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SUMMARY

The spinal cord contains neural networks that enable regionally distinct motor outputs along 

the body axis. Nevertheless, it remains unclear how segment-specific motor computations are 

processed because the cardinal interneuron classes that control motor neurons appear uniform 

at each level of the spinal cord. V2a interneurons are essential to both forelimb and hindlimb 

movements, and here we identify two major types that emerge during development: type I 

neurons marked by high Chx10 form recurrent networks with neighboring spinal neurons and 

type II neurons that downregulate Chx10 and project to supraspinal structures. Types I and II 

V2a interneurons are arrayed in counter-gradients, and this network activates different patterns of 

motor output at cervical and lumbar levels. Single-cell RNA sequencing (RNA-seq) revealed type 

I and II V2a neurons are each comprised of multiple subtypes. Our findings uncover a molecular 
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and anatomical organization of V2a interneurons reminiscent of the orderly way motor neurons are 

divided into columns and pools.

In Brief

Hayashi et al. unmask a sequential process that creates V2a interneuron subtypes arrayed in 

counter-gradients along the spinal cord. The unique composition of V2a networks at each spinal 

level drives distinct activity in motor neurons controlling the forelimb and hindlimb.

INTRODUCTION

The spinal cord contains the final layer of circuitry involved in controlling motor behaviors, 

where descending commands and sensory inputs are integrated and transformed into 

behaviorally relevant patterns of motor neuron activity. Neural networks distributed along 

the rostrocaudal axis of the spinal cord are capable of controlling motor actions of discrete 

body parts, such as the forelimbs, trunk muscles, diaphragm, and hindlimbs, and these 

elementary networks are thought to be modulated and recruited in a context-dependent 

manner (Forssberg et al., 1980; Grillner, 1991; Shik and Orlovsky, 1976). The appropriate 

recruitment of individual body parts together forms complete motor behaviors, such as 

locomotion, swimming, grooming, and forelimb reaching (Grillner, 2006; Tinbergen, 1963). 

Although the cellular nodes underlying these ethologically relevant coordinated behaviors 

have begun to be identified (Alstermark et al., 2007; Azim et al., 2014; Graziano et al., 2002; 

Roseberry et al., 2016; Shik and Orlovsky, 1976), the network properties and molecular 

underpinnings that enable and endorse diverse motor outputs along the body axis remain 

elusive.

The sites of motor computations appear to be distributed across many areas of the 

CNS, making it challenging to identify the origin of body part-specific movements. 

Microstimulation and anatomical studies have shown that higher-level (supraspinal) circuitry 

contributes to the computations necessary to generate motor commands appropriate for 

particular body segments (Esposito et al., 2014; Graziano et al., 2002; Harrison et al., 

2012; Jeffery and Fitzgerald, 1999; Ramanathan et al., 2015; Tennant et al., 2012). In 

addition to supraspinal structures, the spinal cord itself is a major site for computing motor 

actions at each level of the body (Bizzi et al., 1991; Hägglund et al., 2013; Juvin et al., 

2005; Levine et al., 2014; Ruder et al., 2016). This was vividly illustrated by a series of 

transplantation studies in chick embryos in which brachial and lumbar spinal cord regions 

were switched, producing hopping chickens with left-right alternating wing movements 

(Narayanan and Hamburger, 1971). Although there are many possible explanations, this 

example illustrates that there are profound regional differences along the spinal cord, and, 

thus, there may be unique circuits arrayed along the rostrocaudal axis of this structure. 

Recent studies have shown cervically enriched propriospinal neurons communicate with 

supraspinal structures involved with forelimb reaching, providing further evidence for 

regional circuitry (Alstermark et al., 2007; Azim et al., 2014; Pivetta et al., 2014). A model 

that arises from these findings is that different levels of the spinal cord exhibit specialized 

network architectures, which may serve as the substrates for generating different motor 

neuron activation patterns appropriate for the muscles they control.
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Numerous classes of spinal interneurons have been identified along the dorsoventral 

and mediolateral axes of the neural tube based on their combinatorial expression of 

transcription factors during development (Alaynick et al., 2011; Goulding, 2009; Jessell, 

2000). Intersectional genetics has been used to uncover roles for many of these interneuron 

classes in motor control, thereby linking developmental lineage and neural function (Arber, 

2012; Goulding, 2009; Grillner and Jessell, 2009; Kiehn, 2016). Labeling and genetic 

studies of motor neuron subtypes have revealed that this neuronal class is highly segmentally 

specialized (Landmesser, 1978; McKenna et al., 2000; Philippidou and Dasen, 2013; 

Romanes, 1951, 1964). Indeed, genetic manipulation of motor neuron subtype identity 

perturbs their connectivity and segment-specific activation patterns (Baek et al., 2017; 

Hinckley et al., 2015; Machado et al., 2015). Despite the diverse motor outputs the spinal 

cord regulates along the body axis, most classes of interneurons known to be involved 

in motor regulation appear to be present at all spinal levels and are viewed as repeating 

segmental units of circuitry extending the length of the spinal cord (Alaynick et al., 2011; 

Goulding, 2009; Jessell, 2000; Pivetta et al., 2014). While the richness of molecular diversity 

present within the cardinal classes of interneurons has begun to be uncovered (Bikoff et al., 

2016; Francius et al., 2013; Gabitto et al., 2016), a major unresolved issue is to understand 

how the functional complexity and uniqueness of motor output patterns are generated along 

the body axis using reiterations of the same spinal interneurons at each level of the spinal 

cord.

In this study, we focused on V2a interneurons, which represent a cardinal population of 

excitatory interneurons within the ventral spinal cord (Al-Mosawie et al., 2007; Crone et 

al., 2008; Joshi et al., 2009; Kimura et al., 2006; Lundfald et al., 2007). These interneurons 

can be identified by their expression of the transcription factor Chx10/Vsx2 (Ericson et 

al., 1997; Kimura et al., 2006). V2a interneurons are present at all spinal levels, and 

anatomical and physiological studies have identified ascending connections to brainstem 

nuclei and local connections to motor neurons (Al-Mosawie et al., 2007; Azim et al., 

2014; Dougherty et al., 2013; Menelaou et al., 2014; Pivetta et al., 2014; Song et al., 

2016; Stepien et al., 2010). Despite the continuity of V2a interneurons along the spinal 

cord and their apparent embryonic homogeneity (Francius et al., 2013), functional studies 

indicate these interneurons control forelimbs and hindlimbs differently. Ablation of V2a 

interneurons affects respiration and left-right coordination of the hindlimbs (Crone et al., 

2008, 2009, 2012), whereas targeted destruction of cervical V2a interneurons disrupts 

forelimb reaching without affecting locomotion (Azim et al., 2014; Pivetta et al., 2014). 

While these studies demonstrate that V2a interneurons as a population contribute to the 

regulation of forelimbs and hindlimbs, a comprehensive framework that links the molecular, 

anatomical, and functional differences within this critical interneuron population has not 

been established. Therefore, we examined how a well-defined cell population, V2a spinal 

interneurons, acquires the ability to serve as a neural substrate for controlling different motor 

behaviors along the body axis.

We found there are distinct V2a interneuron network infrastructures within the cervical and 

lumbar spinal cord that can be identified based on molecular, anatomical, and functional 

criteria. V2a interneurons can be divided into two major types: type I V2a interneurons 

with dense local connections within the spinal cord that efficiently drive motor neuron 
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firing, and branched type II V2a interneurons with local and supraspinal projections. 

Gene expression analyses reveal that type I V2a interneurons maintain Chx10 expression 

whereas type II V2a interneurons downregulate this marker, providing a molecular tool for 

tracking the rostrocaudal distribution of these two cell groups that emerge during embryonic 

development. Although the overall number of V2a interneurons is similar at cervical and 

lumbar levels, the type I population is enriched within the lumbar spinal cord, and the type 

II subset is most prominent at cervical levels. In this way, type I and type II interneurons 

form a counter-gradient along the rostrocaudal axis of the spinal cord rather than localizing 

to specific segments. Single-cell transcriptomics revealed that both type I and type II V2a 

interneurons are further divided into multiple subpopulations analogous to the way motor 

columns are divided into motor pools. Our studies demonstrate that the V2a cardinal 

class of spinal interneurons progresses through multiple layers of anatomical and genetic 

diversification to create circuits distributed along the rostrocaudal axis that drive unique 

patterns of motor activity.

RESULTS

V2a Interneuron Postsynaptic Targets in Cervical and Lumbar Segments

To identify possible motor circuit differences along the rostrocaudal axis of the spinal cord, 

we investigated V2a interneurons because functional studies have implicated these cells in 

a variety of motor behaviors that are mediated by different segmental circuits (Azim et al., 

2014; Crone et al., 2008, 2009, 2012; Pivetta et al., 2014; Ruder et al., 2016). However, there 

has not been a comprehensive comparison of V2a interneurons at different segments of the 

spinal cord. We indelibly labeled V2a interneurons with the fluorescent protein tdTomato 

(Tom) using the Cre-loxP system, where Cre was driven by the endogenous locus of the 

canonical V2a marker gene Chx10. We found that V2a interneurons are widely distributed in 

the ventral half of the spinal cord and are present in all spinal segments (Figure 1A). Given 

the differences in the degree of dexterity and repertoire of actions between forelimbs and 

hindlimbs, we focused on cervical and lumbar segments. When we analyzed the segmental 

distribution of V2a interneurons, we found similar numbers of Tom+ cells within cervical 

and lumbar segments (Figure S1A). Fluorescent in situ hybridization to detect vglut2 mRNA 

confirmed that all V2a interneurons are glutamatergic within both the cervical and lumbar 

spinal cord (Figure S1B; see also Figure S3B) (Crone et al., 2008; Lundfald et al., 2007).

We next surveyed the synaptic targets of V2a interneurons by genetically labeling 

presynaptic terminals with tdTomato-tagged synaptophysin (Syp-Tom) (Figure 1B). Syp­

Tom expression recapitulated the pattern of synaptic output revealed by the excitatory 

presynaptic marker Vglut2 (Figure S1C), suggesting this genetic method reliably labels 

presynaptic terminals and is suited to globally surveying the postsynaptic targets of V2a 

interneurons. We observed Syp-Tom signals distributed widely throughout the ventral spinal 

cord within both cervical and lumbar segments (Figures 1C and 1D). Putative synaptic 

contacts were found on ~94% of NeuN+ somata in lamina VII–X, including ChAT+ motor 

neurons and Chx10+ V2a interneurons themselves (Figures 1C and 1D, insets). Interestingly, 

the distribution of V2a synaptic terminals obeyed a strict dorsoventral boundary, and 
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putative synaptic contacts were found on less than 1% of interneurons in the dorsal half 

of the spinal cord (lamina I–V) (Figures 1C and 1D).

The global V2a synaptic target analysis provides a comprehensive view, but it obscures 

from which segments the synapses are derived. To characterize segment-specific synaptic 

targets of V2a interneurons, adeno-associated virus (AAV) expressing Cre-dependent Tom 

and Syp-GFP was injected into cervical or lumbar segments of Chx10:Cre neonates 

(Figure 1E). Within both cervical and lumbar segments containing locally labeled V2a 

interneurons, we observed synaptic contacts from V2a interneurons to V2a interneurons, 

from V2a interneurons to non-V2a interneurons, and from V2a interneurons to motor 

neurons within the ipsilateral ventral spinal cord (Figures 1F and 1G). Our observations 

show that the unifying characteristics of cervical and lumbar V2a interneurons include 

glutamatergic neurotransmitter identity and a broad pattern of local connections within the 

ventral ipsilateral spinal cord (Figure 1H) (Al-Mosawie et al., 2007; Crone et al., 2008; 

Dougherty and Kiehn, 2010; Kimura et al., 2006; Lundfald et al., 2007; Zhong et al., 2010).

Cervical and Lumbar V2a Interneurons Drive Different Patterns of Motor Output

To examine how the activity of V2a interneurons is integrated by motor neurons, we 

analyzed the properties of motor output evoked by stimulation of the V2a population. 

We utilized mouse genetics to express channelrhodopsin (ChR2) in V2a interneurons at 

reproducible levels across spinal segments. Unilateral photostimulation of V2a interneurons 

within cervical (C8) or lumbar (L5) spinal cord segments triggered ipsilateral motor neuron 

activity within the segment of stimulation (Figures 2A and 2B). Analysis of the latency and 

reliability of these motor responses revealed different motor activation characteristics evoked 

by stimulation of cervical versus lumbar V2a interneurons. Following repeated stimulations 

of cervical V2a interneurons (10 trials with 10-s intervals), we found that 48% ± 12% of 

trials evoked spiking in motor neurons. In contrast, lumbar V2a stimulation evoked motor 

neuron activity in all trials (100% ± 0%) (Figure 2C). Moreover, lumbar motor neuron action 

potentials were evoked with shorter latency than cervical motor neuron action potentials 

(Figure 2D).

To exclude the possibility that V2a interneurons contribute to motor outputs primarily 

with long-range intersegmental connections (Azim et al., 2014; Pivetta et al., 2014), we 

stimulated V2a interneurons across multiple segments while recording motor activity at 

C8 or L5 (Figure S2A). V2a interneurons evoked motor neuron action potentials most 

efficiently within the same segment, suggesting that the intrasegmental connectivity of these 

neurons is the most efficient pathway for motor neuron activation (Figure S2A). Next, 

to exclude the possibility that the distinct motor neuron responses detected at cervical 

and lumbar levels were due to differences in the optical recruitment of V2a interneurons, 

we synaptically isolated V2a interneurons (see the STAR Methods), and we found the 

latency and reliability of action potentials were similar at both levels (Figure S2B). To 

determine whether cervical spinal networks have inherent properties that make motor 

neurons more difficult to recruit, we measured motor responses following stimulation 

of dorsal glutamatergic Lmx1b interneurons. Stimulation of Lmx1b interneurons did not 
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produce detectable differences on motor responses (Figure S2C), suggesting that these two 

levels share a similar capacity to generate motor activity.

V2a interneurons indirectly regulate contralateral spinal cord activity via commissural 

interneurons such as the V0 population (Crone et al., 2008; Lanuza et al., 2004; 

Talpalar et al., 2013). To assay polysynaptic motor activation by V2a interneurons, we 

recorded motor neuron spikes while stimulating the contralateral cervical or lumbar V2a 

interneurons (Figure 2E). As expected for an indirect pathway, the latency of contralateral 

motor activation was longer than ipsilateral activation (Figures 2D and 2H). Importantly, 

however, 93% ± 4% of lumbar trials evoked spikes, whereas only 3% ± 2% of cervical 

trials activated motor neurons (Figures 2F–2H). Dorsal glutamatergic Lmx1b interneuron 

stimulation produced contralateral motor neuron activity with equivalent reliability and 

latency at cervical and lumbar levels (Figure S2D). Together, our data show that, despite the 

similarities in their neurotransmitter identity and broad ventral synaptic targets, lumbar V2a 

interneurons drive both ipsilateral and contralateral motor neuron activity more robustly and 

reliably than cervical V2a interneurons (Figures 2N and 2O).

Distinct V2a Interneuron-to-Motor Neuron Connectivity at Cervical and Lumbar Segments

The differences revealed by optogenetics raised the possibility that V2a interneurons form 

distinct connections at cervical versus lumbar segments. To characterize the connectivity 

between V2a interneurons and motor neurons, we employed monosynaptic retrograde viral 

tracing. ΔG-rabies virus expressing GFP (ΔG-Rabies:GFP) together with AAV encoding 

glycoprotein (AAV:G) was injected into forelimb or hindlimb muscles (wrist extensor or 

gastrocnemius, respectively) of Chx10:Cre; tdTomato neonates (Figure 2I). Both cervical 

and lumbar limb premotor V2a interneurons were located in the lateral half of the V2a 

interneuron domain (Figure 2L). However, V2a interneurons (Tom+) comprised 2.2% ± 

0.4% of the forelimb premotor interneurons (primarily cervical; Figures 2J and 2M), 

whereas 4.9% ± 0.2% of hindlimb premotor cells were V2a interneurons (primarily 

lumbar; Figures 2K, 2M, S2E, and S2F). Furthermore, the quantitative difference in 

V2a premotor interneurons at cervical versus lumbar levels was not a general feature of 

premotor interneurons, as the connectivity of forelimb and hindlimb premotor cholinergic 

V0c interneurons was similar at cervical and lumbar levels (Figure 2M). Thus, although the 

number of V2a interneurons is similar, the synaptic connections revealed by transsynaptic 

rabies labeling between V2a interneurons and motor neurons are 2-fold more abundant at 

spinal levels controlling the hindlimb than the forelimb (Figures 2N and 2O). Together, our 

data indicate that diverse functions and connectivity can indeed be encoded within a cardinal 

class of spinal interneurons along the rostrocaudal axis.

Cervical and Lumbar V2a Interneurons Exhibit Distinct Genetic Signatures

The anatomical and functional differences between cervical and lumbar V2a interneurons 

prompted us to explore whether there are molecular differences that distinguish these cells. 

Cervical and lumbar spinal cord segments were collected from Chx10:Cre; tdTomato mice 

at postnatal day (P) 0. Tom+ and Tom− cells were purified by fluorescence-activated cell 

sorting (FACS), and mRNA levels were quantified using next-generation RNA sequencing 

(Figures 3A and 3B). Principal component analysis was first used to examine global 
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differences in gene expression among cervical V2a, cervical non-V2a, lumbar V2a, and 

lumbar non-V2a cells. The top two principal components accounted for 87% of the variance 

and were sufficient to separate these 4 populations (Figures 3B and 3C).

To comprehensively identify genes that distinguish cervical V2a and lumbar V2a 

interneurons that are restricted to only V2a interneurons, we compared the transcriptomes of 

cervical Tom+ cells (V2a) to cervical Tom− cells (non-V2a) (Figures 3B and 3D). Likewise, 

we made a similar comparison of lumbar Tom+ to lumbar Tom− cells (Figures 3B and 3E). 

The genes highly enriched in V2a interneurons were identical at cervical and lumbar levels: 

Chx10/Vsx2, Sox14, Shox2, Lhx3, Lhx4, and non-coding RNA RP23–297l16.6 (Figures 

3D and 3E). Despite our expectation, this analysis revealed that the genes that separate 

V2a interneurons from the rest of the spinal cells are shared between cervical and lumbar 

segments, indicating no individual genes label cervical or lumbar V2a interneurons with 

absolute selectivity.

We next compared the transcriptomes of cervical V2a to lumbar V2a interneurons (Figure 

3B). We found 154 genes enriched in cervical V2a interneurons and 113 genes enriched 

in lumbar V2a interneurons (Figures S3A and S3C), showing that cervical and lumbar 

V2a interneurons indeed exhibit distinct genetic signatures. Although Hox genes were not 

restricted to V2a interneurons, they represented the most enriched genes between cervical 

and lumbar V2a samples (Figures 3F and S3A). Whereas major neurotransmitter synthesis, 

transporter, and receptor genes appeared to be expressed similarly (Figure S3B; data not 

shown), we unexpectedly found that the canonical V2a marker Chx10 as well as other 

known V2a transcription factors, Sox14 and Lhx3, were expressed at significantly higher 

levels in lumbar V2a interneurons relative to cervical V2a interneurons (Figure 3G).

Chx10 Differentially Labels Cervical and Lumbar V2a Interneurons

Chx10 is regarded as the canonical V2a interneuron marker gene (Ericson et al., 1997; 

Kimura et al., 2006). However, our transcriptome analysis indicated that Chx10 is 

differentially expressed by cervical and lumbar V2a interneurons (Figure 3G). We used 

Chx10:Cre to label V2a interneurons for gene profiling. This strategy produces indelible 

reporter-gene marking of V2a interneurons that becomes independent from the regulation 

of Chx10. Therefore, we examined whether Chx10 is dynamically regulated at a single­

cell resolution to explore the possibility that this heretofore canonical marker of V2a 

interneurons itself can be used to reveal segmental differences among these neurons.

To characterize Chx10 levels within individual cells, we stained Tom+ V2a interneurons 

in Chx10:Cre; tdTomato mice with a specific antibody (Figure S4A). In neonates, ~50% 

of Tom+ cervical V2a interneurons expressed Chx10, whereas ~90% of lumbar V2a 

interneurons were Chx10+ (Figures 4A and 4B). At cervical levels, the Chx10+/Tom+ and 

Chx10−/Tom+ V2a interneurons were intermingled, but the greatest density of Chx10+ V2a 

interneurons was medial to the Chx10− cells (Figure 4C). These findings suggest that Chx10 

protein status in postnatal V2a interneurons distinguishes two types, which we classified 

type I (Chx10+) and type II (Chx10−). These two groups are unequally distributed along 

the rostrocaudal axis, forming a counter-gradient with each other (Figure 4B). Within the 
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cervical spinal cord, type I (Chx10+) and type II (Chx10−) V2a interneurons are present in 

similar numbers, whereas at lumbar levels most V2a interneurons are the type I class.

The finding that Chx10 labels two types of V2a interneurons prompted us to examine other 

V2a marker genes in more detail. Lhx3, Sox14, Lhx4, and Bhlhb5 were enriched in lumbar 

V2a interneurons and also exhibited a graded pattern along the rostrocaudal axis (Figures 

S4B–S4F). In contrast, Shox2 was expressed within a subset of V2a interneurons that was 

equally distributed (Figure S4G). Thus, multiple V2a transcription factors exhibit a graded 

expression pattern in addition to Chx10 (Figures S4H and S4I).

The Chx10:Cre mouse has been used to selectively target V2a interneurons for functional 

studies (Azim et al., 2014; Bouvier et al., 2015). To investigate the relationship between 

Chx10 expression and the regulation of Cre activity, we injected self-complimentary adeno 

associated virus (scAAV) expressing Cre-dependent GFP (i.e., reporter of Cre activity at the 

time of infection) into cervical segments of Chx10:Cre; tdTomato neonates (i.e., indelible 

reporter of V2a interneurons). Within the cervical spinal cord, we observed both type I 

and type II V2a interneurons labeled with GFP (Figure S4J). This finding suggests all 

V2a interneurons (Tom+) possess Cre activity despite the downregulation of Chx10 protein 

detected by immunostaining. Thus, previous functional studies using Chx10:Cre most likely 

perturbed the function of both V2a types (type I and type II).

Sequential Diversification of V2a Types during Embryonic Development

To address how different subpopulations of V2a interneurons arise along the rostrocaudal 

axis of the spinal cord, we characterized the expression of Chx10 in V2a interneurons during 

development. At embryonic day (E)11.5, all V2a interneurons expressed Chx10 along the 

rostrocaudal axis (Figures 4D and 4E). However, we observed a progressive downregulation 

of Chx10 in rostral segments starting at E12.5. By E14.5, ~50% of cervical V2a interneurons 

expressed Chx10, whereas ~90% retained Chx10 in the lumbar spinal cord (Figures 4D, 4E, 

and S4K). Moreover, we found that a similar rostrocaudal pattern was present in adult spinal 

cords, indicating that the type I (Chx10+) and type II (Chx10−) status of the V2a types 

is preserved in the adult spinal cord (Figures 4D and 4E). These findings suggest that an 

early ground state for all V2a interneurons is a Chx10+ state, followed by the progressive 

downregulation of Chx10 in approximately half of the cervical V2a interneurons to generate 

type I and type II V2a interneurons during embryonic development.

Postmitotic spinal neurons are generated from progenitors over multiple days, and the 

timing of neurogenesis is often correlated with the appearance of different neuronal subtypes 

(Jessell, 2000; Stam et al., 2012; Tripodi et al., 2011). To birth date type I (Chx10+) 

V2a and type II (Chx10−) V2a interneurons, thymodine analog EdU was injected into 

pregnant females at different developmental time points (Figure S4L). As a population, 

V2a neurogenesis is completed by E13.5 (Figures S4L and S4M), but type II V2a IN 

peak generation is at E10.5 whereas type I V2a interneurons are born from ~E10.5 to 

E12.5 (Figures 4F, 4G, and S4M). Taken together, our findings indicate that type II V2a 

interneurons are born during an early phase of V2a neurogenesis and express Chx10, which 

is then downregulated within days of becoming postmitotic (Figure 4H). In contrast, type 
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I V2a interneurons are generated over a longer period of development and maintain Chx10 

expression.

Type II V2a Interneurons Project Supraspinally

Given that the molecular distinction between V2a types is maintained into adulthood, we 

next set out to elucidate whether type I and type II V2a interneurons establish different 

connectivity patterns. V2a interneurons have been shown to project into the brainstem (Azim 

et al., 2014; Menelaou et al., 2014; Pivetta et al., 2014). To visualize V2a interneurons with 

ascending projections into supraspinal structures, ΔG-Rabies:GFP (alone) was unilaterally 

injected into the brainstem as a retrograde tracer (Figure 5A); 84.8% ± 5.6% of all rabies­

labeled V2a interneurons resided within C1–8, whereas we failed to detect lumbar V2a 

interneurons that projected to the brainstem (Figures 5B–5D). Instead, brainstem projections 

from the lumbar spinal cord arose from contralateral non-V2a interneurons (Figure 5C) 

(Menétrey et al., 1983). Interestingly, the brainstem-projecting cervical V2a interneurons 

were enriched in the lateral half of the V2a domain, corresponding to the location of limb 

premotor V2a interneurons (Pivetta et al., 2014) (Figures 2L and 5E).

We next performed viral tracing in combination with marker analysis. We found 83% ± 5% 

of the brainstem-projecting V2a interneurons were type II interneurons (Chx10−). Given 

that only 44% ± 3% of all cervical V2a interneurons in the corresponding sections were 

type II, the brainstem-projecting V2a labeling was strongly biased for the type II subset 

(Figures 5F and 5G). As a control to ensure that the infection of V2a interneurons did not 

cause Chx10 downregulation, we injected DG-Rabies:GFP into the cervical spinal cord and 

assayed Chx10 expression in randomly infected V2a interneurons. We found rabies labeled 

both type I V2a and type II V2a interneurons without bias, suggesting Chx10 expression was 

unaffected by viral infection (Figure S5A).

Previous studies have shown that cervical supraspinal V2a interneurons relay an efference 

copy of motor commands to the cerebellum via the lateral reticular nucleus (LRN) for 

error correction (Alstermark et al., 2007; Azim et al., 2014; Pivetta et al., 2014). These 

specialized neurons have bifurcating projections that also form direct synapses onto motor 

neurons. Since type II V2a interneurons project supraspinally, we investigated whether 

they also synapse onto motor neurons. Monosynaptic-retrograde rabies labeling from the 

forelimb wrist extensor revealed that 71% ± 5% of the premotor V2a interneurons were 

type II (Figure S5B), consistent with our observation that both cervical premotor and 

brainstem-projecting V2a interneurons are concentrated within the lateral domain of the 

V2a population (Figures 2L and 5E). Our findings indicate that type II V2a interneurons 

correspond to the previously identified supraspinal-projecting efference relay neurons.

scRNA-Seq Reveals Subtype Diversity in the Type I and Type II Classes

To systematically characterize the genetic differences between individual V2a interneurons, 

we conducted single-cell RNA sequencing (scRNA-seq) on Tom-labeled V2a interneurons 

from cervical and lumbar segments (Figure 6A). We processed ~3,000 Tom+ cells using 

Chromium Single-Cell 3’ pipeline, and we selected 949 individual neurons for further 

transcriptomic analyses based on quality assessment (see the STAR Methods). As expected, 
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99.5% of the cells expressed one or more V2a marker genes (see Figures 3D and 3E; Chx10, 
Sox14, Shox2, Lhx3, or Lhx4), and 92.7% expressed slc17a6 (Vglut2) consistent with their 

glutamatergic phenotype (Figure 6B). In addition, neither the Hb9 motor neuron nor the En1 

V1 IN markers were detected, indicating accurate purification (Figure 6B).

Genome-wide comparisons identified 11 separate groupings of V2a interneurons (Figures 

6A and 6C). Pairwise comparisons were used to identify genes enriched in each cluster 

(Figures 6C, S6A, and S6B). Cell clusters 3–5 in the upper right (UR) of the t-distributed 

stochastic neighbor embedding (t-SNE) plot were enriched for transcription factors Nfib, 
Tcf4, NeuroD2, and Sp8, whereas clusters 1, 2, 6–8, and 10 in the lower left (LL) 

were enriched for Zfhx3, Zfhx4, Nefl, and Shox2 (Figures 6D and S6B). We performed 

immunostaining with Nfib enriched in UR clusters and Zfhx3 in LL clusters to confirm their 

predicted expression and to map their location (Figures 6E and S6C). Interestingly, Nfib 

and Zfhx3 labeling revealed distinct medial and lateral columnar groups of V2a interneurons 

(Figures 6F and S6C). Specifically, Zfhx3+ V2a interneurons were enriched laterally and 

Nfib+ V2a interneurons were enriched medially (Figure 6F). We further confirmed that the 

V2a interneurons within clusters 3–5 corresponded to medially located V2a interneurons 

and the cells in clusters 1, 2, 6–8, and 10 were concentrated laterally by characterizing the 

expression of NeuroD2, Sp8, Zfhx4, and Shox2 (see Figures 7C–7G; data not shown).

Next we examined whether type I and type II interneurons represent specific cell clusters 

within the t-SNE plot (Figure 6C). Based on Chx10 reads, we assigned cells as high 

(putative type I) or low (putative type II) V2a interneurons. While Zfhx3+ lateral clusters 

6–8 contained the highest fraction of Chx10-low V2a interneurons, each cluster seemed to 

contain both Chx10-high and Chx10-low cells (Figure 7A). We confirmed that indeed each 

cluster was a mixture of both type I and type II interneurons by performing immunolabeling 

with cell cluster markers in combination with Chx10 staining (Figures 7C–7G). These 

findings suggest that type I and type II V2a interneurons are each comprised of multiple 

genetically distinct cell groups.

To understand how cervical and lumbar V2a interneurons are represented within the t-SNE 

clusters, we used the overall genetic signatures for cervical and lumbar interneurons defined 

from bulk sequencing to assign 455 cells as cervical and 494 as lumbar (Figure S7A). We 

found both cervical and lumbar V2a interneurons in 10 of the 11 clusters, however, the ratio 

of cervical to lumbar V2a interneurons comprising each cluster varied considerably (Figure 

7B). For example, Zfhx3/Zfhx4/Shox2+ clusters 6 and 8 were mostly cervical neurons; 

Zfhx3/Zfhx4/Shox2+ clusters 1, 2, and 10 were enriched for lumbar V2a interneurons; and 

Nfib/NeuroD2/Sp8+ clusters 3–5 were mixtures of cervical and lumbar V2a interneurons 

(Figure 7B). Using Zfhx3 and Shox2 to mark the lateral domain of V2a interneurons in 

combination with Chx10 to define type I/II identity, we found that the composition of the 

lateral V2a domain shifted from being predominately type II at cervical levels to type I at 

lumbar levels (Figures 7C and 7D). In contrast, the medial population of neurons expressing 

Nfib, NeuroD2, or Sp8 was enriched for type I neurons, and the type I/II ratio was relatively 

constant along the rostrocaudal axis (Figures 7E–7G). These findings indicate that the V2a 

interneuron subtypes arrayed within the lateral domain change along the rostrocaudal axis, 

whereas the composition of the medial population remains more constant (Figure 7H).

Hayashi et al. Page 10

Neuron. Author manuscript; available in PMC 2021 November 18.

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript



DISCUSSION

The functional diversity in forelimb and hindlimb motor control is difficult to reconcile with 

the simple view of the developmentally defined cardinal interneuron classes present at all 

spinal levels (Alaynick et al., 2011; Goulding, 2009; Grillner and Jessell, 2009). To date, a 

few studies have identified regionally enriched spinal neurons with marker genes (Francius 

et al., 2013; Hantman and Jessell, 2010; Hinckley et al., 2005; Zagoraiou et al., 2009). To 

address how the spinal cord accommodates the functional diversity using reiteration of the 

cardinal interneuron classes, we focused on the V2a interneuron population marked by the 

transcription factor Chx10 (Ericson et al., 1997; Kimura et al., 2006). V2a interneurons are 

excitatory, intersegmental ipsilaterally projecting neurons found mainly in lamina VII of the 

spinal cord (Al-Mosawie et al., 2007; Crone et al., 2008; Kimura et al., 2006; Lundfald et 

al., 2007; Peng et al., 2007). Functional studies have uncovered roles for these interneurons 

in behaviors ranging from forelimb food retrieval to hindlimb locomotor coordination (Azim 

et al., 2014; Crone et al., 2008, 2009, 2012; Pivetta et al., 2014; Song et al., 2016).

It remains unknown whether V2a interneurons have specialized attributes capable of 

generating distinct and instructive control over forelimb and hindlimb movements or if they 

have a uniform contribution to motor activity at each level of the spinal cord. In this study, 

we identify two major types of V2a interneurons, classified as type I and type II, that can be 

distinguished by their unique marker profiles and distinct connectivity patterns. Single-cell 

gene profiling revealed type I and II neurons are further divided into genetically distinct 

subtypes. Below we discuss how V2a interneuron diversification arises, and we speculate 

on how the different ratios of type I and type II neurons might contribute to fine dexterous 

control of forelimbs versus the automaticity associated with hindlimb stepping.

Characterization of Type I and Type II V2a Interneurons

There is extensive evidence for different spinal neuron classes within segments (Alaynick et 

al., 2011; Goulding, 2009; Jessell, 2000), but little is known about the cell type diversity 

across spinal segments and how this might underlie different motor neuron activation 

patterns for specific behaviors. Francius et al. (2013) have previously identified molecular 

diversity at an embryonic stage within the cardinal V1 and V3 interneuron populations 

distributed along the rostrocaudal axis. Here we report molecular, anatomical, and functional 

differences between cervical and lumbar V2a interneurons. Rabies retrograde transsynaptic 

labeling revealed that lumbar V2a interneurons have more connections to motor neurons 

and drive their activity more reliably than cervical V2a interneurons. We profiled the gene 

expression of purified cervical and lumbar V2a interneurons, and we unexpectedly found 

that Chx10, the canonical marker of these neurons, was differentially expressed. Chx10 

labeling was used to identify two types of V2a interneurons that we categorized as type I and 

type II. Type I V2a interneurons retain high levels of Chx10 and are most abundant within 

the lumbar spinal cord, whereas type II V2a interneurons downregulate Chx10 after E12.5 

and are most prominent in the cervical cord (Figure 7H). Type I neurons have extensive 

local recurrent connections but lack supraspinal projections, whereas type II neurons project 

rostrally into the brainstem in addition to having segmental projections. Interestingly, type I 
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and type II V2a interneurons form an extended counter-gradient with each other along the 

rostrocaudal axis of the cord, rather than localizing to discrete spinal segments (Figure 7H).

We speculate that the cervically enriched type II V2a interneurons that relay efference 

copies of motor commands to supraspinal structures facilitate forelimb dexterity, whereas 

the lumbar-enriched type I V2a interneurons may contribute to greater automaticity of 

the hindlimbs by helping secure a strong central pattern generator activity. The graded 

distribution of type I relative to type II neurons within the lateral V2a column may serve as 

a cost-efficient means for building ratiometric circuits that generate different motor patterns 

along the body axis. This is supported by the observation that photostimulation of thoracic 

V2a interneurons drives thoracic motor neuron activity with a latency that is between 

cervical and lumbar V2a photostimulation (data not shown). Because V2a interneurons 

project across multiple segments (Menelaou et al., 2014; Ni et al., 2014; Ruder et al., 

2016), thoracic V2a interneurons are also potential substrates to coordinate the contraction 

of thoracic muscles with limb movements in order to stabilize the body.

Molecular and Developmental Mechanisms Underlying V2a Diversification

We found that Chx10 is transiently expressed by all embryonic V2a interneurons, 

then downregulated in the type II subset 1–3 days after the cells become postmitotic. 

The generation of type I and type II V2a interneurons is analogous to motor neuron 

diversification in which Lhx3 is initially present in all embryonic spinal motor neurons, 

but subsequently it is downregulated in all subtypes except the medial motor column 

(Sharma et al., 1998). The overlap in Lhx3 and Chx10 (Figure S4D) combined with 

previous observations that ectopic expression of Lhx3 is sufficient to induce Chx10 V2a 

interneuron differentiation in the dorsal spinal cord (Clovis et al., 2016; Tanabe et al., 1998; 

Thaler et al., 2002) suggested Lhx3 might be central to the diversification process that 

generates type I and type II neurons. We generated transgenic mouse lines that express these 

Lin11-Isl1-Mec3 (LIM) homeodomain factors in a Cre-dependent fashion (tgCAG:lsl:Lhx3 

and tgCAG:lsl:Lhx4). While the forced expression of Lhx3 or Lhx4 in Isl1/2+ dorsal root 

ganglion neurons induced ectopic Hb9+ motor neurons as predicted by the LIM code 

(Thaler et al., 2002), surprisingly, neither Lhx3 nor Lhx4 was sufficient to sustain Chx10 

expression in type II V2a interneurons (data not shown). Our observations suggest there is a 

potent regulatory system within type II V2a interneurons that prevents Lhx3 and Lhx4 from 

sustaining Chx10 expression.

Single-cell transcript profiling revealed 11 molecularly distinct groups of V2a interneurons. 

Interestingly, the further diversification of type I and II neurons into individual subtypes 

seems to occur in parallel, because markers that label subsets of type I cells also label 

subsets of type II neurons. Although the V2a interneuron populations we identified 

do not appear to be organized segmentally like motor neurons, the divisions of V2a 

interneuron types and subtypes are analogous to the ordering of motor neurons into 

columns and pools. Like the V2a interneuron subtypes comprising the type I and II classes, 

motor pools within different columns frequently share expression of motor pool markers, 

such as the Ets transcription factors (Lin et al., 1998). Thus, both motor neurons and 
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V2a interneurons appear to develop following a stepwise diversification plan that uses 

combinatorial transcription factor codes.

Spinal Neuron Diversity and the Circuitry for Elaboration of Motor Behavior

Using genes Zfhx3, Shox2, Nfib, NeuroD2, and Sp8 that further divide type I and type II 

V2a interneurons, we found that a group of Nfib/NeuroD2/Sp8-labeled type I interneurons 

was positioned medially within the spinal cord and formed a relatively continuous column 

of cells along the spinal cord (Figure 7H). Conversely, type I interneurons marked by Zfhx3/

Shox2 were positioned more laterally and formed a counter-gradient with the type II neurons 

along the rostrocaudal spinal axis (Figure 7H). What might distinguish the functionality of 

the medial and lateral V2a interneurons? Retrograde transsynaptic labeling of axial premotor 

interneurons detected many that are positioned medially within lamina VII where V2a 

interneurons reside (see Goetz et al., 2015). We found that limb premotor V2a as well 

as brainstem-projecting V2a interneurons were enriched laterally. Because the composition 

of cervical and lumbar V2a interneuron types differs most within the lateral domain, it is 

possible this subgroup of V2a interneurons is optimized for differences in forelimb and 

hindlimb motor control, while the medial V2a column might represent an axial musculature 

network that is shared along the body axis.

The other cardinal classes of interneurons may also display a similar scheme of cellular 

complexity along the rostrocaudal axis of the spinal cord. Indeed, viral tracing studies 

have revealed that, in addition to V2a interneurons, many other cardinal groups of spinal 

interneurons at cervical segments also project into the LRN in the brainstem (Pivetta et 

al., 2014). As the supraspinal projections of V2a interneurons are restricted to the type II 

class, it raises the possibility that LRN projections arise from analogous subtypes among 

the other cardinal interneuron groups. Furthermore, most of the genes enriched in the 11 

V2a subtypes defined by scRNA-seq are also expressed in other interneurons. Collectively, 

our molecular, anatomical, and functional data of V2a interneurons reveal neural substrates 

and organizational principles for a key cell group known to underlie forelimb and hindlimb 

motor control, and they provide a foundation for further understanding the organizational 

logic of neuronal diversity in the spinal cord.

STAR⋆METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Samuel Pfaff (pfaff@salk.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice Lines—The following strains of mice were used: ROSA-CAG:lsl:tdTomato (JAX, 

Ai9: 007909, Ai14: 007908), ROSA-CAG:lsl:Synaptophysin-tdTomato (JAX, Ai34D: 

012570), ROSA-CAG:lsl:ChR2-EYFP (JAX, Ai32: 012569), Chx10:Cre (Azim et al., 2014; 

Bouvier et al., 2015), Lmx1b:Cre (provided by R. Johnson, University of Texas MD 

Anderson Cancer Center, (Hilde et al., 2016)).
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All mice were immune competent, SFP free, handled and housed in accordance with IACUC 

and AAALAC guidelines of the Salk Institute for Biological Studies. Mouse lines obtained 

from the JAX laboratory were maintained in a C57BL/6J background, and all other lines 

were maintained in a CB6F1/J background. For histological studies, E11-P70 male and 

female mice were used. For optogenetic studies, P2-P4 male and female mice were used. For 

bulk and scRNA-seq studies, P0 male and female mice were used.

We occasionally saw animals with ubiquitous expression of tdTomato or ChR2-YFP when 

crossed with Chx10:Cre mice (~5%–10% of the animals, regardless of maternal or paternal 

origin). These animals were excluded from the experiments.

METHOD DETAILS

Viral injections and tracing—AAV1-hSyn:FLEX: tdTomato-2A-SypGFP (Addgene: 

#51509, 9×10^11GC/mL) and scAAV1-hSyn:FLEX:GFP (5×10^12 GC/mL) were generated 

at GT3 core at Salk Institute. AAV6-Ef1a:G (1×10^13 GC/mL) was generated at Applied 

Viromics.

For the transsynaptic rabies labeling, AAV:G and rabies were mixed 4:1 immediately before 

injection. Injections were performed at P0 or P1 by anesthetizing pups on ice followed by 

single injections of 0.5–1 μL of virus into the muscle through the skin with a Hamilton 

syringe (see Levine et al., 2014). For the intraspinal injection of AAV or rabies virus, 

injections were performed at P2 by anesthetizing pups on ice, small unilaterall laminectomy, 

and delivering 0.25 μL of the virus using a fine glass needle and a picospritzer (see Levine 

et al., 2014). For the brainstem injection, ΔG-Rabies:GFP was unilaterally injected into 

rhombomere 8 and 9 at P2 by anesthetizing pups on ice and delivering 0.25 μL of the 

virus using a fine glass needle and a picospritzer. The injection site was identified using the 

posterior end of the developing cerebellum as a landmark (E18 and P4 reference atlas, Allen 

Brain Atlas).

Tissue preparation, immunohistochemistry, and imaging—Antibodies used 

were: Guinea pig anti-Chx10 (1:4000) (Thaler et al., 1999), Neurotrace-Alexa647 

(life technologies, 1:100), Guinea pig anti-Vglut2 (Millipore, 1:3000), Rabbit anti-GFP 

(Lifetechnologies, 1:1,000), Goat anti-GFP (Millipore, 1:1,000), Rabbit anti-RFP (MBL, 

1:1000), Rabbit anti-NeuN (Millipore, 1:1000), Rabbit anti-Lhx3 (1:5000) (Sharma 

et al., 1998), Rabbit anti-Lhx4 (1:5000) (Sharma et al., 1998), Guinea pig anti­

Lhx3 (1:5,000) (Sharma et al., 1998), Guinea pig anti-Lhx4 (1:20,000) (Sharma et 

al., 1998), Guinea pig anti-Sox14 (Gift from the Lee lab, 1:2,000) (Clovis et al., 

2016), Guinea pig anti-Shox2 (1:20,000, antibody raised against peptide sequence: 

PELKDRKDDAKGMEDEG), Rabbit anti-Shox2 (1:20,000, antibody raised against peptide 

sequence: PELKDRKDDAKGMEDEG), Goat anti-Bhlhb5 (Santa Cruz, 1:200), Rabbit anti­

Nfib (Novus, 1:1,000), Sheep anti-Zfhx3 (Novus, 1:1,000), Rabbit anti-NeuroD2 (abcam, 

1:1,000), Goat anti-Sp8 (Santa Cruz, 1:500).

Embryos were fixed with 2%–4% PFA for 60–120 min at 4°C. Postnatal spinal cords were 

isolated and fixed with 4% PFA for 60–120 min at 4°C. Adult mice were transcardially 

perfused with PBS followed by 4% PFA. Adult spinal cords were dissected out and post­
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fixed with 4% PFA for 90 min at 4°C. After the fixation, tissues were washed with PBS, 

equilibrated in 30% sucrose for 2hr – overnight at 4°C, embedded in Tissue-Tek OCT 

(Sakura), and subjected for cryosectioning onto glass slides (VWR). Immunohistochemistry 

was performed by incubating with primary antibodies (1–3 overnights, 4°C) and fluophore­

conjugated secondary antibodies (1:500, 2hr, room temperature; life technologies, Jackson 

ImmunoResearch). Sections were mounted with VectaShield (VECTOR) and coverslipped 

(VWR). Images were acquired using an Olympus FV1000. Images are presented as z­

projections unless otherwise noted.

Optical stimulation and electrophysiology—P2–4 spinal cords including the caudal 

end of the brainstem were isolated in 4°C oxygenated dissection aCSF (128 mM NaCl; 4 

mM KCl; 21 mM NaHCO3; 0.5 mM NaH2PO4; 3 mM MgSO4; 30 mM d-glucose; and 1 

mM CaCl2) and were transferred to oxygenated room temperature recording aCSF (128 mM 

NaCl; 4 mM KCl; 21 mM NaHCO3; 0.5 mM NaH2PO4; 1 mM MgSO4; 30 mM d-glucose; 

and 2 mM CaCl2). Suction electrodes were attached to the cervical (typically C8) or lumbar 

(typically L5) ventral roots, and cords were then allowed to recover and equilibrate to room 

temperature for ~20 min. A 20× 1.0 numerical aperture (NA) objective was used to deliver 

light through the dorsal surface, ipsilaterally to a region of 250 μm diameter. The illuminated 

area corresponds to approximately half a spinal segment at these stages. 50-ms light pulses 

were generated by a 200-W light source and high-speed mechanical (5 ms open time) shutter 

controlled by TTL signals from pclamp software.

Motor neuron responses were recorded via the ventral roots with a multiclamp 700B 

amplifier and filtered 300 Hz-1kHz to isolate suprathreshold responses, unless otherwise 

noted. Latencies to motor neuronresponses were measured offline from the onset of the 

stimulation. At each location, photostimulations were conducted 10 times with an interval of 

10 sec.

Extracellular recordings from V2a interneurons were conducted with borosilicate glass 

microelectrodes filled with recording aCSF (100–500 kΩ resistance) and amplified with 

a multiclamp 700B amplifier as described above. The dura mater was removed from the 

dorsal surface of the spinal cord, and the electrodes were slowly advanced through the spinal 

gray matter with a motorized micromanipulator (Sutter instruments). Optical stimulations 

were triggered at ~25–50 μm intervals to search for low latency/jitter spike responses. 

Consistent with the laminar distribution of V2a interneurons, we only detected optical 

responses for recording sites > 250 μm from the dorsal surface. Once V2a responses were 

identified 10 μM CNQX and 20 μM D-APV were bath applied to isolate direct responses 

from V2a interneurons. In a subset of experiments we further synaptically isolated V2a 

interneurons with 10 μM CNQX, 20 μM D-APV, 10 μM picrotoxin and 1 μM strychnine. 

Following synaptic isolation we continued to record responses from optically identified V2a 

interneurons at ~50 μm intervals. At each location photostimulations were conducted 10 

times with an interval of 10sec between stimulations. Responses were analyzed offline as 

described for motor neurons.
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Following physiological recordings, spinal cords were fixed by immersion in 4% PFA for 

2 hr for histological analysis. We occasionally saw animals with ubiquitous expression of 

ChR2-YFP (~5%–10% of the animals). These animals were excluded from the experiments.

Bulk RNA-seq sample preparation—Cervical and lumbar segments were dissected 

in aCSF, and cell dissociation was conducted using Papain following the manufacturer’s 

instruction (Worthington Biochemical). Via FACS (FACSDIVA or Influx, BD), cells were 

collected directly into Trizol (Life Technologies). 5–6 neonates at P0 were used from each 

litter, which typically yielded ~20K cells. ~100K Tom- cells were collected. 3 litters were 

used to obtain biological replicates.

Total RNA was isolated and digested with TURBO DNase (Life Technologies). An 

Agilent Tape Station was used to determine RNA integrity (RIN) numbers prior to 

library preparation. Stranded mRNA-seq libraries were prepared using the TruSeq Stranded 

mRNA Library Prep Kit according to the manufacturer’s instructions (Illumina). Briefly, 

poly-A RNA was isolated using magnetic beads conjugated to poly-T oligos. mRNA was 

then fragmented and reverse-transcribed into cDNA. dUTPs were incorporated, followed 

by second strand cDNA synthesis. dUTP-incorporated second strand was not amplified. 

cDNA was then end-repaired, index adaptor-ligated and PCR amplified. AMPure XP beads 

(Beckman Coulter) were used to purify nucleic acid after each steps of the library prep. 

All sequencing libraries were then quantified, pooled, and sequenced at single-end 150 

base-pair using the Illumina NextSeq 500 at the Salk NGS Core. Raw sequencing data 

were demultiplexed and converted into FASTQ files using CASAVA (v1.8.2). Libraries were 

sequenced with a median depth of 37.8 million (IQR = 35.5–38.7 million).

Bulk RNA-seq analyses—TruSeq adapters were trimmed from reads. Only reads > 50bp 

were retained. Remaining reads were filtered, selecting for reads with > 15 average base 

quality. Trimming and filtering was performed with the BBMap (BBTools) package. For 

genome alignments, HISAT2 was used with default settings and the mm10 mouse genome 

release.

Gene expression quantification was performed using the following method. We aligned 

reads directly to transcriptome sequences (mm10 annotations from Ensembl, Refseq, UCSC 

and Cre sequence) using BWA (‘aln’, version 0.6.2) allowing up to 200 mapping locations 

per read. Reads mapped to multiple sequences were evaluated as follows. 1) if the read 

mapped to multiple isoforms of a single gene then the gene’s read count is incremented by 1. 

2) if the read mapped to multiple genes (i.e., more than one gene locus) it is counted to each 

gene but scaled by 1/n^2 where ‘n’ is the number of gene loci to which the read mapped.

Differential expression testing was performed by using DESeq2, edgeR and limma/voom. 

The maximum post hoc corrected p value from the three programs was taken as the final p 

value at each gene (i.e., significant in all three programs). Each program was run in “glm” 

mode, and all conditions presented were included in the model. Genes were considered 

significant at p < 0.05.
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Birthdating analysis—For each time point, EdU (20mg/kg) in saline was administered 

into a pregnant female via intraperitoneal injection twice with a 3hr interval (typically at 

10am and 1pm of each time point). Immunostaining against Chx10 was performed first, 

and EdU signal was visualized using Click-iT EdU Alexa Fluor 647 imaging kit (Life 

Technologies) following the manufacturer’s instruction.

Single cell RNA-seq sample preparation—Cervical and lumbar segments were 

dissected from 2 neonates at P0 in aCSF, and cell dissociation was conducted using Papain 

following the manufacturer’s instruction (Worthington Biochemical) with 5% Trehalose, 50 

μM APV, and 800 μM KA added during the dissociation process (Saxena et al., 2012). Via 

FACS (FACSDIVA, BD), 2800 cervical cells and 2800 lumbar cells were collected into 

500 μL of FACS buffer (DMEM w/o Phenol Red; 1 mM EDTA; 25 mM HEPES pH 7.0; 

5% FBS). Cell suspension was centrifuged and resuspended in 60 μL of FACS buffer, 33.4 

μL of which was loaded onto the 10X Chromium Controller using Chromium Single Cell 

3’ v2 reagents. Sequencing library was prepared following the manufacturer’s instructions 

(10X Genomics), with 12 cycles used for cDNA amplification and 11 cycles for library 

amplification. The resulting sequencing library was sequenced with Paired End reads, with 

a Read 1 of 26 basepairs and a Read 2 of 98 basepairs, on an Illumina HiSeq 4000 at the 

UCSD IGM Genomics Center. Raw sequencing data were demultiplexed using bcl2fastq 

v2.18.0.12.

Single cell RNA-seq analyses—To ensure the quantification of 3’ scRNA-seq data was 

as complete as possible, a de-novo transcriptome assembly was generated from our V2a bulk 

RNA-seq samples using cufflinks. Bulk RNA-seq reads were aligned to the mouse genome 

(mm10) with STAR and assembled individually with cufflinks. The group of assemblies and 

transcriptome assemblies from UCSC and refGene were then merged with cuffmerge.

ScRNA-seq reads were demultiplexed into reads per individual sequenced cell using 

estimates provided with the 10x Cell Ranger toolkit (10x Genomics). Reads from individual 

cells were mapped to the transcriptome by perfect 31-mer matching using Seal (BBTools 

https://jgi.doe.gov/data-and-tools/bbtools/). Alignment quality was measured by number of 

31-mer matches, and reads with a single best match to a gene were assigned to that gene. 

Reads with multiple best matches were discarded. The frequency of each unique molecular 

identifier (UMI) associated with the reads mapped to a gene was counted. To account for 

possible sequencing errors, UMIs were further combined in a pairwise fashion based on the 

following rules: (1) the two UMI must differ by only a single base and (2) one of the two 

must have more than 2 times as many reads supporting it as the other. Additionally, any 

UMIs with fewer than 2 reads were discarded, and the final UMI counts for the gene were 

quantified from the remaining UMIs. Library size normalization factors were computed 

using the “scran” R package (Lun et al., 2016).

As a quality control to detect outlier cells, the quality control metrics calculated by the 

“scater” R package were used (https://github.com/davismcc/scater). PCA was applied and 

the mahalanobis distance was used to detect outliers. Additionally, in order to filter out non­

V2a contaminant cells, we used k-means (with k determined using the method implemented 

in the “SC3” R package; Kiselev et al., 2017) to cluster genes with similar expression 
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profiles across cells. Two gene clusters contained non-neuronal genes that specifically 

marked a small subset of cells and were not associated with V2a neurons. These cells were 

removed from further analysis.

Clustering was performed using a method that combines the approaches of two R packages: 

(1) SC3 and (2) ConsensusClusterPlus (Kiselev et al., 2017; Wilkerson and Hayes, 2010). 

We combined the two approaches by, in addition to randomly subsetting genes and cells, 

randomly selecting a distance measure and transform from those used in the SC3 package to 

further vary the clustering results.

To find genes enriched in each cell cluster, pairwise differential expression tests were 

performed between all clusters. For each cluster, the average fold change for genes relative 

to all other clusters was calculated. The number of times each gene was found significant 

relative to other clusters was also counted. To find the most enriched or de-enriched genes 

for the cluster, we established a rank based on the average fold change and the ratio of tests a 

gene was significant.

All differential expression tests were performed with edgeR’s glm based approach 

(McCarthy et al., 2012; Robinson et al., 2010). “trend.method = ‘none”’ was used when 

running edgeR’s dispersion estimation step as it does not work well for single cell data 

which usually contains numerous zero counts. Genes were accepted as significant if their 

post hoc corrected p values were less than 0.05.

To identify V2a interneurons from cervical or lumbar segments, using the gene clustering 

previously described, two gene clusters were found that specifically marked either cervical 

or lumbar spinal cord as we had observed in the bulk RNA-seq, including hox genes. The 

expression matrix was reduced down to only the genes from these gene clusters, and the 

cells were clustered into two groups. The group with higher expression of the cervical 

markers was assigned as the cervical cells and the other as the lumbar cells.

To identify type I and type II V2a interneurons, since expression of Vsx2 (Chx10) across 

single cells was bimodal, expectation maximization was used to predict the parameters of 

the bimodal distribution, which assigned V2a cells to either Vsx2-high or Vsx2-low cells.

No strategy was taken for randomization or blinding.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to predetermine sample sizes. No methods were used 

to determine whether the data met assumptions of the statistical approach. All data are 

presented as the mean ± SEM with n indicating the number of mice analyzed unless 

otherwise stated in the figure legend. Quantification of neurons was performed by analyzing 

3–9 spinal cords (3–8 sections per cord/spinal region) using Olympus Fluoview and Imaris 

softwares. For transsynaptic rabies labeling, quantification of neurons was performed using 

all the cryosections containing at least 10 rabies+ neurons (forelimb injections: primarily 

cervical segments, hindlimb injections: primarily lumbar segments). Statistical analyses 

were performed using Student’s t test or one-way ANOVA with post hoc Dunnett’s test, 

with p values below 0.05 considered statistically significant. Prism7 software was used for 
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statistical analyses in Figures 2, 4, 5, 7. For bulkRNA-seq and scRNA-seq, see Method 

Details above.

DATA AND SOFTWARE AVAILABILITY

The accession numbers for the bulkRNA-seq and scRNA-seq data reported in this paper are 

NIH GEO: GSE108775 and GSE108788, respectively.

Supplementary Material

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

• V2a neurons drive distinct patterns of motor activity at forelimb and hindlimb 

levels

• Type I and type II V2a neurons have distinct spinal and supraspinal 

connectivity

• Types I and II V2a neurons are graded, not segmentally localized, along the 

rostrocaudal axis

• Types I and II neurons are organized into multiple genetic subtypes
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Figure 1. Cervical and Lumbar V2a Interneurons Are Glutamatergic and Synapse with Ventral 
Spinal Targets
(A) Chx10:Cre was crossed to ROSA-CAG:lsl:tdTomato reporter to indelibly label V2a 

interneurons. V2a cell bodies were found throughout the length of the spinal cord. Postnatal 

day (P) 0 is shown. 20-μm cryosections are shown. Scale bar, 100 μm.

(B) Chx10:Cre was crossed to ROSA-CAG:lsl:Synaptophysin-tdTomato reporter to label the 

presynaptic terminals of all V2a interneurons (INs).

(C and D) Synaptophysin labeling was detected throughout the entire ventral spinal cord. 

Numbered boxes correspond to the magnified images. Both in cervical (C) and lumbar (D) 

segments, NeuN+ cells, ChAT+ motor neurons, and Chx10+ V2a interneurons received 

inputs. Neurons in the dorsal spinal cord lacked V2a inputs (panels 3 and 6). 30-μm 

cryosections are shown. Scale bars, 100 and 5 μm. Magnified images are z-projections of 

two planes (0.5 μm).

(E) AAV1-hSyn:FLEX:tdTomato-2A-SypGFP was injected into either cervical or lumbar 

segments of Chx10:Cre animals to label the presynaptic terminals of local V2a interneurons. 

Viral injections were conducted at P2 and tissue was collected at P21.

(F and G) Both in cervical (F) and lumbar (G) segments, GFP+ V2a presynaptic terminals 

were detected on ChAT+ motor neurons and neighboring Chx10+ V2a interneurons in the 
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ipsilateral cord. Numbered boxes correspond to magnified images. 50-μm cryosections are 

shown. Scale bar, 100 and 5 μm. Magnified images are z-projections of two planes (0.5 μm).

(H) Illustration summarizing that glutamatergic V2a interneurons project onto many types 

of ipsilateral ventral spinal cord neurons, including V2a interneurons (V2a), motor neurons 

(MN), and other ventral interneurons (vIN). This pattern of connectivity appears to be 

preserved at both cervical and lumbar levels.
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Figure 2. Photostimulation of Cervical and Lumbar V2a Interneurons Activates Different Motor 
Responses
(A) V2a interneurons in spinal cords dissected from Chx10:Cre × ROSA-CAG:lsl:ChR2­

YFP mice were unilaterally photostimulated while recording motor output from ventral 

roots.

(B) Motor recording over 10 stimulation trials (gray) from a representative animal. An 

example motor response is shown in orange (cervical) or blue (lumbar). The duration of 

stimulation is highlighted blue.
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(C) Trial reliability in evoking motor neuron spikes with V2a stimulation. 48% ± 12% (n = 

12 animals, ± SEM %) of cervical stimulation trials evoked motor neuron spikes at cervical 

segments, whereas 100% ± 0% (n = 13 animals, ± SEM %) of lumbar stimulation trials 

evoked spikes at lumbar segments. Student’s t test, ***p < 0.001.

(D) Latency in evoking motor neuron spikes with V2a stimulation. Latency at cervical levels 

was 53.03 ± 2.93 ms (n = 9 animals, ± SEM ms), while lumbar V2a stimulation had a 

latency of 31.19 ± 1.83 ms (n = 13 animals, ± SEM ms). Student’s t test, ***p < 0.001.

(E) Contralateral V2a interneurons were stimulated to activate polysynaptic pathways.

(F) Cervical and lumbar ventral root motor neuron recording following contralateral V2a 

stimulation.

(G) Trial reliability in evoking motor neuron spikes with V2a stimulation. 3% ± 2% (n = 6 

animals, ± SEM %) of cervical contralateral stimulation trials evoked motor neuron spikes, 

whereas 93% ± 4% (n = 6 animals, ± SEM %) of lumbar contralateral stimulation evoked 

spikes. Student’s t test, ***p < 0.001.

(H) Latency in evoking motor neuron spikes with V2a stimulation. Of the stimulation trials 

resulting in motor neuron spikes, cervical V2a stimulation had a latency of 64.29 ms (n = 2 

animals), while lumbar V2a stimulation had a latency of 44.86 ± 1.87 ms (n = 6 animals, ± 

SEM ms).

(I) Transsynaptic viral tracing of connections between motor neurons and V2a interneurons 

at cervical and lumbar segments. ΔG-rabies virus expressing GFP (ΔG-Rabies:GFP) and 

AAV expressing glycoprotein (AAV:G) were co-injected into forelimb wrist extensor (WE) 

or hindlimb gastrocnemious (MG) muscles of Chx10:Cre; tdTomato animals to visualize 

spinal interneurons that synapse onto infected motor neurons. Injections were conducted at 

P0 and tissue was collected at P7.

(J–M) Spatial distribution of premotor V2a interneurons in cervical (J) and lumbar (K) 

segments. Contour maps revealed premotor V2a interneurons are enriched laterally (L). 

GFP+ neurons and GFP+tdTomato+ V2a interneurons (white arrowheads) were quantified. 

2.2% ± 0.4% (n = 6 animals, ± SEM %) of forelimb premotor interneurons were V2a 

interneurons, whereas 4.9% ± 0.2% (n = 9 animals, ± SEM %) of hindlimb premotor 

interneurons were V2a interneurons (M). Student’s t test, ***p < 0.001. ChAT+ V0c 

interneurons represented 0.6% ± 0.1% (n = 5 animals, ± SEM %) and 0.5% ± 0.1% (n 

= 5 animals, ± SEM %) at cervical and lumbar segments, respectively. Student’s t test, p = 

0.48. 25-μm cryosections are shown. Scale bar, 100 μm.

(N and O) Summary of motor neuron responses and connectivity with V2a interneurons. 

Lumbar V2a population (O) has more numerous connections with motor neurons and 

activates ipsilateral and contralateral motor responses more reliably than cervical V2a 

population (N).
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Figure 3. V2a Interneurons Exhibit Distinct Genetic Signatures between Cervical and Lumbar 
Segments
(A) Cervical and lumbar segments were isolated from Chx10:Cre; tdTomato neonates at P0 

and sorted into Tom+ and Tom− samples. Each sample consisted of cells pooled from ~5 

animals. A total of three litters was used for biological replicates (n = 3).

(B) Schematic of the comparative analyses.

(C) Principal component analysis of gene profiles from V2a and non-V2a cells from cervical 

and lumbar segments.

(D and E) Differentially expressed genes in V2a interneurons compared to non-V2a cells 

in cervical (D) and lumbar (E) segments. Five transcription factors and a non-coding RNA 

(highlighted) were highly enriched in V2a interneurons in both segments. Cre RNA levels 

tracked with Chx10.

(F) Hox genes detected in cervical and lumbar V2a interneurons along the rostrocaudal axis. 

See also Figure S3A.

(G) Differentially expressed genes in cervical V2a compared to lumbar V2a interneurons 

from −6 to +6 log2 fold change. Cervical and lumbar enriched genes (p < 0.05) are 

highlighted in orange and blue, respectively. See also Figure S3.
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Figure 4. The Conventional Marker Gene Chx10 Labels V2a Types along the Rostrocaudal Axis 
that Emerges during Embryonic Development
(A) Chx10 immunostaining in Chx10:Cre; tdTomato animals at P1. In cervical segments, 

a subset of Tom+ V2a interneurons lacked Chx10 immunostaining (dashed circles). At 

lumbar levels Chx10 was detected in most Tom+ V2a interneurons. Among the Chx10+ V2a 

interneurons, we observed signal intensity differences (asterisks indicate low Chx10). 20-μm 

cryosections are shown. Scale bar, 50 μm.

(B) Quantification of type I (Chx10+) and type II (Chx10−) V2a IN numbers along the 

rostrocaudal axis (n = 6 animals).
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(C) Spatial distribution of type I (Chx10+) and type II (Chx10−) V2a interneurons in 

cervical and lumbar segments (n = 6 animals). Contour maps revealed medial bias for type I 

relative to type II.

(D) Time course of Chx10 protein expression. Chx10 immunostaining was conducted from 

embryonic day (E)11.5–E14.5 and P70 animals. 12-μm cryosections at E11.5 and E14.5 and 

20-μm cryosections at P70 are shown. Scale bars, 50 μm at E11.5 and 14.5 and 100 μm at 

P70.

(E) Ratio of Chx10+ V2a interneurons along the rostrocaudal axis. Since the lengths of 

the spinal cords are different at different developmental stages, Foxp1 immunostaining was 

conducted to identify brachial/cervical and lumbar segments (data not shown).

(F and G) EdU was injected into E10.5–E13.5 pregnant females, respectively, and spinal 

cords were collected at P0 to identify V2a interneuron birth dates (F). Type II V2a 

interneurons were born at an earlier time point (G). One-way ANOVA with post hoc 

Dunnett’s test, E10.5 versus E11.5, **p < 0.01 and E10.5 versus E12.5, ***p < 0.001. 

20-μm cryosections are shown. Scale bar, 50 μm.

(H) Summary of V2a diversification. Type I and type II interneurons emerge progressively 

from immature postmitotic V2a interneurons between E12.5 and E14.5, and the 

diversification is maintained into adulthood.
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Figure 5. Type II V2a Interneurons Project Supraspinally to the Brainstem
(A–D) DG-Rabies:GFP was injected into the brainstem of Chx10:Cre; tdTomato animals 

to label spinal neurons with brainstem projections. Injections were conducted at P2 and 

tissue was collected at P6 (A). GFP+/Tom+ V2a interneurons (B) were quantified along 

the rostrocaudal axis of the spinal cord. 84.8% ± 5.6% (n = 7 animals, ±SEM %) of 

all brainstem-projecting V2a interneurons resided within cervical segments (C). Brainstem­

projecting non-V2a interneurons were found on the contralateral side of lumbar segments 

(asterisk) (D). 25-μm cryosections are shown. One-way ANOVA with post hoc Dunnett’s 

test, *p < 0.05 and **p < 0.01. Scale bar, 100 μm.

(E) Spatial distribution of brainstem-projecting V2a interneurons in cervical segments (n 

= 6 animals). Contour map revealed brainstem-projecting V2a interneurons are enriched 

laterally.

(F) Chx10 expression was monitored with immunostaining of ΔG-Rabies:GFP+/Tom+V2a 

interneurons. Yellow arrowheads indicate brainstem-projecting V2a interneurons without 

Chx10 expression. 25-μm cryosections are shown. Scale bar, 50 μm.

(G) 83% ± 5% of supraspinal-projecting V2a interneurons were the type II subtype, while 

44% ± 3% of the cervical V2a interneurons in the corresponding sections were the type II 

subtype. n = 9 animals, ±SEM %; Student’s t test, ***p < 0.001.

Hayashi et al. Page 32

Neuron. Author manuscript; available in PMC 2021 November 18.

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript



Figure 6. Single-Cell RNA Sequencing Identifies Multiple Spatially Organized V2a Subgroups
(A) Cervical and lumbar segments were isolated from two Chx10:Cre; tdTomato neonates 

at P0, and Tom+ cells were subjected to single-cell RNA sequencing (scRNA-seq), which 

produced 418,000 reads/cell and detected 12,986 genes (4,435 genes/cell, 12,349 mean 

unique molecular identifiers [UMIs]/cell).

(B) Slc17a6 and one or more V2a marker genes (Chx10, Sox14, Lhx3, Lhx4, and Shox2) 

were detected in most of the cells. Neither motor neuron (Hb9) nor V1 IN (En1) markers 

were detected as contaminants.
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(C) Left panel: t-SNE plot showing the 11 clusters identified. Each cluster is color coded 

and the number of cells in each cluster is shown. Right panel: heatmap shows distinct gene 

expression patterns for each cluster.

(D) Cells expressing Nfib and Zfhx3 are shown with log2 scale. These two genes, among 

others (Figures S6A and S6B), separated V2a interneurons into two populations.

(E) Upper row: Nfib immunostaining in Chx10:Cre; tdTomato animals at P0. In cervical 

and lumbar segments, a subset of V2a interneurons were Nfib+ and were most concentrated 

toward the medial edge of the spinal cord. Lower row: Zfhx3 immunostaining is shown. At 

cervical and lumbar levels, a subset of V2a interneurons were Zfhx3+ and were enriched 

laterally. 20-μm cryosections are shown. Scale bar, 100 μm.

(F) Spatial distribution of Nfib+ (upper panel) and Zfhx3+ (lower panel) V2a interneurons in 

cervical and lumbar segments (n = 5 animals). Contour maps revealed medial enrichment of 

Nfib+ V2a and lateral enrichment of Zfhx3+ V2a.
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Figure 7. Laterally Enriched V2a Subsets Drive the Rostrocaudal Diversification
(A) Left: expression of Chx10 in log2 scale. Right: percentage composition of Chx10-high 

and Chx10-low V2a interneurons in each cluster is shown.

(B) Left: cervical-lumbar composition of each cluster. Right: distribution of cervical and 

lumbar cells in t-SNE space is shown. Clusters were color coded based on the ratio of 

cervical to lumbar cells.

(C) Top: Zfhx3 expression pattern and level in t-SNE plot. Middle: Zfhx3 and Chx10 

immunostaining in Chx10:Cre; tdTomato animals at P0 at cervical and lumbar segments 
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is shown. 20-μm cryosections are shown. Scale bar, 50 μm. Bottom: type I and type II 

V2a interneurons exhibited an extensive counter-gradient among Zfhx3+ V2a interneurons. 

One-way ANOVA with post hoc Dunnett’s test, cervical versus thoracic, ***p < 0.001 and 

cervical versus lumbar, ***p < 0.001.

(D) Top: Shox2 expression pattern and level. Middle: Shox2 and Chx10 immunostaining 

is shown. 20-μm cryosections are shown. Scale bar, 50 μm. Bottom: type I and type II 

V2a interneurons exhibited an extensive counter-gradient among Shox2+ V2a interneurons. 

One-way ANOVA with post hoc Dunnett’s test, cervical versus thoracic, *p < 0.05 and 

cervical versus lumbar, ***p < 0.001.

(E) Top: Nfib expression pattern and level. Middle: Nfib and Chx10 immunostaining is 

shown. 20-μm cryosections are shown. Scale bar, 50 μm. Bottom: type I and type II V2a 

interneurons were less graded among Nfib+ V2a interneurons. One-way ANOVA with post 

hoc Dunnett’s test, cervical versus thoracic, not significant (n.s.) and cervical versus lumbar, 

**p < 0.01.

(F) Top: NeuroD2 expression pattern and level. Middle: NeuroD2 and Chx10 

immunostaining is shown. 20-μm cryosections are shown. Scale bar, 50 μm. Bottom: type 

I and type II V2a interneurons were less graded among NeuroD2+ V2a interneurons. One­

way ANOVA with post hoc Dunnett’s test, cervical versus thoracic, n.s. and cervical versus 

lumbar, n.s.

(G) Top: Sp8 expression pattern and level. Middle: Sp8 and Chx10 immunostaining is 

shown. 20-μm cryosections are shown. Scale bar, 50 μm. Bottom: type I and type II V2a 

interneurons were less graded among Sp8+ V2a interneurons. One-way ANOVA with post 

hoc Dunnett’s test, cervical versus thoracic, n.s. and cervical versus lumbar, **p < 0.01.

(H) Model of type I and type II V2a interneuron circuit modules arrayed in a gradient 

along the rostrocaudal axis of the spinal cord. Type I V2a interneurons, enriched in lumbar 

segments, lack brainstem projections and synapse onto other ventral interneurons (vIN 

connections simplified in this schematic). Type II V2a interneurons, enriched in cervical 

segments, project to supraspinal structures, likely sending motor efference copies to the 

lateral reticular nucleus (LRN), which indirectly feeds back into the spinal cord through 

descending cortical and reticular tracts among other descending tracts (Alstermark et al., 

2007; Jiang et al., 2015). Motor neurons are segmentally organized into columns and pools 

(gray), whereas V2a IN subtypes are distributed along the spinal cord. A counter-gradient of 

type I and type II V2a is positioned within a lateral domain of V2a interneurons.

Hayashi et al. Page 36

Neuron. Author manuscript; available in PMC 2021 November 18.

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript



H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

Hayashi et al. Page 37

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-BHLHB5/Beta3 Santa Cruz Cat#sc-6045; RRID: AB_2065341

Goat polyclonal anti-ChAT Millipore Cat#AB144P; lot#NG1915294; RRID: 
AB_2079751

Guinea pig polyclonal anti-CHX10 Thaler et al., 2002 N/A

Goat polyclonal anti-GFP Rockland Cat#600–101–215; RRID: AB_218182

Rabbit polyclonal anti-GFP Life technologies Cat#A6455; lot#1774720; RRID: 
AB_221570

Guinea pig polyclonal anti-LHX3 Sharma et al., 1998 N/A

Rabbit polyclonal anti-LHX3 Sharma et al., 1998 N/A

Guinea pig polyclonal anti-LHX4 Sharma et al., 1998 N/A

Rabbit polyclonal anti-LHX4 Sharma et al., 1998 N/A

Rabbit polyclonal anti-NeuN Millipore Cat#ABN78; lot#210559; RRID: 
AB_10807945

Rabbit polyclonal anti-RFP MBL Cat#PM005; lot#045; RRID: AB_591279

Rabbit polyclonal anti-SHOX2 This paper N/A

Guinea pig polyclonal anti-SOX14 Clovis et al., 2016 N/A

Guinea pig polyclonal anti-VGLUT2 Millipore Cat#AB2251; lot#2800626; RRID: 
AB_2665454

Rabbit polyclonal anti-Zfhx4 Novus Cat#NBP1–82156; lot#G105409; RRID: 
AB_11020060

Sheep polylclonal anti-Zfhx3 Novus Cat#AF7384; lot#CGHE011709A; RRID: 
AB_11127859

Goat polyclonal anti-Sp8 Santa Cruz Cat#sc-104661; RRID: AB_2194626

Rabbit polyclonal anti-NeuroD2 Abcam Cat#ab104430; lot#GR3185621–1; RRID: 
AB_10975628

Rabbit polyclonal anti-Nfib Novus Cat#NBP1–81000; lot#A104664; RRID: 
AB_11027763

Donkey anti-rabbit secondary antibody, alexa488 Life technologies Cat#A-21206; RRID: AB_141708

Donkey anti-rabbit secondary antibody, alexa568 Life technologies Cat#A-31572; RRID: AB_162543

Donkey anti-rabbit secondary antibody, alexa647 Life technologies Cat#A-31573; RRID: AB_2536183

Goat anti-guinea pig secondary antibody, alexa488 Life technologies Cat#A-11073; RRID: AB_142018

Goat anti-guinea pig secondary antibody, alexa568 Life technologies Cat#A-11075; RRID: AB_141954

Goat anti-guinea pig secondary antibody, alexa647 Life technologies Cat#A-21450; RRID: AB_141882

Donkey anti-sheep secondary antibody, alexa488 Life technologies Cat#A-11015; RRID: AB_141362

Donkey anti-sheep secondary antibody, alexa647 Life technologies Cat#A-21448; RRID: AB_2535865

Donkey anti-guinea pig secondary antibody, alexa488 Jackson Immuno Cat#706–545–148; RRID: AB_2340472

Donkey anti-guinea pig secondary antibody, alexa647 Jackson Immuno Cat#706–605–148; RRID: AB_2340476

Bacterial and Virus Strains

AAV1-phSyn1(S):FLEX:tdTomato-T2A-SypEGFP-WPRE (titer: 
9×10^11GC/mL)

Addgene Addgene#51509

AAV6-Ef1a:G (titer: 1×10^13GC/mL) Levine et al., 2014 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

scAAV1-hSyn:FLEX:eGFP (titer:
5×10^12GC/mL)

This paper N/A

DeltaG-Rabies:GFP (titer: 5×10^9 TU/mL) Levine et al., 2014 N/A

Chemicals, Peptides, and Recombinant Proteins

NeuroTrace deep-red Lifetechnologies Cat#N21483

Papain dissociation kit Worthington Biochemical Cat#LK003150

Critical Commercial Assays

EdU detection kit Lifetechnologies Cat#C10340

Deposited Data

Raw and analyzed bulk RNA-seq This paper GEO:GSE108775

Raw and analyzed single-cell RNA-seq This paper GEO:GSE108788

Experimental Models: Organisms/Strains

Mouse: B6;129S-Gt(ROSA)
26Sortm34.1(CAG-Syp/tdTomato)Hze/J

The Jackson Laboratory JAX: 012570; RRID: IMSR_JAX:012570

Mouse: B6.Cg-Gt(ROSA)
26Sortm9(CAG-tdTomato)Hze/J

The Jackson Laboratory JAX: 007909; RRID: IMSR_JAX:007909

Mouse: B6;129S6-Gt(ROSA)
26Sortm14(CAG-tdTomato)Hze/J

The Jackson Laboratory JAX: 007908; RRID: IMSR_JAX:007908

Mouse: B6.Cg-Gt(ROSA)
26Sortm32(CAG-COP4*H134R/EYFP)Hze/J

The Jackson Laboratory JAX: 024109; RRID: IMSR_JAX:024109

Chx10:Cre Azim et al., 2014 N/A

Lmx1b:Cre Hilde et al., 2016 N/A

Software and Algorithms

cellranger 10x Genomics https://www.10xgenomics.com/software/

BWA Li and Durbin, 2009 http://bio-bwa.sourceforge.net/

BBMap (BBTools) Brian Bushnell https://sourceforge.net/projects/bbmap/

DESeq2 Love et al., 2014 https://bioconductor.org/packages/release/
bioc/html/DESeq2.html

edgeR Robinson et al., 2010 https://bioconductor.org/packages/release/
bioc/html/edgeR.html

limma with voom Law et al., 2014 https://bioconductor.org/packages/release/
bioc/html/limma.html
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