rewired to compensate for each other and implies

Frontiers in Neural Circuits 10 frontiersin.org

https://doi.org/10.3389/fncir.2025.1566562
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/


fncir-19-1566562 March 18, 2025 Time: 16:21 # 11

Inoue and Ueno 10.3389/fncir.2025.1566562

FIGURE 5

Axon rewiring to recover motor function after injury. (A) Illustration showing the descending motor circuits. (B) Descending pathways are often
disrupted by the injury, resulting in motor dysfunction. Dashed lines, damaged axons; light blue neurons, denervated motor and premotor neurons.
(C) Spared neurons rewire their axons to compensate for the lost circuit, leading to motor recovery. Axon growth in the rewiring process is
categorized into “regeneration” arising from the tips of injured axons (pink lines) and “sprouting” originating from the middle of injured or uninjured
axons (green lines) (Tuszynski and Steward, 2012; Geoffroy and Zheng, 2014).

that some strong molecular cues restrict areal projections within
the dorsal and ventral spinal cord (Gu et al., 2019).

Reorganization is observed not only in the spared CST but
also in other spared pathways. For instance, corticorubral and
corticoreticular projections from the contralesional cortex are
enhanced after stroke (Chen et al., 2002; Lee et al., 2004; Bachmann
et al., 2014; Liu et al., 2015; Figure 6A). Other subcortical
projections, such as the corticostriatal axons, are also enhanced
(Napieralski et al., 1996; Carmichael and Chesselet, 2002). In other
cases, however, spontaneous sprouting does not occur in these
pathways (Papadopoulos et al., 2002; Lee et al., 2013; Choi et al.,
2018; Zhang et al., 2018). This discrepancy may depend on the
experimental conditions, such as the lesion size, type, and location.
Regarding the RbST, retrograde tracing has shown that the number
of labeled RbSNs does not change after a cortical stroke (Bachmann
et al., 2014; Okabe et al., 2018). Although whether RbST axons
sprout after stroke has not yet been examined, a mouse model
with a congenital absence of the CST has been reported to exhibit
an increase in the spinal projections of RbST axons (Han et al.,
2015). Retrograde tracing studies further indicated that RtSNs in
the Gi increase their projections to the denervated side of the spinal
cord following stroke (Bachmann et al., 2014; Okabe et al., 2018;
Figure 6A). Since both the RbST and RtST contain some midline-
crossing axons in the spinal cord under normal conditions (Antal
et al., 1992; Liang et al., 2016), rewiring to switch the innervation
side may also occur in the RbST and RtST, similar to the CST. No
studies have systematically examined the rewiring patterns of CST,
RbST and RtST axons across different stroke conditions.

Rewiring of the descending pathways
following subcortical injury

Subcortical infarcts and intracerebral hemorrhages often
damage the CST pathway. In rodents, injury to the internal capsule,
a frequent site of hemorrhagic stroke that the CST passes, is
widely used and results in chronic motor deficits (Liu et al.,
2018b; Inoue et al., 2021; Figure 7A). The rewiring has been

observed in these models especially when the plastic process is
enhanced by rehabilitation or inhibition of axon growth inhibitors
such as Nogo-A. Using a rat model and viral tools, Ishida et al.
(2016, 2019) demonstrated a causal link between the rewiring
of the descending pathways and functional recovery induced
by rehabilitation. They showed that the intensive use of the
impaired forelimb promotes motor recovery and increases the
ipsilesional corticorubral projections to both the parvocellular and
magnocellular regions of the RN but not to the Gi and MdV of
the RF (Ishida et al., 2016; Ishida et al., 2019; Figure 7B). Selective
silencing of the corticorubral pathway abolished rehabilitation-
induced motor recovery, characterized by kinematic deficits such
as elbow extension and wrist rotation in the forelimb reaching
task, but preserved digit movements and coordinated locomotor
control (Ishida et al., 2016). In this case, 50%–60% of recovery was
induced in the reaching test and the silencing mostly abolished
the recovered portion (Ishida et al., 2016; Ishida et al., 2019). In
support of these results, a study using pyramidotomy have shown
that rehabilitation enhances the sprouting of injured CST collateral
projections in the RN and that the selective silencing of the RbSNs
impairs rehabilitation-induced recovery (Mosberger et al., 2018;
Figure 7D). In addition, RbST axons spontaneously sprout in the
spinal cord after pyramidomy (Siegel et al., 2015). The loss of CST
inputs in the spinal cord by pyramidotomy is compensated by
sprouting RbST and contralateral CST axons following anti-Nogo-
A antibody (IN-1) treatment [(Thallmair et al., 1998; Raineteau
et al., 2001; Raineteau et al., 2002), reviewed in Raineteau and
Schwab (2001)]. The IN-1 treatment also increases corticorubral
projections to the contralesional RN (Thallmair et al., 1998;
Z’Graggen et al., 1998). In neonatal injuries, these types of rewiring
spontaneously occur (Z’Graggen et al., 2000; Liu et al., 2010),
although corticorubral projections are not increased in another
case (Wen et al., 2018). Electrical stimulation of the contralesional
cortex also enhances corticorubral projections to the bilateral RN
(Carmel et al., 2013). Taken together, when the CST pathway is
damaged, the RN plays a vital role in mediating recovery. CSNs
likely switch their transmission to the RbST to restore the lost spinal
connections and their functions.
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FIGURE 6

Rewiring patterns of the descending pathways following cortical injury. (A) After a large injury to the sensorimotor cortex, contralesional CST axons
sprout into the denervated side of the spinal cord (Lee et al., 2004; Ueno et al., 2012; Bachmann et al., 2014; Kaiser et al., 2019; Sato et al., 2021) and
connect to Chx10+ INs that would include segmental INs and propriospinal neurons (Ueno et al., 2012; Sato et al., 2025). Corticorubral,
corticoreticular, RbST and RtST projections are also enhanced in the denervated areas (Chen et al., 2002; Lee et al., 2004; Bachmann et al., 2014; Liu
et al., 2015). (B) In a small injury limited to the caudal forelimb area (CFA) and S1, CST axons from the ipsilesional rostral forelimb area (RFA) sprout on
the denervated side, while the axons from the contralesional CFA do not (Okabe et al., 2016; Okabe et al., 2017a; Sato et al., 2021). (C) Following
stroke in the forelimb area, CSNs of the ipsilesional hindlimb area enhance cervical projections (Starkey et al., 2012b).

Notably, when the corticorubral pathway is experimentally
silenced during rehabilitation, corticoreticular inputs instead
increase and contribute to functional recovery (Ishida et al., 2019;
Figure 7C). Consistently, in both CST and RbST injuries in rats,
rehabilitation combined with chondroitinase-ABC administration
increases residual RtST axon sprouting into the spinal gray matter

devoid of CST and RbST inputs (Garcia-Alias et al., 2015). These
findings indicate the compensatory role of the RtST and the
hierarchical priority of these pathways in reorganization. How
injured CSNs or spared cortical neurons determine the alternative
pathway and how the RN and RF attract these novel projections
remain unknown.
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FIGURE 7

Rewiring patterns of the descending pathways following subcortical injury. (A) Subcortical stroke, such as internal capsule hemorrhage, damages the
CST. (B) The ipsilesional corticorubral projection is enhanced by rehabilitation (Ishida et al., 2016; Ishida et al., 2019). (C) The corticoreticular
projection is enhanced when the corticorubral pathway is silenced (Ishida et al., 2019). (D) In pyramidotomy, RbST axons sprout in the spinal cord
(Siegel et al., 2015). Rehabilitation enhances CST collateral projections to the red nucleus (Mosberger et al., 2018). Corticorubral, RbST, and CST
crossing projections are also enhanced when anti-Nogo-A antibody is treated (Thallmair et al., 1998; Z’Graggen et al., 1998; Raineteau et al., 2001;
Raineteau et al., 2002). (E) A brainstem infarct increases bilateral corticorubral projections to the contralateral side (Minnerup et al., 2018). Note that
this model would damage not only the RtST but also the CST and RbST.

The rewiring process when the RbST or RtST is injured is not
sufficiently examined. Notably, a rodent model of brainstem stroke
has been established recently, showing increased crossing fibers of
the bilateral corticorubral tracts at the RN level (Minnerup et al.,
2018; Figure 7E). It should be noted, however, that this model
damages not only the RtST but also the CST and RbST due to

the anatomical location (Minnerup et al., 2018). Another study
showed that RbST ablation by RN lesions did not induce sprouting
of residual CST axons (Jeffery and Fitzgerald, 2001). Considering
that midbrain stroke is rare in clinical settings (Kumral et al., 2002),
the RN and RbST that remain intact could be key substrates for
rewiring and motor recovery after stroke.
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Rewiring of the descending pathways
following spinal cord injury

Spinal cord injury is another type of injury that frequently
damages the CST pathway. Descending pathways are also
reorganized in this case, in which the patterns of rewiring
vary depending on the type and spinal level of the injury
[reviewed in Anderson et al. (2022)] (Figure 8). For instance,
in a dorsal hemisection model, spared CST axons at the rostral
level sprout to connect with descending propriospinal neurons,
creating detour/relay pathways that bridge the injury site [(Bareyre
et al., 2004; van den Brand et al., 2012; Bradley et al., 2019;
Van Steenbergen et al., 2023) reviewed in Anderson et al. (2022)]
(Figure 8B). In a lateral hemisection model, spared contralesional
CST axons cross the midline to the denervated side caudal to the
injury site, but they limitedly cross in the rostral area [(Ghosh et al.,
2009; van den Brand et al., 2012; Collyer et al., 2014; Friedli et al.,
2015) reviewed in Anderson et al. (2022)] (Figure 8D). The minor
population, dorsolateral and ventral CST axons also contribute to
the rewiring and recovery by increasing connections to the MNs
when the major dorsal CST is damaged (Weidner et al., 2001;
Bareyre et al., 2005; Hilton et al., 2016; Figure 8A). Corticorubral
projections are also enhanced by rehabilitation (Sheikh et al., 2024;
Figure 8A). In another case, after injury at the thoracic level,
axotomized lumbar-projecting CST axons from the hindlimb area
of the cerebral cortex change their projections to the cervical cord
and are incorporated into the sensorimotor circuits controlling the
forelimb (Fouad et al., 2001; Ghosh et al., 2010; Figure 8E). Similar
interactive rewiring between the forelimb and hindlimb CSNs has
been observed in stroke (Starkey et al., 2012b; Figure 6C), implying
the existence of a shared mechanism beyond the types of injury. In
SCI models, more than 60% of recovery is observed and silencing
or transection of rewired circuits mostly decreases the recovered
portion, indicating functional importance of the rewired circuits
(Weidner et al., 2001; Bareyre et al., 2004; Bradley et al., 2019).

Courtine’s group recently demonstrated the importance of the
RtST after SCI (Figures 8C, F). First, they showed that spinal cord
contusion injury mostly destroys the CST and RbST but relatively
preserves the RtST, owing to its widely dispersed projections in
the spinal white matter (Asboth et al., 2018). They further found
that glutamatergic RtSNs in the ventral Gi relay cortical commands
to the spinal cord and mediate hindlimb muscle activity and that
rehabilitation increases both the sprouting of corticoreticular and
Gi-RtSN projections (van den Brand et al., 2012; Asboth et al.,
2018). Additionally, rehabilitation likely enhances corticorubral
projections in this model (Asboth et al., 2018; Figure 8C). In their
later work, they reported that Gi-derived RtST axons connect to
Vsx2+ (Chx10+) INs in the spinal cord (Kathe et al., 2022; Squair
et al., 2023; Figures 8C, F). Chemogenetic silencing of each pathway
or specific Vsx2+ INs disrupts the recovery of walking induced
by rehabilitation (Kathe et al., 2022; Squair et al., 2023). These
findings indicate the importance of rewired corticoreticular and
reticulospinal circuits in recovery. Their most recent study showed
that Gi-RtSNs also relay inputs from the lateral hypothalamus
(Cho et al., 2024). Other groups further showed that after a
lateral hemisection injury, spared contralesional RtST axons grow
to cross the midline to the denervated region caudal to the
lesion (Ballermann and Fouad, 2006; Zorner et al., 2014), while

ipsilesional RtST axons sprout and form excitatory connections
to double-midline crossing propriospinal neurons in the rostral
side to bypass the injury site (Filli et al., 2014; Figure 8F). The
double-midline crossing propriospinal neurons also increase their
sprouting and contribute to the recovery (Courtine et al., 2008; Filli
et al., 2014). These findings indicate the compensatory role of the
RtST in SCI.

Perspectives to promote rewiring for
recovery

In this review, we summarized the findings of three descending
motor pathways and their interactive rewiring, which occurs after
injuries in rodent models. Each pathway has the following features
to contribute to recovery:

(1) Heterogeneity—multiple distinct pathways (and neuron
types) intermingled within each tract;

(2) Redundancy—the structure and function partially overlap
with those of the other pathways;

(3) Flexibility—they are capable of switching to alternative
routes when disrupted.

Thus, promoting the growth and rewiring of residual
descending axons is the first promising approach to achieve
recovery. Since most of the reports indicate that spontaneous or
intervention-induced rewiring is effective but not yet sufficient for
complete recovery to pre-injury level in cortical injury (Ueno et al.,
2012; Bachmann et al., 2014; Lindau et al., 2014), subcortical injury
(Siegel et al., 2015; Ishida et al., 2016; Mosberger et al., 2018), and
SCI models (Nakamura et al., 2021; Kathe et al., 2022), we further
discuss future research directions as below.

Overcoming intrinsic and extrinsic
factors inhibiting axon growth

Axons have a limited ability to regrow in the adult CNS due to
the inhibitory environments, such as myelin-related proteins and
chondroitin sulfate proteoglycans (CSPGs), as well as the limited
intrinsic capacity of adult neurons to grow axons [reviewed in Yiu
and He (2006)]. Indeed, CST sprouting is dramatically decreased
when the brain is injured in adults compared with injuries in
the postnatal stage (Omoto et al., 2010). Many experimental trials
have succeeded in promoting the growth of descending axons
in adults; for example, targeting extrinsic factors by knocking
out myelin-related proteins (Lee et al., 2004; Lee et al., 2010;
Omoto et al., 2010; Wahl et al., 2014), deleting axon growth
inhibitors such as semaphorins and RGMa (Hata et al., 2006;
Omoto et al., 2011; Ueno et al., 2020), digesting CSPG (Garcia-
Alias et al., 2009; Starkey et al., 2012a), and others [reviewed
in Silver et al. (2014)]; and targeting intrinsic factors such as
deleting PTEN, which enhances mTOR signaling (Liu et al., 2010),
administering inosine (Zai et al., 2009), and overexpressing Sox11
(Wang et al., 2015). Combinatorial targeting, such as by Pten
and Rho double knockouts, was also effective (Nakamura et al.,
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FIGURE 8

Rewiring patterns of the descending pathways following spinal cord injury. (A) In the dorsal CST injury, the minor dorsolateral and ventral CST axons
sprout and connect to the motor neurons (MNs) (Weidner et al., 2001; Bareyre et al., 2005; Hilton et al., 2016). Rehabilitation enhances the
corticorubral projection (Sheikh et al., 2024). (B) In the dorsal hemisection, residual CST axons sprout and connect to descending propriospinal
neurons, creating a detour route to the caudal region (Bareyre et al., 2004; van den Brand et al., 2012; Bradley et al., 2019; Van Steenbergen et al.,
2023). (C) In severe contusion injury, rehabilitation increases corticoreticular and corticorubral projections and preserved RtST axon collaterals in the
spinal cord, connecting to Chx10+ INs (Asboth et al., 2018; Kathe et al., 2022). (D–F) Rewiring patterns in the lateral hemisection. (D) Spared CST
axons from the ipsilesional cortex sprout to the denervated side in the caudal area to the lesion, but do limitedly in the rostral area (Ghosh et al.,
2009; van den Brand et al., 2012; Collyer et al., 2014; Friedli et al., 2015). (E) Injured lumbar-projecting CST axons from the hindlimb area (dark violet)
sprout in the cervical cord, rostral to the thoracic lesion (Fouad et al., 2001; Ghosh et al., 2010). (F) Spared contralesional RtST axons sprout to the
denervated side in the caudal area to the lesion (Ballermann and Fouad, 2006; Zorner et al., 2014). In the rostral area, injured ipsilesional RtST axons
sprout and connect to double-midline crossing propriospinal neurons to bypass the lesion, which also increase their collateral sprouting (Filli et al.,
2014).
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2021). A recent phase 2b clinical trial in SCI patients shows
that anti-Nogo-A antibody treatment improves motor recovery
in patients with incomplete injury (Weidner et al., 2025), which
is supported by another clinical trial using a blocker of Nogo
receptor 1 ligands (Maynard et al., 2023). Anti RGMa antibody
treatment also enhances motor recovery coincided with plastic
changes in the descending pathways, which is currently tested in
clinical trials (Nakagawa et al., 2019; Jacobson et al., 2021). These
studies suggest that treatments designed to promote axon growth
may also be effective in humans, especially in cases where residual
axons survive.

Importantly, for better recovery, growing axons need to
reconstruct functional connections with appropriate target
neurons, beyond just aberrantly promoting axon growth
(Wahl et al., 2014; Anderson et al., 2018; Squair et al.,
2023). For example, chemoattraction to guide the transected
axons of Vsx2+ descending propriospinal neurons to their
natural target Vsx2+ and Chat+ neurons led to a substantial
recovery of walking after complete SCI in mice, whereas
simply regenerating the axons across the lesion had no
effect (Squair et al., 2023). Maladapted circuits formed by
brain-derived neurotrophic factor (BDNF) transduction
or compensatory innervation of sensory afferents rather
induce spastic changes and worsen motor outcomes [(Lu
et al., 2012; Tan et al., 2012) reviewed in Brown and Weaver
(2012)].

Understanding circuit connections to
re-establish for recovery

To achieve sufficient recovery, we must gain a deeper
understanding of the functional connections that each descending
pathway forms and how to navigate those connections. As
discussed above, intersectional approaches and transsynaptic
viral tools, such as monosynaptic rabies virus (Stepien et al.,
2010), adeno-associated virus (serotype 1) (Zingg et al., 2017;
Zingg et al., 2020), and omics approaches (Winter et al.,
2023), will be useful for elucidating the connections of diverse
subpopulations of descending pathways and target neurons.
Compared with those of the CST and RtST, our knowledge
of the RbST appears to be limited since the analyses are still
based mainly on traditional methods. The type of spinal INs that
is targeted by sprouted axons and mediate recovery after SCI
(Kathe et al., 2022; Squair et al., 2023) and stroke (Sato et al.,
2025) have been identified, but the entire connections are not
fully understood. In addition, how to re-establish those specific
connections will be the next step to overcome. The treatment
of synaptic organizers that promote synaptic connections may
be one way to promote functional connections (Suzuki et al.,
2020). Notably, CST axons from the motor cortex have the
ability to selectively reinnervate appropriate spinal targets, such
as Chx10+ INs, without additional exogenous guidance after
SCI and stroke (Kumamaru et al., 2019; Sato et al., 2025),
suggesting that some molecular cues connect appropriate sets
of neurons. Integrating the effects of axon growth and synaptic
connections on multiple descending pathways is an additional step
to overcome.

Identifying the critical molecules for
rewiring

A compelling future direction would be to investigate the
molecular mechanisms that promote the rewiring process. Several
studies have attempted to identify the molecular factors that
induce CST rewiring after cortical stroke or pyramidotomy using
a DNA microarray analysis, but the critical molecules had not been
determined (Bareyre et al., 2002; Maier et al., 2008; Zai et al., 2009).
We and others identified that target-derived BDNF is involved
in the reorganization of CST axons (Bareyre et al., 2002; Vavrek
et al., 2006; Ueno et al., 2012; Sato et al., 2025) and corticorubral
axons following neonatal brain injury (Chang et al., 2022). Other
candidates, such as transforming growth factor β1 (TGF-β1), ciliary
neurotrophic factor (CNTF), and lipid phosphate phosphatase-
related protein type 1 (LPPR1), have also been reported to
contribute to CST axon sprouting after stroke and pyramidotomy
(Jin et al., 2015; Fink et al., 2017; Kaiser et al., 2019). We have
recently applied cell-type specific mRNA expression analyses using
RiboTag and identified that Scg2 is upregulated by injury-induced
ATP signals in astrocytes and rehabilitation-induced neural activity
in target Chx10+ V2a neurons in the denervated cervical cord,
and drives the growth of residual CST axons after stroke (Sato
et al., 2025). Cellular and molecular mechanisms that initiate axon
growth and re-establish connections should be further explored to
understand if the above mechanisms generally occur in denervated
areas after diverse types of CNS injury. Given the distinct neuronal
types of the CSN, RbSN, and RtSN (Winter et al., 2023), pathway-
specific molecular programs, as well as shared growth factors that
widely act across the pathways [reviewed in Weishaupt et al.
(2012)], might be involved in inducing the rewiring.

Maximizing the effect with rehabilitation

Rehabilitation is one of the most practical approaches to
facilitate the reorganization of the descending pathways and
recovery [reviewed in Wahl and Schwab (2014), Okabe et al.
(2017b), Okabe and Miyamoto (2018)]. In terms of the molecular
mechanisms, exercise induces BDNF and Scg2 expression in the
brain and spinal cord and could support the induction of rewiring
and recovery after stroke (Gomez-Pinilla et al., 2001; Inoue et al.,
2022; Inoue et al., 2023; Sato et al., 2025). Scg2 expression is
spontaneously induced after stroke over time and further enhanced
by rehabilitation (Sato et al., 2025), suggesting that rehabilitation-
induced rewiring builds upon spontaneous rewiring. However,
the underlying mechanisms critical for promoting rewiring and
establishing connections are not fully understood.

Neural activity would be involved in the rewiring process due to
its enhancement after physical exercise (Chen et al., 2019). Indeed,
CST sprouting is promoted by various forms of neuronal activation,
such as electrical, optogenetic, and chemogenetic stimulation
[(Wahl et al., 2017; Boato et al., 2023; Yang and Martin, 2023; Yang
et al., 2024) reviewed in Carmel and Martin (2014)]. Consistently,
neuronal activity activates intrinsic signaling pathways for axon
growth, such as the mTOR pathway (Chen et al., 2019; Zareen
et al., 2024). In contrast, inactivation of cortical or spinal neurons
decreases CST sprouting and connections to target neurons (Lee
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et al., 2011; Bradley et al., 2019). Furthermore, other studies
suggest that coordinated and synchronized activity support the
formation of functional connections (Carmichael and Chesselet,
2002; Van Steenbergen et al., 2023), which are based on the
neuronal principle of forming functional connections during
development (Matsumoto et al., 2024). In the future, elucidating
how the activities of the descending pathways are regulated and
synchronized with those of the target neurons will be imperative. In
this context, understanding how the descending pathways function
as a part of the large CNS network, including the intracortical,
subcortical and spinal circuits, is also necessary.

The effects of rehabilitation on reorganization and recovery
vary depending on the type of training (Girgis et al., 2007; Fawcett,
2009; Maier et al., 2009; Nakagawa et al., 2013; Okabe et al.,
2018). This finding implies the need to develop rehabilitative
programs optimized for the target descending pathways and
circuits. In particular, the type, intensity, time, and duration of
rehabilitation that promote reorganization and recovery should be
examined to maximize the effects of treatment in different stroke
or injury conditions. Another promising strategy is to combine
rehabilitation with electrical stimulation, pharmacotherapy, or
genetic interventions, which could amplify the effects of rewiring
and recovery (Wahl et al., 2014; Hollis et al., 2016; Wahl et al.,
2017; Abe et al., 2018; Asboth et al., 2018; Inoue et al., 2020; Tanaka
et al., 2020; Inoue et al., 2022; Yang et al., 2024). However, how
these interventions can be combined with rehabilitation should
be further investigated. For example, simultaneous treatment with
an anti-Nogo-A antibody and rehabilitation resulted in aberrant
growth of residual CST axons but did not induce recovery of
performance in the forelimb motor task after stroke due to
excessive growth and aberrant termination patterns of rewired CST
axons (Wahl et al., 2014). In contrast, rehabilitation following a
certain period of the antibody treatment dramatically enhanced
the recovery, presumably by establishing functional connections.
Considering the growth inhibitory role of Nogo-A, its antibody
treatment would facilitate rewiring through a distinct process
parallel to the spontaneous and rehabilitation-induced rewiring.

Bridging a gap between rodent findings
and clinical applications

Monkey studies also show reorganization of the descending
pathways (Friedli et al., 2015; Morecraft et al., 2016; Darling et al.,
2018; Isa et al., 2019), supporting the occurrence of plastic changes
in higher primates as well. In humans, clinical imaging studies in
stroke patients have successfully found microstructural changes in
spared regions, including the red nucleus and reticulospinal tract,
and these changes correlated with motor recovery or impairment
(Ruber et al., 2012; Takenobu et al., 2014; Karbasforoushan et al.,
2019). Although detecting fine changes, such as axon sprouting,
remains challenging in humans, these findings suggest that circuit
rewiring observed in rodents may also occur in CNS injury patients
and lead to functional changes.

Although the descending pathways are conserved across
species, differences in their structures and rewiring patterns
should be considered. In rodents, CST axons descend through the
dorsoventral funiculus of the spinal cord, whereas in humans, they

descend through the dorsolateral funiculus [reviewed in Welniarz
et al. (2017)]. Rodents exhibit extensive CST collaterals to multiple
subcortical regions, whereas primate collaterals are restricted
more predominantly to the spinal cord (Sinopoulou et al., 2022).
Corticomotoneuronal connections are typical features of higher
primates, including humans, whereas disynaptic connections
are predominant in rodents [reviewed in Isa et al. (2007),
Lemon (2008)]. The cortical size and regions comprising the
CST are definitely larger in humans than in rodents. These
structural differences may lead to differences in the neuronal
components spared following injury, thereby contributing to the
discrepancy in rewiring patterns among species (Friedli et al.,
2015). Indeed, lesions in the cortex show more complicated
patterns of reorganization of descending pathways in a monkey
model (Morecraft et al., 2016; Darling et al., 2018; Isa et al., 2019).
Rodent models are useful for exploring basic mechanisms, but
further practical mechanisms and approaches for patients should
also be explored in higher primates. Recognizing such a gap and
the basic neuronal principles shared across species will advance
the translational applications of laboratory findings into clinical
practice.
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