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Summary

Locomotion is a complex behavior required for animal survival. Vertebrate locomotion depends 

on spinal interneurons termed the central pattern generator (CPG), which generates activity 

responsible for the alternation of flexor and extensor muscles and the left and right side of the 

body. It is unknown whether multiple or a single neuronal type is responsible for the control 

of mammalian locomotion. Here, we show that ventral spinocerebellar tract neurons (VSCTs) 

drive generation and maintenance of locomotor behavior in neonatal and adult mice. Using mouse 

genetics, physiological, anatomical and behavioral assays, we demonstrate that VSCTs exhibit 

rhythmogenic properties and neuronal circuit connectivity consistent with their essential role in 

the locomotor CPG. Importantly, optogenetic activation and chemogenetic silencing reveals that 

VSCTs are necessary and sufficient for locomotion. These findings identify VSCTs as critical 

components for mammalian locomotion and provide a paradigm shift in our understanding of 

neural control of complex behaviors.

In brief

Ventral spinocerebellar tract neurons (VSCTs) are necessary and sufficient to drive generation and 

maintenance of locomotor behavior in mice.
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Graphical Abstract

Introduction

Locomotion is an essential animal behavior that is critical for survival. Overground 

locomotion is defined as the alternating, rhythmic motor activity between opposing limbs 

as well as between antagonistic muscles of the same limb. While sensory feedback and 

supraspinal commands are important for modulating locomotion, a network of spinal 

interneurons - known as the central pattern generator (CPG) - is thought to be responsible 

for the genesis of locomotor activity (Guertin, 2012; Kiehn, 2016) without relying on 

sensory or descending inputs (Graham Brown, 1911). These neurons are thought to activate 

spinal motor neurons (MNs) in a patterned manner. Subsequently, MNs convey their motor 

commands to peripheral muscles, resulting in limb movement. Recent studies have begun 

to unravel the organization of the spinal neuronal circuits underlying left-right and flexor-

extensor alternation (Crone et al., 2008; Gosgnach et al., 2006; Talpalar et al., 2013; 

Zhang et al., 2014), demonstrating the modularity and speed-dependency of these circuits. 

However, it is unknown whether a single neuronal population is necessary and sufficient for 

the generation and maintenance of locomotor activity. Here, using mice as an experimental 

model, we identify ventral spinocerebellar tract neurons (VSCTs) as an essential population 

of spinal neurons for mammalian locomotion.

In rodents, locomotor behavior is evident at early postnatal periods, since intact ex vivo 
spinal cord preparations can produce locomotor-like behavior following sensory fiber 

stimulation or application of a cocktail of drugs (Mentis et al., 2005; Talpalar et al., 2013; 

Whelan et al., 2000). This behavior is characterized by alternating rhythmic oscillations 

of MN activity between the left and right sides of the spinal cord and between rostral 

(L1/L2) and caudal (L4/L5) lumbar segments (Bonnot et al., 2002). Traditionally, CPG 

networks are thought to reside upstream of MNs (Goulding and Pfaff, 2005; Kiehn and 

Butt, 2003), while MNs act as the spinal output to convey motor commands to muscles. 

However, we have previously shown that stimulation of MN axons results in locomotor 
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activity (Mentis et al., 2005). Additionally, manipulation of MN activity can alter ongoing 

locomotor behavior (Falgairolle et al., 2017) and zebrafish MNs can influence premotor 

excitatory CPG elements (Song et al., 2016). These observations implicate MNs in the 

regulation of locomotor rhythmogenesis via a local spinal neuron that is activated by MN 

axon collaterals. Although previous studies have provided evidence that the neural circuits 

encompassing CPG elements reside in the ventral spinal cord (Grillner and Wallén, 1985; 

Kiehn, 2016), the only spinal neurons that are contacted by MN axon collaterals known to 

date are Renshaw cells (Alvarez and Fyffe, 2007; Eccles et al., 1954; Mentis et al., 2005; 

Renshaw, 1946) and Sim1+ interneurons (Chopek et al., 2018). However, Renshaw cells do 

not affect the locomotor CPG (Enjin et al., 2017; Noga et al., 1987) and Sim1+ neurons 

regulate the speed of vertebrate locomotion and contribute to vigor and coordination, but 

are not involved in locomotor rhythmogenesis (Zhang et al., 2008). Thus, MNs may contact 

another yet-to-be-defined neuron that resides within the ventral spinal cord and mediates 

locomotor rhythmogenesis.

Here, we show that ventral spinocerebellar tract (VSCT) neurons are contacted by MN 

axon collaterals during early development via both chemical and electrical synapses. The 

nature of these contacts is both chemical via excitatory synapses as well as electrical through 

gap junctions. Furthermore, VSCTs possess functional intrinsic properties consistent with 

a role in locomotor rhythmogenesis. We demonstrate that VSCTs contain axon collaterals 

that form local circuits with spinal MNs and at least Chx10+ spinal neurons. Importantly, 

optogenetic activation and chemogenetic silencing of VSCTs reveals that VSCT neurons are 

both necessary and sufficient to produce locomotor behavior during postnatal development. 

Finally, chemogenetic silencing of VSCTs in freely moving adult mice perturbs their 

locomotor ability.

Results

VSCTs are activated monosynaptically and electrically by motor neurons.

To investigate whether spinal MNs activate a yet-unknown interneuron, we unbiasedly 

examined the activity of spinal neurons through two-photon (2P) calcium imaging in 

the intact ex vivo mouse spinal cord at postnatal day 4 (P4). Spinal neurons were 

indiscriminately labelled with Calcium Green 1 by electroporation (Fig. S1A,B and 

Methods). Stimulation of the ventral root (VR) revealed increases in fluorescence in 

interneurons located dorsolateral to the MN nucleus (Fig. S1C,D). Visually-guided, whole-

cell patch clamp recordings revealed that these neurons displayed graded excitatory 

postsynaptic potentials (EPSPs) with a short latency following VR stimulation (Fig. S1E), 

indicating that can be activated directly by MN axon collaterals. These neurons, located 

in the dorsal aspect of the MN nucleus were reminiscent of spinal border cells - a subset 

of VSCTs (Bras et al., 1988; Cooper and Sherrington, 1940). To determine whether these 

neurons were VSCTs, the tracer cholera toxin subunit b conjugated to Alexa-555 (CTb-555) 

was injected into the cerebellum in mice at P0 (Fig. 1A). At P4, the injection was verified 

to be specific to the cerebellum (Fig. S1F), as shown by CTb signal only in the cerebellum 

(Fig. S1G). Individual VSCTs located in the L1/2 spinal segments were then visually 

targeted for whole-cell patch clamp recordings guided by 2P laser microscopy (Fig. 1B,C) 
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utilizing the ex vivo cerebellum-brainstem-spinal cord preparation. Only a single VSCT was 

recorded per spinal cord, targeted from the lateral aspect. In addition to co-localization 

of CTb-555 with the intracellular dye (Fig. 1C), the identity of VSCTs was further 

demonstrated by the presence of an all-or-none antidromic action potential (AP) following 

cerebellum stimulation (Fig. 1D–F). VSCTs exhibited higher excitability compared to MNs 

(Fletcher et al., 2017) (Fig. 1G–K) despite having a soma size similar to MNs (Fletcher et 

al., 2017) (Fig. 1L).

We next sought to identify the major source of synaptic activation of VSCTs. A major 

source of afferents originates from the periphery and sensory fiber stimulation can activate 

locomotor networks (Whelan et al., 2000). Thus, we tested whether dorsal root (DR) 

stimulation, including proprioceptors, could activate VSCTs. Stimulation of the homo-

segmental DR revealed monosynaptically-evoked EPSPs in 40% of VSCTs (6/15) at P3-P5 

(Fig. 2A). Monosynapticity was determined by the absence of a change in the coefficient 

of variation (CV) of the latency of the response onset at different stimulation frequencies 

(0.1-10Hz) as we reported (Mendelsohn et al., 2015) (Fig. 2B,C). Staining with Parvalbumin 

(Pv) and vesicular glutamate transporter 1 (VGluT1) antibodies confirmed apposition of 

proprioceptive synapses on VSCTs (Fig. 2,I). To quantify the number of VSCTs receiving 

proprioceptive synapses, VSCTs were labelled with CTb555 from cerebellum injection 

at birth. At P4/P5, DR L1 sensory fibers using the ex vivo spinal cord preparation 

were labelled orthogradely with Cascade Blue Dextran and subsequently marked with 

VGluT1 and Parvalbumin. The presence of VGluT1, Parvalbumin and Dextran has been 

demonstrated to label selectively proprioceptive synapses (Chen et al., 2006; Mentis et 

al., 2011; Mentis et al., 2006). We found that 8 VSCTs (~47%, 8/17, N=6 mice) receive 

proprioceptive synapses on their soma or proximal dendrites (Fig. S1H–J), while 9 VSCTs 

(~53%, 9/17, N=6 mice) did not. These results are in agreement with our physiological 

studies and demonstrate that ~45% of VSCTs receive proprioceptive synapses.

We next examined whether VSCTs could be activated directly by MN axon collaterals. 

Utilizing the ex vivo spinal cord preparation (P3-P5), intracellular recordings of VSCTs 

(Fig. 1C) exhibited short latency, depolarizing and graded EPSPs sufficient to induce APs 

following VR stimulation (Fig. 2D). All VSCTs (n=10) were activated monosynaptically 

since different frequencies of VR stimulation (0.1-10Hz) resulted in no change in the CV of 

the latency of the onset of EPSPs (Fig. 2E,F). These EPSPs decreased at more depolarized 

holding potentials indicating the involvement of chemical synapses (Fig. S1K,L). Through 

the addition of mecamylamine (cholinergic receptor blocker) and NBQX (glutamatergic 

receptor blocker), we determined that MNs activate VSCTs directly via both cholinergic 

and glutamatergic receptors (Fig. 2G,H). Surprisingly, a residual component was evident 

following both cholinergic and glutamatergic blockade in VSCTs, which was blocked after 

exposure to carbenoxolone (gap junction blocker), indicating that MNs and VSCTs are 

also electrically coupled (Fig. 2G,H). To evaluate the spread of current from the entire 

population of spinocerebellar tract neurons (SCTs) to a population of MNs located within 

one spinal segment, we utilized the cerebellum-brainstem-spinal cord ex vivo preparation 

at P4-P5 (Fig. S2A–C). Maximal cerebellum activation resulted in robust VR responses 

with a latency of ~40ms (Fig. S2C), consistent with the latency of the antidromic AP 

of VSCTs from the cerebellum (Fig. 1E). Comparison of the VR response following 
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cerebellar stimulation to that from the homonymous DR (Fig. S2B,C) revealed that 

cerebellar stimulation resulted in ~35% of the MN activation compared to DR stimulation 

(Fig. S2D,E). This indicates robust activation of MNs by axon collaterals from SCTs. 

The VR response was monosynaptic in nature since stimulation at different frequencies 

resulted in an identical latency, indicative of monosynapticity (Fig. S2F). By measuring the 

VR response following cerebellum stimulation under carbenoxolone exposure (100μM) we 

found a significant, yet modest ~15% reduction of the VR response (Fig. S2G,H). Further 

exposure to NBQX (20μM) and APV (100μM) (non-NMDA and NMDA glutamate receptor 

blockers respectively), abolished the VR response (Fig. S2G,H). These results indicate that 

the spread of current through gaps junctions from SCTs to MNs is minimal and the chemical 

nature of communication between VSCTs and MNs is dominant.

The nature of MN-to-VSCT synaptic transmission was further investigated by 

morphological analysis in which MN axon collaterals were found to form cholinergic 

synapses on VSCTs (Fig. 2,J–L). The electrical communication between VSCTs and 

MNs was also established morphologically. During intracellular recordings, Neurobiotin 

(in intracellular electrode) was allowed to diffuse into the recorded neuron as to reveal its 

somato-dendritic morphology and axonal trajectory. However, Neurobiotin is also a tracer 

known to cross gap junctions (Pastor et al., 2003) and identify dye-coupled partners of 

the recorded neuron. In this manner, we observed Neurobiotin-labeled MNs following a 

single VSCT fill (Fig. S2I,J), and dye coupling was also observed amongst VSCTs (Fig. 

S2K). Seven VSCTs (~60%, 7/12) were dye coupled, three of which exhibited dye coupling 

only amongst other VSCTs, whereas three more VSCTs exhibited dye coupling with both 

other VSCTs and MNs. One VSCT was dye-coupled only with MNs. Despite dye coupling 

underestimates the extent of electrical coupling due to limitations in the time and diffusion 

rate of the tracer, our results indicate a substantial degree of electrical coupling (>60%) for 

VSCTs.

Taken together, these experiments demonstrate that MNs activate VSCTs via both chemical 

and electrical synapses. They also reveal the electrical communication amongst VSCTs 

themselves.

VSCTs are rhythmically active during locomotor-like behavior

Lundberg postulated that VSCTs relay information about the activity of spinal networks to 

the cerebellum (Lundberg, 1971). This hypothesis gained traction from experiments in adult 

cats demonstrating that the activity of VSCTs is rhythmically modulated during locomotion 

after deafferentation (Arshavsky et al., 1972). To test whether VSCTs are rhythmically 

active during locomotor behavior, we induced locomotor-like activity utilizing the intact 

ex vivo mouse spinal cord (from T4 to cauda equina) as previously reported (Bonnot et 

al., 2002; Jiang et al., 1999). Stimulation of lumbar VRs or DRs (Mentis et al., 2005) 

while recording intracellularly from individual VSCTs (located in the L1/L2 segments) 

concomitantly with the left and right L1 VRs and the right (or left) L5 VR. VSCTs (n=6) 

displayed robust rhythmic behavior and bouts of APs (Fig. 3A) in phase with the ipsilateral, 

homosegmental L1 VR (containing predominately-flexor MNs). Two more VSCTs exhibited 
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sub-threshold rhythmic oscillations during sensory-induced locomotor behavior (n=2; Fig. 

S3A).

Calculation of the timing of the onset of VSCT firing compared to the onset of the flexor 

burst, normalized to the locomotor cycle length, revealed the relationship between the 

initiation of VSCT firing and that of MN firing in the same spinal segment for each 

locomotor cycle (Fig. 3B1 and see Methods). The mean vector value from each of the 

individual VSCTs, plotted in a circular plot corresponding to the locomotor cycle (Fig. 3B2), 

determined if the combined population of VSCTs exhibited rhythmic activity. On average, 

we found that VSCTs elicited their first AP preceding the onset of the cycle from the 

homosegmental VR (Fig. 3B1,2 and Fig. S3B and Methods). Thus, VSCTs fire rhythmically 

with flexor MNs and elicit APs prior to the locomotor cycle exhibited by homosegmental 

MNs.

VSCTs exhibit rhythmogenic characteristics

We observed that VSCTs exhibited a pacemaker current, a rhythmogenic property 

characterized by a slow, steady depolarization until the threshold voltage for AP induction is 

reached both spontaneously (Fig. 3C) and evoked (Fig. 3D). The H-current (Ih) is caused by 

the opening of a non-selective cation channel with an equilibrium potential of −35mV and 

is known to underlie pacemaker currents in neurons (Lüthi and McCormick, 1998). VSCTs 

displayed the characteristic voltage sag and post-inhibitory rebound in response to a negative 

current injection, indicative of the presence of Ih (Fig. 3E). The sag and post-inhibitory 

rebound were both time-dependent and voltage-dependent (Fig. S3C,D). The post-inhibitory 

rebound was large enough to cause VSCTs to fire an AP from their own resting membrane 

potential (Fig. 3E and Fig. S3C,D). Both sag and post-inhibitory rebound were abolished by 

bath application of ZD7288 – a selective blocker of Ih(Rothberg et al., 2002) - and recovered 

upon washout (Fig. 3E–G). ZD7288 decreased the resting membrane potential of VSCTs, 

increased their excitability, and did not affect the threshold voltage for AP induction (Fig. 

S3E–J) as expected (Kase and Imoto, 2012; Lüthi and McCormick, 1998). Taken together, 

the electrical coupling between VSCTs and the presence of the pacemaker h-current may 

underlie the contribution of VSCTs to locomotor rhythmogenesis.

VSCTs are necessary and sufficient for locomotor rhythmogenesis during early postnatal 
development

To address the functional involvement of VSCTs in locomotor behavior, we used viral-

mediated gene delivery to selectively manipulate neuronal activity of SCTs. Cerebellum 

injection with canine adenovirus 2 (CAV2) expressing GFP demonstrated effective and 

specific transduction of SCTs (Fig. 4M). The efficiency of VSCTs transduction by CAV2-

GFP-CRE was ~60% (Fig. 4N and Fig. S4A,B) when compared with CTb-555 co-injected to 

cerebellum at P0/1 and examined at P4/5. To activate VSCTs, CAV2-GFP-CRE, CAV2-CRE 

or CAV2-GFP was injected into the cerebellum of /s/-Channelrhodopsin2 mice at P0. We 

then used the ex vivo spinal cord preparation (T4-cauda equina) at P4 and 470nm light 

- delivered through a LED – to photoactivate VSCTs bilaterally in the L1/L2 lumbar 

segments (Fig. 4A), considered as the most rhythmogenic spinal cord area (Cazalets et 

al., 1995; Kjaerulff and Kiehn, 1996). Remarkably, VSCT photoactivation produced robust 
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locomotor-like behavior in all preparations (N=8) (Fig. 4B,C). Dorsal spinocerebellar tract 

neurons’ (DSCTs) illumination from the dorsal aspect in the same preparations (flipped over 

180°, Fig. 4D), revealed no effects (Fig. 4E,F). The same preparations (N=8) were flipped 

over once more to activate VSCTs, resulting in robust locomotor behavior and indicating 

that VSCTs, but not DSCTs, were responsible for locomotor behavior. Morphological 

experiments revealed the presence of ~1200 DSCTs (Fig. S4C,D) and ~850 VSCTs (Fig. 

S4C,E) in the L1 spinal segment at P4. In control experiments, LED illumination had 

no effects on VSCTs expressing CAV2-GFP (Fig. S4F–H). Using a distinct approach, 

ChR2 was introduced to SCTs by a rabies virus (N2C) expressing both ChR2 and YFP 

as previously reported (Reardon et al., 2016). The virus was injected into the cerebellum 

in wild type (WT) mice at P0 and experiments were performed at P4-P5 using the ex 

vivo spinal cord to photoactivate VSCTs from the ventral side with a 470nm LED. This 

approach also produced robust locomotor-like activity with similar locomotor frequencies 

(Fig. S5A–C) to those observed when CAV2-CRE injected in/s/-ChR2 mice. Importantly, 

the frequency of the induced locomotor rhythm following photoactivation of VSCTs was 

similar to that produced after sensory or MN axon stimulation, and faster than that produced 

via application of a pharmacological cocktail (Fig. 4O). Together, these results demonstrate 

that activation of VSCTs is sufficient to elicit locomotor behavior.

Archaerhodopsin-3 (ArchR3) was introduced to VSCTs by injection of CAV2-GFP-CRE (or 

CAV2-GFP) into the cerebellum of/s/-ArchR3 mice at P0 (Fig. S5D) to silence VSCTs 

during sensory-evoked locomotor activity to reveal whether VSCTs are necessary for 

locomotor behavior. Utilizing the ex vivo spinal cord preparation, we photo-silenced VSCTs 

through illumination with a 585nm LED light delivered to the L1/L2 segments ventrally and 

bilaterally (Fig. S5E,F) at P3-P5, which resulted in severe degradation of locomotor activity 

(Fig. S5G,H). To increase the number of silenced VSCTs beyond those neurons located in 

L1/L2 segments, we next used a chemogenetic approach by injecting CAV2-GFP-CRE or 

CAV2-GFP at P0 into the cerebellum of mice with a floxed inhibitory designer receptor 

exclusively activated by designer drugs (DREADDs; hM4Di) (Fig. 4M,N). Strikingly, bath 

application of clozapine N-oxide (CNO; 10μM) to silence SCTs throughout the spinal cord 

prevented the induction of locomotor-like activity following either sensory stimulation (Fig. 

4G,H) or MN axon stimulation (Fig. 4I,J). The effect was reversible because locomotor 

activity resumed ~30min after CNO washout and following stimulation of either sensory 

fibers in a DR (Fig. 4G) or MN axons in a VR (Fig. 4I). Importantly, exposure to CNO 

did not affect glutamatergic neurotransmission as shown by the unchanged amplitude 

of the homosegmental monosynaptic DR-to-VR reflex (Fig. S5I,J), indicating that MNs 

function normally. Exposure to CNO in mice injected with CAV2-GFP had no effect on 

the locomotor frequency induced by DR or VR stimulation as expected (Fig. S5K,L). Thus, 

these experiments indicate that VSCTs are necessary for the induction of locomotor activity.

Silencing of SCTs through CNO exposure during ongoing locomotor-like activity induced 

by a cocktail of drugs (NMDA, serotonin, and dopamine) (Fig. 4K,L), known to produce 

locomotor behavior in neonates (Bonnot et al., 2002; Mentis et al., 2005) abolished the 

activity shortly after CNO exposure, providing evidence that VSCTs are necessary not 

only for the induction of locomotor behavior but also for its maintenance (Fig. 4K,L). In 
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sum, these experiments demonstrate that VSCTs are necessary and sufficient to induce and 

maintain locomotor behavior during mouse development.

Ih current and electrical coupling in VSCTs mediate locomotor rhythmogenesis

Since VSCTs exhibit an Ih current, we investigated whether Ih is necessary to produce 

locomotor activity following photoactivation of VSCTs. This was compared side-by-side to 

locomotor activity induced by DR stimulation. VSCTs were transduced with by CAV2-GFP-

CRE in/s/-ChR2 mice at P0. We then used a 470nm light to photoactivate VSCTs bilaterally 

(from the ventral aspect) in the L1/L2 lumbar segments at P4 using the ex vivo spinal cord 

preparation. As we have shown before (Fig. 4B), photo-activation of VSCTs resulted in 

robust locomotor-like activity (Fig. 5A).

Bath application of ZD7288 (100μM) abolished locomotor activity during VSCT 

photoactivation 20 min after exposure (Fig. 5A,B) but in contrast, reduced the locomotor 

frequency by ~50% after sensory-induced locomotor activity (Fig. 5C,D). However, 

locomotor behavior was abolished with both induction methods ~40 min after ZD7288 (Fig. 

5A–D). These results demonstrate that the Ih current is a major contributor to the production 

of locomotor behavior during early development and that the channels responsible for the Ih 

in VSCTs play a prominent role in this behavior.

Since we established that VSCTs are electrically coupled with other VSCTs as well as 

MNs, we next investigated the impact of electrical coupling in the production of locomotor 

behavior. The robust locomotor-like activity evoked at P3-P5 by photo-activation of L1/L2 

VSCTs expressing ChR2 (after cerebellum injection with CAV2-GFP-CRE in /s/-ChR2 mice 

at P0) was abolished after ~40min of carbenoxolone exposure [gap junction blocker, (Mentis 

et al., 2005; Tresch and Kiehn, 2000)] (Fig. S5M,N). Photoactivation of VSCTs in the 

L4/L5 segments also elicited robust locomotor activity that was subsequently abolished 

after addition of carbenoxolone demonstrating that activation of VSCTs in different lumbar 

segments also produces locomotor-like activity (Fig. 5E,F).

Lastly, we tested the involvement of electrical coupling following electrically-induced 

locomotor activity by stimulation of either MN axons (via VRs) or sensory fibers (via 

DRs) in the same spinal cord ex vivo preparations in which VSCTs were photo-activated. 

MN axon stimulation produced robust locomotor activity, while exposure to 100μM 

carbenoxolone abolished this activity (Fig. 5G,H). Similarly, DR stimulation resulted in 

locomotor activity of similar frequency to that produced by VR stimulation. Exposure to 

carbenoxolone abolished the locomotor behavior (Fig. 5I,J). These results demonstrate that 

both Ih and electrical coupling contribute to the production of locomotor behavior following 

activation of VSCTs.

Circuit connectivity between VSCTs, motor neurons and Chx10+ spinal interneurons

To determine how VSCTs coordinate the production of locomotor behavior, we examined 

the circuit connectivity of VSCTs within the spinal cord by focusing on their outputs. 

We first sought to identify the neurotransmitter utilized by VSCTs marked by CTb-488 

from cerebellum, using fluorescence in situ hybridization against the vesicular glutamate 

transporter 2 (VGluT2). Nearly all VSCTs (~93%, N=3) express VGluT2 (Fig. 6A,B), 
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similar to DSCTs (~91%, N=3) at P4. This result establishes that VSCTs are excitatory 

neurons, validating the proposal that SCTs are glutamatergic in nature (Atkinson et al., 

2004).

VSCTs in the adult cat possess axon collaterals within the spinal cord (Bras et al., 1988). 

We used Neurobiotin to reveal the morphology of VSCTs that were intracellularly recorded 

and subsequently filled and found evidence of spinal axon collaterals in neonatal VSCTs 

projecting both ipsilaterally and contralaterally to the VSCT soma (Fig. 6C–D and Fig. 

S6A–C). To investigate the presence of axon collaterals in a larger number of VSCTs, we 

first injected CTb-647 together with CAV2-Cre virus into the cerebellum of newborn mice 

and then injected AAV9-CBh-DiO-eGFP (AAV carrying a flexed reporter) directly into 

the lumbar spinal segments a few days later (~P5-7) to transduce VSCTs and ultimately 

visualize their axon collaterals (Fig. S6D). The efficiency of the AAV9-CBh-DiO-eGFP to 

label VSCTs was relatively low, allowing to reveal the full somato-dendritic and axonal 

trajectory in individual VSCTs (Fig. S6E). We used Neurolucida to reconstruct VSCTs that 

possess axon collaterals (Fig. S6F–H), and the identity of the axon and its collaterals was 

verified by Ankyrin G (axonal marker) immunoreactivity in some VSCTs (Fig. S6I,J). We 

observed axon collaterals in seven VSCTs (53%, 7/13). In six additional VSCTs, we did 

not observe axon collaterals along the visible length of the main axon, although they may 

contain axon collaterals at different spinal segments. Overall, these experiments indicate that 

~55% of VSCTs possess axon collaterals.

To reveal the territory of synapses from axon collaterals of SCTs, we marked synapses 

from SCT axon collaterals within the L1/L2 lumbar segments, by colocalization of CTb488 

(cerebellum injection at P0), together with Synaptophysin and VGluT2 immunoreactivity 

at P5 (Fig. S7A–D, N=4) using single plane confocal images and ImageJ analysis (see 

Methods). These synapses were located medially in the intermediate grey matter and 

within the MN nucleus, while very few synapses were found in the lateral aspect of the 

intermediate grey matter or the dorsal horn (Fig. S7D).

We also found that VSCTs directly contact ipsilateral and contralateral MNs (Fig. S7E,F) as 

well as spinal interneurons since VSCTs’ axon collaterals were observed in the intermediate 

gray matter. To uncover the identity of the spinal interneurons contacted by VSCT axon 

collaterals, we investigated whether VSCTs synapse with Chx10+ spinal neurons. We used 

a rabies (N2c) virus engineered to cross a single synapse in a retrograde fashion to identify 

neurons monosynaptically connected to a “starter” population (Reardon et al., 2016), in 

this case Chx10+ neurons. We injected Cre-conditional AAVs into the spinal cord of Chx10-

Cre mice to restrict rabies glycoprotein (G) and TVA to Chx10+ neurons (Fig. 6E,F). 

Concurrently, we injected CTb-647 into the cerebellum to label VSCTs. After ~10 days, 

we injected rabies-N2c-EnvA-dsRed into the spinal lumbar segments. This virus, directly 

infects only Chx10+ neurons and presynaptic neurons. Accordingly, the Chx10+ “starter” 

population was labeled with a nuclear GFP (nGFP) and dsRed in the cytoplasm, while 

cells providing monosynaptic input to the starter population were labeled with dsRed only. 

Morphological analysis revealed one or more VSCTs (CTb+ and ventral horn location) 

that were monosynaptically connected to Chx10+ neurons (Fig. 6G,H). These experiments 

indicated that VSCTs target Chx10+ spinal neurons as well as MNs. Importantly, they also 
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showed morphological evidence of VSCT axon collaterals forming synapses with the soma 

and dendrites of Chx10+ neurons in adult mice (Fig. 6G, arrows).

We next investigated the extent of the VSCT axon collaterals’ projection within the spinal 

cord by injecting two different CTb fluorescent tracers into the cerebellum and the L5/L6 

caudal lumbar spinal cord segments at birth (Fig. S7G). At ~P5, we examined the L1/L2 

segments for VSCTs that expressed both fluorescent tracers. We found that ~34% of the 

L1/L2 VSCTs were double-labeled (Fig. S7H,I), demonstrating that VSCTs send descending 

axon collaterals to caudal spinal segments in addition to their main ascending axon to the 

cerebellum. Thus, VSCTs form local and extra-segmental spinal circuits with MNs, Chx10+ 

neurons and likely with other spinal neurons via their axon collaterals.

Silencing SCTs in adult mice perturbs locomotor behavior

To investigate whether SCTs are essential for mammalian locomotor behavior in adult 

mice, we chemogenetically silenced SCTs in freely moving adult (P35-45) mice. We first 

investigated whether there are any direct connections from the cerebellum to the spinal cord 

in mice as previously postulated in cats (Matsushita and Hosoya, 1978), rats (Bentivoglio 

and Kuypers, 1982) and mice (Sathyamurthy et al., 2020), by injecting CTb-555 in the L2/3 

spinal cord in vivo at P0 or P21 and examined the cerebellum at P4 and P35, respectively. 

We found no evidence of CTb-555 labelled neurons in the deep cerebellar nuclei either at 

P4 (Fig. S8A–E) or at P35 (Fig. S8F–J), indicating the lack of direct connections from the 

cerebellum to the lumbar spinal cord at these ages. To further exclude any potential effects 

of cerebello-spinal connections that might have been missed by CTb retrograde labelling, 

we used Cdx2FlpO mice crossed with fsf-lsl-h4MDi mice to generate Cdx2FlpO::fsf-/s/-
h4MDi mice. In this way, we excluded not only any potential direct connections between 

cerebellum and spinal cord but also any effects of brain neurons possibly transduced from 

the cerebellum injections, thus limiting the expression of h4MDi to SCTs only, as Cdx2 is 

solely expressed in spinal cord (Abraira et al., 2017).

CAV2-GFP-CRE or CAV2-GFP or CTb647 (for counting neurons) was injected into the 

cerebellum of Cdx2FlpO::fs/-/s/-h4MDi mice at P21 (Fig. 7A) and experiments performed 

at P35-45, resulting in ~750 CTb647+ VSCTs in the L1 segment (Fig. 7B,C and 

Methods). We then counted the number of VSCTs in the L1 segment expressing GFP 

and found that ~400 VSCTs were transduced with CAV2-GFP-CRE (Fig. 7D1-3, E), which 

corresponds to a ~53% transduction efficiency comparable to that in neonates (Fig. 4N). 

Expression of DREADDs within VSCTs was confirmed by immunoreactivity against the 

HA tag co-localizing with CTb-647-labeled spinal neurons from the injected cerebellum 

(Fig. S9A). Importantly, no HA immunoreactivity was observed in the cerebellum (Fig. 

S9B), hippocampus (Fig. S9C), cortex (Fig. S9D), and brainstem (Fig. S9E). In addition, 

selective Cdx2 expression throughout the spinal cord was confirmed by detecting mCherry 

fluorescence (Fig. S9F). GFP+ SCTs were found in the cervical (Fig. S9G), thoracic 

(Fig. S9H) and caudal lumbar (Fig. S9I) spinal segments. Thus, only SCTs expressed the 

inhibitory DREADD receptors, ruling out any contributions from the brain during exposure 

to CNO.
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Mice injected at P21 with CAV2-GFP-CRE (or CAV2-GFP) were injected with CNO 

(5mg/kg, i.p.) at P35-45 to silence SCTs. To assess quantitatively the locomotor ability 

of freely moving mice, we utilized the open field assay and measured the distance travelled 

for 10 minutes every hour for a total of six hours. At the onset of the experiment (first 10 

minutes following CNO injection) there was no statistical difference between CAV2-GFP-

CRE and CAV2-GFP groups (Fig. 7F1,G). Mice in the CAV2-GFP-CRE group revealed a 

progressive reduction in the distance travelled at one hour post CNO injection compared 

to the controls (Fig. 7G). Strikingly, the majority of mice in the CAV2-GFP-CRE group 

stopped moving between two and three hours post CNO injection (Fig. 7F2,G and Fig. 

S9J,K). As expected, the effects of CNO declined four hours after CNO injection and 

CAV2-GFP-CRE mice started moving around again (Fig. 7G and Fig. S9J,K).

To investigate further the locomotor ability of adult mice in which SCTs were “silenced”, 

we used a swim test as a proxy for the locomotor CPG. Adult mice (~P35-P45) in which 

SCTs were chemically “silenced” by exposure to CNO were tested during free swimming. 

Cdx2FlpO::fsf-/s/-h4MDi injected with either CAV2-GFP or CAV2-CRE were examined just 

prior to 10mg/kg (equivalent dose to ex vivo experiments) CNO injection and 3 hours after 

CNO injection, which we determined to be the optimal time point for the effect of CNO. 

High speed videography was used in mice freely swimming for 30 seconds. We found 

that there was no statistical difference in the ability and total swim period between the 

two groups before CNO administration (Fig. 7H). In striking contrast, mice that received 

CAV2-CRE cerebellum injections exhibited a strong reduction in their ability to swim 

3 hours after CNO administration [Video #1a (preCNO) and #1b (3h CNO) for mouse 

A; Video #2a (preCNO) and Video #2b (3h CNO) for Mouse B). These mice exhibited 

a “floating” behavior during which their overall inability to swim was interspersed with 

short periods of swimming (Fig. 7H and Videos #1–#2). Control mice were able to swim 

for the entire testing period after 3h from CNO administration (Fig. 7H and Video #3a 

(PreCNO) and Video #3b (3h CNO) for mouse C), indicating that CNO itself did not have 

any effects on swimming behavior. The total period which mice were able to swim was 

significantly reduced in mice injected with CAV2-CRE (Fig. 7H). Quantification of the 

maximum hindlimb stroke frequency revealed that mice in the CAV2-CRE group displayed 

significantly lower maximum frequency compared to controls during the short periods in 

which they were able to swim (Fig. 7I). Taken together, our experiments demonstrate that 

mice with “silenced” SCTs have significantly compromised ability to produce locomotor 

activity during both early postnatal development and in adulthood, pointing to VSCTs as 

essential drivers of mammalian locomotion.

Discussion

Our discovery that VSCTs are core components of the CPG that are both necessary and 

sufficient for locomotor behavior represents a paradigm shift in our understanding of the 

mechanisms of locomotion. Instead of a distributed network responsible for locomotion, 

the neural control of locomotion may use VSCTs as a nodal point. Sensory inputs and 

descending supraspinal pathways (Baldissera and Roberts, 1975; Jankowska et al., 2011; 

Shakya Shrestha et al., 2012; Shrestha et al., 2012) as well as MN input (Falgairolle et 

al., 2017; Mentis et al., 2005) are all known pathways that initiate or regulate locomotion 
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and converge on VSCTs. Our findings identify an unexpected function for VSCTs as 

key controllers of mammalian locomotion and demonstrate that a single neuronal type is 

essential for such behavior, fundamentally changing the way we think complex behaviors are 

produced.

Although the initiation of vertebrate locomotion takes place in the brain (Garcia-Rill, 1986; 

Jordan et al., 2008) and neurons in the brainstem can halt locomotion (Bouvier et al., 

2015), the rhythm and pattern generation is solely produced by spinal neurons known as 

the locomotor CPG (Grillner, 2003; Kiehn, 2006). Several types of excitatory interneurons 

originating from some progenitor domains (V0, V2, V3) have been proposed as putative 

rhythm generators (Gosgnach et al., 2017; Kiehn, 2016; Ziskind-Conhaim and Hochman, 

2017). However, none of these interneurons is by itself necessary and sufficient for rhythm 

generation, which has led to the current view that rhythm generation is not mediated by a 

single, homogenous group of excitatory neurons (Kiehn, 2016).

Our study challenges this hypothesis and proposes that a single neuronal type initiates 

the locomotor CPG by demonstrating the necessity and sufficient of VSCTs to produce 

locomotor activity. VSCTs are glutamatergic, project ipsilaterally as well as contralaterally, 

and possess both intra- and inter-segmental axon collaterals making contacts with MNs, 

Chx10+ spinal neurons and likely other spinal neurons.

The CPG is active at birth and has been under investigations for decades utilizing 

the neonatal ex vivo spinal cord as an experimental system. By providing exceptional 

accessibility to the activity and function of CPG neurons, this approach combined with 

mouse genetics, physiological and anatomical assays has transformed our capabilities to 

unravel the organization of the locomotor CPG (Jiang et al., 1999; Kiehn, 2016; O’Donovan 

et al., 2010; Smith and Feldman, 1987; Ziskind-Conhaim et al., 2010). Activation of 

VGluT2+ neurons was shown to induce locomotor-like activity in neonates (Hagglund et 

al., 2010). However, Sim1+ (Zhang et al., 2008) and Chx10+ (Crone et al., 2008) neurons, 

both of which are VGluT2+, were found to play a role in left-right coordination only 

(Ziskind-Conhaim and Hochman, 2017). In contrast, our findings show that VSCTs are 

VGluT2+ neurons essential for the induction of locomotor behavior.

Locomotor-like activity can be evoked by sensory stimulation (Bonnot et al., 2002; Lev-Tov 

et al., 2000), exposure to pharmacological substances (Bonnot et al., 2002; Cazalets et al., 

1995; Kjaerulff and Kiehn, 1996), and stimulation of MN axons (Mentis et al., 2005). 

The latter is considered a puzzling observation, since MNs are thought to act solely as 

the mediators of central commands to skeletal muscles. However, MNs have recently been 

proposed to provide feedback to the CPG during locomotor activity (Falgairolle et al., 

2017; Song et al., 2016). Together, these observations raised the possibility that MNs may 

contact a yet unknown interneuron that is key for the locomotor CPG. However, silencing of 

Renshaw cells and Sim1+ interneurons, which are the only spinal interneurons contacted by 

MN axon collaterals known to date, did not affect locomotor rhythmogenesis (Enjin et al., 

2017; Zhang et al., 2008). Our identification of VSCTs as a target of MN axon collaterals 

provides an answer to this conundrum. VSCTs receive monosynaptic activation from MNs 

that is both cholinergic and glutamatergic in nature, consistent with previous findings that 
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spinal MNs axon collaterals release both acetylcholine and glutamate or aspartate (Mentis 

et al., 2005; Nishimaru et al., 2005; Richards et al., 2014). These observations point to 

a positive feedback neuronal circuit between MNs and VSCTs that enables early, robust 

activation of VSCTs and subsequent activation of other neurons involved in locomotor 

behavior.

We also discovered that VSCTs are electrically coupled amongst themselves. What is the 

importance of this electrical coupling in the context of locomotor rhythmogenesis? In the 

developing mammalian spinal cord, locomotor-like rhythm generation can be produced 

solely through gap junctions (Tresch and Kiehn, 2000). We propose that gap junctions 

amongst VSCTs are critical for the induction of locomotor rhythmogenesis. Accordingly, 

we reveal that gap junction blockade using carbenoxolone abolishes locomotor behavior 

induced in neonates by i) direct photoactivation of VSCTs, ii) sensory stimulation, or iii) 

MN axon stimulation. Electrical communication amongst spinal neurons is thought to be 

an important circuit mechanism in the locomotor CPG (Ziskind-Conhaim and Hochman, 

2017), and we argue that a key function of electrical coupling amongst VSCTs is to 

synchronize their activity. In addition, chemical neurotransmission may not be necessary 

for the production of rhythmic output across the rostro-caudal axis since photoactivation of 

VSCTs in either the rostral (L1/L2) or the caudal (L4/L5) spinal segments resulted in robust 

locomotor activity.

Intriguingly, some VSCTs also communicate electrically with MNs via gap junctions. 

Neonatal mammalian MNs are electrically coupled amongst themselves only during the 

first two postnatal weeks (Chang et al., 1999; Mentis et al., 2002; Personius et al., 2007; 

Walton and Navarrete, 1991). Our findings that VSCTs are electrically coupled with a subset 

of MNs indicate that electrical coupling is not selective amongst a single neuronal type. 

Moreover, an important implication of these findings is that depending on the extent and 

strength of coupling, the phase change in their respective membrane potential during the 

locomotor behavior will be similar and likely contribute to the recruitment of VSCTs as well 

as the neuronal targets of their axon collaterals.

The observation that VSCTs possess rhythmogenic properties provides additional 

mechanistic support to their function as essential neurons for locomotor rhythmogenesis. 

VSCTs possess the Ih current that has been previously implicated as a key cellular property 

in rhythmic behaviors such as in the inspiratory pre-Bötzinger complex neurons in mice 

(Thoby-Brisson et al., 2000) or in the rhythmic behavior of pyloric neurons of the stomato-

gastric ganglion in lobsters (Zhang et al., 2003). Ih is strongly activated by hyperpolarization 

(Pape, 1996) as well as in a time- and voltage-dependent membrane conductance. While the 

precise role of Ih in VSCTs during locomotor activity remains to be elucidated, it is possible 

that Ih may limit the effect of rhythmic inhibition and cause the membrane potential to 

escape more rapidly from inhibition during locomotor activity. In addition, since Ih regulates 

the post-inhibitory rebound potential and neuronal excitability, Ih may also be involved in 

the acceleration of the arrival of the first AP and thus contribute to the enhanced recruitment 

of VSCTs. Finally, in tadpoles Ih has been shown to mask an ultraslow AHP generated by 

sodium-potassium pumps that would normally inhibit activity (Picton et al., 2018), so the 

presence of Ih may also influence the excitability state of VSCTs.
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VSCTs were first discovered by Sherrington (Cooper and Sherrington, 1940) and have 

been hypothesized to serve as “efferent copies” of spinal motor networks (Lundberg, 1971), 

whereby they provide the cerebellum with feedback information regarding the ongoing state 

of the ventral spinal cord. During repetitive motor tasks, like locomotion or scratching, 

signals from the spinal CPG evoke rhythmic activity in the cerebellar cortex whose outputs 

modulate the descending tracts that regulate the spinal rhythmic activity (Grillner and 

Wallén, 1985; Martínez-Silva et al., 2014; Morton and Bastian, 2003; Rand et al., 1998). 

The cerebellum-brainstem-spinal cord loop is essential for coordinated and adaptive gait 

control. However, the cerebellum is not critical to generate locomotion, rather it modulates 

limb movement patterns, balance and adaptation (Hammar et al., 2011; Pisotta and Molinari, 

2014). Our findings that VSCTs are essential for the initiation and maintenance of 

locomotion imply that VSCTs are not purely a relay messenger of information as originally 

proposed. Instead, in addition to their role in coordinating locomotion at the spinal level, 

VSCT output to the cerebellum may be critical for the regulation of locomotion by the 

cerebellum and other supraspinal areas influenced by cerebellar output. To this end, and 

although the precise neuronal circuit mechanisms involving VSCTs in adult locomotion 

remain to be elucidated, our observations that Chx10+ spinal neurons are synaptic targets 

of VSCT axon collaterals in adults provides a potential insight. Chx10+ spinal neurons are 

known to be activated during adult locomotion (Al-Mosawie et al., 2007), and have been 

shown to function in the maintenance of locomotor rhythmicity and in left-right alternation 

(Crone et al., 2008; Crone et al., 2009). Thus, we suggest that Chx10+ spinal neurons 

receive significant activation by VSCTs during adult locomotion and without which the 

animal’s locomotor ability is significantly compromised. The importance of the spinal axon 

collaterals of VSCTs versus their main ascending axon to the cerebellum for the induction 

of locomotor behavior is underscored by observations in which in vivo adult spinalized 

mice were able to produce fictive locomotion (Meehan et al., 2012; Meehan et al., 2017). 

In addition, cerebellectomy has been shown to have little impact on the ability of other 

organisms to locomote, including fish (Roberts et al., 1992), rats (Federico et al., 2006), cats 

(Udo et al., 1980), monkeys (Wirth and O’Leary, 1974) as well as in humans either due to 

cerebellum agenesis or cerebellar resection due to tumors (Earhart and Bastian, 2001; Ilg et 

al., 2008; Yu et al., 2015).

In conclusion, we discovered that VSCTs are both necessary and sufficient for locomotor 

behavior and that they are core components of the locomotor CPG. It provides also the 

conceptual foundation for developing therapeutic approaches for patients suffering from 

spinal cord injury and motor disorders.

Limitations of the Study

One limitation of our study is that we cannot fully exclude the potential involvement 

of DSCTs in locomotor behavior in adult mice as we demonstrated in neonatal mice. 

The optogenetic approaches used in neonates cannot be employed in adult mice for 

technical reasons. However, DSCTs, including Clarke’s column neurons, do not possess 

axon collaterals in the cat (Edgley and Gallimore, 1988; Houchin et al., 1983), whereas 

VSCTs possess spinal axon collaterals both in cats (Bras et al., 1988) and in mice (this 

study). If DSCTs indeed lack spinal axon collaterals as is the case in cat, it is conceivable 
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that DSCTs do not have access to spinal locomotor circuits and therefore might not be 

involved in locomotor rhythmogenesis. To further dissect the direct role of these two SCTs, 

future experiments are needed in which yet-to-be identified genetic markers that selectively 

label DSCTs and VSCTs could be used to either activate or silence them selectively using 

Cre-Lox recombination and floxed chemogenetic approaches.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• VSCTs have rhythmogenic properties, form circuits with motor neurons and 

Chx10+ neurons

• VSCTs can be activated monosynaptically and electrically by motor neurons

• Activation of VSCTs is sufficient to initiate locomotion during early 

development

• Silencing VSCTs abolishes locomotor behavior in neonates and perturbs it in 

adulthood
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Figure 1. VSCTs located near or within the motor neuron nucleus are hyperexcitable.
(A) CTb-555 injected in cerebellum at P0 to label VSCTs in the L1/L2 lumbar spinal 

cord. (B) Drawing of the L2 spinal cord [dashed line in (A)] and confocal image from 

the ventral horn (box in drawing) showing VSCTs (red) near or within (arrows) MNs at 

P4 (ChAT; green) (N=12). (C1-4) Individual VSCTs (CTb-555; red) were visually targeted 

for intracellular recording (n=22; N=22 mice) using 2P-laser microscopy in the intact ex 
vivo spinal cord (intracellular dye: Cascade Blue dextran). Grey: patch electrode. (D) 

Five superimposed antidromic action potentials (APs) in a P3 L1 VSCT after cerebellum 

electrical stimulation at 1 Hz. (E) Latency of antidromic APs for 3 VSCTs (N=3). (F) 

Conduction velocity. (G) Superimposed traces from a current/voltage plot in a P4 L2 VSCT. 

VSCTs’ input resistance (H) (n=22), rheobase (I), time constant (J), threshold for induction 

of AP (K), and soma size (L) (n=12). Data are represented as mean ± SEM. See also Fig. 

S1.

Chalif et al. Page 22

Cell. Author manuscript; available in PMC 2023 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. VSCTs receive synapses from proprioceptors and motor neuron axon collaterals
(A) Superimposed responses from a P5 L1 VSCT after ipsilateral L1 dorsal root (DR) 

stimulation. Inset shows constant short latency responses. (B) As in (A) from a P3 L2 VSCT 

after ipsilateral DR-L2 stimulation at 0.1, 1 and 10Hz. Consecutive responses are color 

coded. Grey vertical line indicates constant latency of the response onset. (C) Coefficient 

of variation (CV) of latency in the onset of EPSP in VSCTs after DR stimulation (ns: no 

significance; One Way ANOVA, Brown-Forsythe test). (D) Superimposed graded EPSPs 

from a P4 L2 VSCT after ipsilateral homosegmental ventral root (VR) stimulation. Inset: 
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latency of EPSPs in 10 VSCTs. (E) As in (D) from a P4 L2 VSCT after ipsilateral 

VR-L2 stimulation at 0.1, 1 and 10Hz. Traces on the right are expanded in time. Grey 

vertical line indicates constant latency. (F) CV of the onset of EPSPs in VSCTs evoked 

by VR stimulation (One Way ANOVA). (G) EPSP in a P4 L2 VSCT after ipsilateral VR 

stimulation in control solution, and sequential addition of mecamylamine (50μM), NBQX 

(20μM) and carbenoxolone (100μM). (H) Percentage of response in VSCTs due to chemical 

(red) and electrical (blue) transmission (n=3 VSCTs, N=3 mice). (I) SCTs (CTb-555; red), 

parvalbumin (green) and VGlu1 (white) immunoreactivity in L1 at P4 (n=7). (I’-I’”) L1 

proprioceptive fibers (parvalbumin; green) and VGluT1+ synapses (white; yellow arrows) 

onto a VSCT (red) shown by white arrow in (I). (J) Ventral horn confocal image showing 

VSCTs (green) located close or within (arrows) the MN (red) nucleus. (K) Protocol in which 

CTb-488 injected in cerebellum at P0 to label VSCTs (green). At P4, MNs were backfilled 

with Texas Red dextran (red) from the VR using ex vivo spinal cord. (L) Single plane 

confocal images showing VAChT immunoreactivity (white), MN axon collaterals (red) and 

a VSCT (green), revealing two synapses (yellow arrows) (n=7 VSCTs, N=3 mice). Data are 

represented as mean ± SEM. See also Figs. S1 and S2.
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Figure 3. VSCTs are rhythmic during locomotor behavior and exhibit rhythmogenic properties.
(A) Rhythmic activity in a P4 L1 VSCT together with filtered extracellular traces from 

ipsilateral (R) and contralateral (L) homosegmental L1 VRs and L5 (R) VR during 

locomotor-like activity induced by electrical stimulation of VR-L2 (bottom red arrows; 

5Hz for 10s). Stimulus artifacts have been removed for clarity (n=6 VSCTs, N=6 mice). 

(B1) Quantification of timing of first AP in a single VSCT with respect to the locomotor 

cycle in the homosegmental VR. Purple arrow vector indicates that the VSCT exhibited 

significant rhythmicity and fired prior to the onset of MN activity. ** p<0.01, Rayleigh 
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Test. (B2) Quantification of timing of firing for the population of VSCTs to the locomotor 

cycle. Each data point represents the rhythmic vector value from individual VSCTs (purple 

arrow in B1). Red arrow vector indicates that the population of VSCTs exhibit rhythmic 

activity preceding MN activity. * p<0.05, Rayleigh Test, μ: mean vector; r: length of the 

mean vector. VSCTs exhibit characteristics of a pacemaker current both spontaneously (C) 

and evoked after VR stimulation (D) (n=6, N=6). (E) Superimposed voltage responses from 

a P4 L2 VSCT exhibiting a sag (red arrow) and post-inhibitory rebound (blue arrows) after 

negative current injection (bottom traces). Truncated AP is shown in E. ZD7288 (100μM) 

abolished both sag and post-inhibitory rebound and recovered after washout. Sag (F) and 

post-inhibitory rebound (G) amplitude before and after ZD7288 in 3 VSCTs. * p<0.05, ** 

p<0.01; Two-tailed student’s t-test. Data are represented as mean ± SEM. See also Fig. S3.

Chalif et al. Page 26

Cell. Author manuscript; available in PMC 2023 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. VSCTs are necessary and sufficient for locomotor-like behavior.
(A) Bilateral illumination with a 470nm LED from the ventral aspect of L1 and L2 segments 

resulting in locomotor behavior recorded from L1 and L5 VRs (B) in ex vivo spinal cord 

at P4. (C) Expanded traces (grey box in B) showing alternating activity between VRs 

(N=8). (D) Bilateral photoactivation of the dorsal aspect of the L1/L2 spinal cord. (E) 

Extracellular VR responses following dorsal photo-activation (same spinal cord as in B but 

flipped over 180°). (F) Time-expanded traces (grey box in E). (G) Locomotor behavior 

evoked by sensory stimulation before, during and after CNO washout in a spinal cord 
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expressing hM4Di in VSCTs (duration of stimulation: red drawing at the bottom, 4Hz for 

10s). (H) Locomotor frequency after sensory stimulation before, during CNO and after 

washout (N=5). (Control vs. CNO: *** p<0.001; CNO vs. Washout: *** p<0.001, One 

Way ANOVA, Tukey’s post hoc test). (I) As in (G), locomotor behavior induced following 

VR stimulation (bottom in green, 5Hz for 10s) before, during and after CNO application. 

(J) Locomotor frequency following MN axon stimulation before, during and after CNO 

(N=4). (Control vs. CNO: *** p<0.001; CNO vs. Washout: *** p<0.001, One Way ANOVA, 

Tukey’s post hoc test). (K) Similar to (G) and (I), VR responses in which locomotor activity 

was induced by application of NMDA (5μM), 5HT (10μM) and dopamine (50μM). Exposure 

to CNO abolished locomotor activity. (L) Locomotor frequency evoked by pharmacological 

activation, before and after CNO application (N=4). *** p<0.001, Two-tailed student’s t-test. 

(M) Confocal image showing MNs (ChAT, blue), VSCTs (CTb-555, red) and CAV2-Cre-

GFP (green) in a/s/-hM4Di mouse. (N) Percentage of VSCTs transduced with CAV2-GFP at 

P5 (N=3). (O) Locomotor frequency under photoactivation of VSCTs (blue), sensory (red) 

and MN stimulation (green), and cocktail of drugs (grey). (VSCT v Pharmacology: *** 

p<0.001; Sensory v Pharmacology, * p<0.05; MN axon v Pharmacology, * p<0.05, One Way 

ANOVA, Tukey’s post hoc test). Data are represented as mean ± SEM. See also Figs. S4 and 

S5.
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Figure 5. The locomotor activity induced after photo-activation of VSCTs depends upon the 
h-current and gap junctions.
(A) Locomotor-like behavior induced by photo-illumination of VSCTs expressing ChR2 

at P4 under control aCSF, and its abolition 20min and 40min after 100μM ZD7288 

application. Duration of photoactivation: blue line. Red box: alternating activity in VRs. 

(B) Locomotor frequency before, 20min and 40min after ZD7288 (N=3). (C) Locomotor 

activity induced by sensory electrical stimulation in the same spinal cord shown in (A). 

Exposure to ZD7288 reduced locomotor activity after 20min and abolished it after 40min. 
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(D) Locomotor frequency before, 20min and 40min after ZD7288. ** p<0.01, *** p<0.001, 

One Way ANOVA, Tukey’s post hoc test for both B and D. Locomotor activity induced 

by VSCT photoactivation in the L4/L5 segments from P3-P4 mice (E) or MN axon (vr-L5 

L) stimulation (G) or sensory fiber (dr-L5 L) stimulation (I) in the same spinal cord. 

Carbenoxolone (100μM) abolished locomotor activity in all cases. Locomotor frequency 

following photo-activation of VSCTs (F), MN axon stimulation (H) and sensory fiber 

stimulation (J), before and after carbenoxolone. *** p<0.001, Two tailed, unpaired t-test 

(N=5). Data are represented as mean ± SEM. See also Fig. S5.
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Figure 6. VSCTs are glutamatergic, possess spinal axon collaterals and make synapses with 
Chx10 spinal neurons.
(A1-3) VSCTs (CTb-488 from cerebellum, green) and VGluT2 mRNA (red) and merged 

image. Inset: VSCT (arrow in A1-3) expressing VGluT2. (B) Percentage of VSCTs 

expressing VGluT2 (N=3). (C) A P4 L2 VSCT filled with Neurobiotin (red) after 

intracellular recording colocalizing with CTb-488 (cerebellum at P0). MNs were backfilled 

with a dextran dye from the VR (blue). White arrows mark VSCT axon. (D) Higher mag 

of VSCT [in (C)], showing its main axon (white arrow) and an ipsilaterally projecting 
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axon collateral (inset, double arrow; magnified from the dotted box). (E) AAV2/1-Flex-

nGFP-N2c-Gp-TVA injected in spinal cord at P0 to introduce the rabies G protein to 

Chx10 neurons (Chx10CRE mice). Concurrently, CTb-647 injected in cerebellum to mark 

VSCTs. Rabies-N2c-EnvA-dsRed was injected in spinal cord at P10. (F) The “starter” 

Chx10 neurons are labeled with nuclear GFP and cytoplasmic dsRed. Neurons providing 

monosynaptic input to “starter” neurons are labeled with dsRed, but not nGFP. VSCTs 

are identified through CTb647. (G) A Chx10 “starter” neuron identified by co-localization 

of dsRed and nGFP (insets). Arrows indicate VSCT axon collaterals synapsing onto the 

Chx10 “starter” neuron. (H) VSCT (yellow arrowhead in insets) labeled by transynaptic 

transfection of its axon collaterals onto the Chx10 neuron. Data are represented as mean ± 

SEM. See also Figs. S6 and S7.
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Figure 7. Silencing VSCTs in vivo in freely-moving adult mice perturbs locomotor ability.
(A) CAV2-GFP-CRE or CAV2-GFP or CTb647 (for counting) was injected in cerebellum 

at ~P21 in Cdx2Flpo::fsf-lsl-h4MDi mice. (B) CTb647+ neurons in the L1 segment in a 

P45 mouse. Neurons ventral to the yellow dotted line were defined as VSCTs. (C) Total 

number of VSCTs labelled with CTb647 in the L1 segment (N=8). GFP in the L1 segment 

(D1: green), ChAT (D2: red) and merged image (D3). (E) Total number of GFP+ VSCTs in 

mice injected with CAV2-GFP-CRE (N=7). Maps of distance travelled by a mouse in open 

field assay in 10mins at the onset (F1) and after 3hours (F2) for each group (age: P45). (G) 
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Distance travelled by mice in bins of 10mins duration for each hour after CNO injection 

(N=9 CAV2-GFP mice, blue; and N=12 CAV2-GFP-CRE mice, red). Each point represents 

a single mouse, ns: no significance (p>0.05), * p<0.05, *** p<0.001, One WayANOVA, 

Tukey’s post hoc test. (H) Total swim time for control (CAV2-GFP; blue) and CAV2-CRE 

(red) mice, before (Pre-CNO) and 3 hours after 10mg/kg CNO (3h CNO). (I) Maximum 

hindlimb stroke frequency during periods of swimming for the two groups. ** p<0.01, *** 

p<0.001, One Way ANOVA, Tukey’s post hoc test for both H and I. Data are represented as 

mean ± SEM. See also Figs. S8 and S9 and Videos 1, 2 and 3.
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