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Abstract

The two sides of the nervous system coordinate and integrate information via commissural
neurons, which project axons across the midline. Commissural neurons in the spinal cord are a
highly heterogeneous population of cells with respect to their birthplace, final cell body position,
axonal trajectory, and neurotransmitter phenotype. Although commissural axon guidance during
development has been studied in great detail, neither the developmental origins nor the mature
phenotypes of commissural neurons have been characterized comprehensively, largely due to lack
of selective genetic access to these neurons. Here, we generated mice expressing Cre recombinase
from the Robo3 locus specifically in commissural neurons. We used Robo3°" mice to
characterize the transcriptome and various origins of developing commissural neurons, revealing
new details about their extensive heterogeneity in molecular makeup and developmental lineage.
Further, we followed the fate of commissural neurons into adulthood, thereby elucidating their
settling positions and molecular diversity and providing evidence for possible functions in various
spinal cord circuits. Our studies establish an important genetic entry point for further analyses of
commissural neuron development, connectivity, and function.
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Robo3Cre mice provide genetic access to all commissural neurons in the spinal cord, revealing
their diverse developmental origins and broad transcriptional, positional, and molecular
heterogeneity.
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INTRODUCTION

Despite its relative anatomical simplicity, the vertebrate spinal cord houses a large variety of
neuronal subtypes. The extensive diversification of spinal cord neurons begins with their

developmental origins. While patterning along the anterior-posterior axis generates

functionally specialized spinal cord segments, the local organization of neurons at different
rostro-caudal levels varies only modestly, and dorso-ventral patterning is the main driver of
neuronal diversity in the developing spinal cord (Alaynick, Jessell, & Pfaff, 2011; Gouti,
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Metzis, & Briscoe, 2015; Jessell, 2000; Lai, Seal, & Johnson, 2016). During the first wave
of neurogenesis (embryonic day (E) 9.5-E12.5) in the mouse spinal cord, six dorsal (pd1-
pd6) and five ventral progenitor zones (p0-p3 and pMN) generate eleven different
populations of neurons (d11-dI6, V0-V3, and motor neurons (MNs)), and two additional
dorsal progenitor domains (pdLa and pdLg, giving rise to dIL o and dILg neurons,
respectively) contribute to the second wave of neurogenesis (E11-E13.5) (Helms & Johnson,
2003; Lai et al., 2016). Neurons originating from a common progenitor domain can
frequently be subdivided further, such as VO neurons (dorsal (V0p), ventral (VOy), and
cholinergic/glutamatergic (VOcg) subtypes) and V1 neurons (Renshaw cells (V1gren),
inhibitory la interneurons (V14n), and the remaining V1 (V1ger) Neurons). Different
progenitor classes are defined by their combinatorial expression of transcription factors and
their position along the dorso-ventral axis. In postmitotic neurons, expression of progenitor-
specific patterning genes is extinguished and replaced by unique combinations of
transcription factors that specify neuronal differentiation but are frequently not maintained
into postnatal stages (Lai et al., 2016; Matise, 2013). Furthermore, the orderly arrangement
of neuronal classes along the dorso-ventral axis becomes progressively muddled due to
extensive cell migration and intermingling (Lai et al., 2016), such that the organization of
the ten morphologically and functionally segregated laminae in the mature spinal cord
(Rexed, 1952) does not correlate with the birthplace of the resident neurons. Together, these
features of spinal cord development have complicated the task of elucidating connections
between developmental classes and mature subtypes of neurons, as defined by their position,
molecular makeup, connectivity, and function in different spinal cord circuits.

Interneurons and projection neurons in the spinal cord can be broadly subdivided into two
categories depending on whether they innervate ipsi- or contralateral targets. Commissural
(C-) neurons send axons across the floor plate (FP) at the spinal cord ventral midline and
have served as a prime model system for studying mechanisms of axon guidance (Dickson
& Zou, 2010; Martinez & Tran, 2015). The attractive guidance cues Netrin-1 and Sonic
hedgehog (Shh), among other signals, promote C-axon growth to the FP (Charron, 2003;
Kennedy, 1994). After midline crossing, C-axons are expelled from the FP and prevented
from recrossing via FP-derived repellants of the Slit, Semaphorin, and Ephrin families
(Kadison, Makinen, Klein, Henkemeyer, & Kaprielian, 2006; Parra & Zou, 2010; Zou,
Stoeckli, Chen, & Tessier-Lavigne, 2000). The C- neuron-specific receptor Robo3 is a key
regulator of precrossing C-axon guidance that promotes Netrin-1 signaling through the
Netrin receptor DCC, prevents premature Slit repulsion through the Slit receptors Robol and
Robo2, and mediates repulsion from its own ligand NELL?2 in the spinal cord ventral horn
(Jaworski et al., 2015; Sabatier, 2004; Zelina et al., 2014). These multiple activities of
Robo3 are essential for midline crossing, as the ventral commissure fails to form and C-
axons instead project through the ipsilateral ventral horn in mice lacking Robo3 (Sabatier,
2004).

While C-neurons share some characteristics, including Robo3 expression, they are a highly
heterogenous population of cells (Chedotal, 2014). Neuronal types as diverse as dl1 and V3
project axons across the midline (Alaynick et al., 2011; Lai et al., 2016), indicating that C-

neurons arise from multiple progenitor domains in the developing dorsal and ventral neural
tube. After midline crossing, C-axon trajectories diverge along the rostrocaudal axis, and
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many rostrally-projecting axons ultimately innervate various supraspinal targets (Chedotal,
2014). Thus, different molecular programs must direct the integration of developing C-
neuron subtypes into distinct neural circuits. In the adult spinal cord, C-neuron heterogeneity
is apparent at the level of cell body position, neurotransmitter phenotype, connectivity, and
function. Axonal tracing, electrophysiology, and spinal cord lesion studies have placed
glycinergic, -y-aminobutyric acid (GABA)-ergic, and glutamatergic C-neurons in laminae I,
I, 1V, V, VI, VI, and VIII and demonstrated their participation in multiple critical circuit
functions, such as local left-right coordination in the central pattern generator (CPG) and
long-range nociceptive relay to the brain (Borowska et al., 2013; Chedotal, 2014; Eide,
Glover, Kjaerulff, & Kiehn, 1999; Goulding, 2009; Goulding & Pfaff, 2005; Kiehn, 2011;
Light, 1988; Petko, Veress, Vereb, Storm-Mathisen, & Antal, 2004; Restrepo et al., 2009;
Stokke, Nissen, Glover, & Kiehn, 2002). Although the guidance of C- axons during
development has been studied in great detail, neither the developmental origins nor the
mature phenotypes of C-neurons have been characterized comprehensively. This is largely
due to the extensive C-neuron heterogeneity and lack of a specific genetic marker that
provides access to the entire population of neurons.

Here, we generated mice expressing Cre recombinase from the Robo3 locus as a tool to label
and manipulate C-neurons. While Robo3 is a highly specific marker for nascent C-axons, its
protein expression is transient and largely excluded from cell bodies (Sabatier, 2004), but
both of these limitations for labeling C-neurons are overcome by combining Rob03¢ mice
with Cre-dependent fluorescent reporter lines. We used this approach to characterize the
transcriptome of developing C-neurons and establish their molecular profile during
development, thereby providing a valuable resource for investigation of genes involved in C-
neuron development. Further, we elucidated the diverse developmental origins of C-neurons
and quantified their distribution across different neuronal classes, revealing a substantial
contribution of dI1 neurons to the C-neuron population during early neurogenesis, as well as
a major combined contribution of dl4/dIL 5 during both early and late waves of
neurogenesis. Finally, we followed the fate of C-neurons in the adult spinal cord to
quantitatively examine their position and molecular makeup. Our results show that C-
neurons are found in regions that participate in processing various somatosensory
modalities, exhibit broad molecular heterogeneity, and likely receive diverse presynaptic
contacts, including direct inputs from sensory neurons. Together, our studies provide
detailed insights into the development and ultimate fate of C-neurons, revealing extensive
heterogeneity across multiple parameters. This quantitative stratification of C-neurons
presents a key resource for interpreting bulk population studies of C-neuron development
and for unraveling the relationship between developmental and functional C-neuron
subtypes. Moreover, our Robo3“" mice serve as an important genetic entry point for further
analyses of C-neuron development, connectivity, and function.

2. MATERIALS AND METHODS

2.1 Animals

Mice carrying the conditional Robo3°k° allele and the ROSA26-SL-tdTomato (Aj14) Cre-
dependent reporter line have been described before and were genotyped as previously
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reported (Madisen et al., 2010; Renier et al., 2010). For generation of the Robo3°" allele, a
targeting construct was generated by a combination of gene synthesis (Blue Heron
Biotechnology, Inc) and recombineering. The Cre coding sequence and a frt-flanked
neomycin (Neo) cassette were inserted into exon 1 of the Robo3locus to replace the
endogenous translation initiation codon and subsequent 31 nucleotides (Fig. 1a). The
targeting vector was introduced into B6(Cg)- 7j7°=2//J mouse embryonic stem (ES) cells by
standard procedures, and Neo-resistant colonies were screened by Southern blot analysis
using probes upstream and downstream of the vector’s homology arms. The 32p-
radiolabeled 5’- and 3’-probes were generated by PCR amplification from genomic DNA
(primer sequences: 5’ probe, CCACCTGGCCCTTGTTACCTC and
CCTGATATTCCGTGGCTTAGTGTTG,; 3’-probe, CTGCCTCTCCACCCCTTCACC and
ATCCCCATCCCCACCAACATAGT) and use of the Prime-It Il Random Primer Labeling
Kit (Agilent). Correctly targeted ES cell clones were injected into B6 blastocysts to obtain
chimeric mice following standard procedures at the The Rockefeller University Transgenic
Services Laboratory. The Neo cassette was subsequently deleted to generate Robo3Cre/+
mice by crossing the chimeras to ACTB:FLPe B6Jmice, which express FLPe recombinase
in the germ line (Rodriguez et al., 2000). For genotyping, the Robo3" and Robo3°"® alleles
were detected by PCR (primer sequences: ATCATAATCAGCCATACCACA,
CTGCGCTACCTGCTTAAAACACTA, and CTGCCAGCGAGGAGTTGAAG) from
genomic DNA, yielding band sizes of 112 and 355 base pairs (bps) for Robo3* and
Robo3C"e, respectively. Mice were maintained on a mixed background. While mice of either
sex were used for all analyses, the Robo3°" allele was always contributed by the male
parent when combining it with floxed alleles, as transmission through the female germline
resulted in widespread, variable loxP recombination across tissues (data not shown),
suggestive of unspecific Cre expression. All experimental procedures were approved by
IACUCs at Brown University or The Rockefeller University and in compliance with
National Institutes of Health guidelines.

2.2 Tissue dissociation and fluorescence-activated cell (FAC)-sorting of spinal cord cells
expressing tdTomato

Between 3 and 4 E11.5 Robo3¢"¢* - ROSA26-SL-1dTomato gpinal cords from the same litter
(total of 3 separate litters) were dissected in the open-book configuration in ice-cold L-15
media (Gibco), and cut longitudinally into several smaller sections. The tissue from each
individual litter was pooled, then digested with half a vial of papain (Worthington, PAP2)
with ImM CaCl, DNase (Worthington, D2) dissolved in 5 ml of HBSS-supplemented
solution (HBSS (Gibco 14710), 0.3% glucose, 10 mM HEPES) at 37°C for 7 minutes (min),
with gentle mixing. The supernatant was replaced by 5 ml of 2.5 mg/ml trypsin inhibitor
(Sigma T6522) and 0.1% BSA in HBSS- supplemented solution. The suspension was
triturated and filtered through a 70 um nylon cell filter (Falcon), resuspended to 108 cells/ml
in 0.1% BSA in Hank’s balanced salt solution (HBSS)- supplemented solution on ice, and
DAPI was added as a marker of cell death.

Cells were FAC-sorted using a BD FACSAria Cell Sorter system at The Rockefeller
University Flow Cytometry Center. Sorting was gated according to tdTomato expression,
and live cells were collected into separate vials (tdTomato-positive and -negative (tdT* and
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tdT™) cells) containing lysis buffer from the RNeasy kit (Qiagen). RNA was extracted
immediately using the RNeasy kit according to the manufacturer’s instructions and stored at
—80°C until library preparation. In total, 3 embryonic litters were used, resulting in 6
samples: 3 tdT* RNA samples, and 3 tdT~ RNA samples.

2.3 RNA library preparation

All RNA samples were verified on a Bioanalyzer Picochip, and had an RNA integrity
number of over 8.5 (Agilent). 100 ng total RNA of each of the 6 samples was used as input
material for cDNA library preparation using TruSeq RNA Sample Prep Kit v2 (Illumina).
The 6 libraries were prepared simultaneously to minimize batch variation. Libraries were
multiplexed and sequenced on a HiSeq 2500 (Illumina) at the Genomics Resource Center at
The Rockefeller University to generate 30 x 10° of single-end 100-bp reads per library.

2.4 RNA-Seq alignment and analysis

RNA-Seq reads were aligned to the GRCm38 (mm10) Reference genome. Read alignment,
transcriptome alignment, and differential analysis were done using the Tuxedo protocol as
published (Trapnell et al., 2012). Using default parameters, the false discovery rate (FDR) is
0.05, and genes were considered significantly enriched if the FDR-adjusted p-value (i.e. ¢
value) is lower than 0.05. The RNA-Seq expression-enrichment plots were explored and
graphed in R (R.- Core-Team, 2017). Mouse (Organism: 10090) genes annotated as
encoding cell membrane proteins (gene ontology (GO) term analysis “cell membrane”,
number: 05886; downloaded 28 July 2018) were obtained from the UniProt website (The
UniProt Consortium, 2017).

2.5 In situ hybridization

To generate /n situhybridization probes, we obtained cDNA library clones of target genes
(Dharmacon). Target sequences were PCR-amplified using gene-specific primer sequences
(Table 1) with T7 and T3 promoters incorporated into the 5’ ends of the forward and reverse
primer, respectively. The T7 and T3 promoters were then used to generate Digoxigenin-11-
D- UTP (DIG)-labeled probes by in vitro transcription with DIG RNA labeling mix (Roche).

Fluorescence /n situ hybridization was performed using embryos immersion-fixed for 30
min in 4% paraformaldehyde (PFA) and phosphate-buffered saline (PBS) at room
temperature (RT), and cryoprotected with 10% sucrose in PBS overnight (O/N) at 4°C.
Embryos were embedded in gelatin-sucrose, frozen, and forelimb-level transverse spinal
cords were cryosectioned onto slides at 14 um. Tissue sections were post-fixed for 10 min
with 4% PFA in PBS, rinsed three times in PBS, then acetylated for 8 min. The tissues were
rinsed for 30 min in 0.5% Triton X-100 in PBS, followed by 3 rinses in PBS. Sections were
pre-hybridized for 2 hours (h) at RT in hybridization solution (50% formamide, 5X SSC, 5X
Denhardt’s solution, 0.5 mg/mL salmon testes DNA, 0.24 mg/mL baker’s yeast tRNA), and
subsequently incubated with a coverslip with DIG-labeled riboprobe in hybridization
solution O/N at 72°C in a humidifying chamber. The following day, sections were dipped
into a 5X SSC solution at 72°C, and incubated in 0.2X SSC at 72°C for 90 min. The sections
were cooled to room temperature and blocked with TNB solution (0.5% TSA blocking
reagent (PerkinElmer), 100mM Tris/HCI pH 7.6, 0.15 M NaCl). Sections were incubated for
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1 h with 1:500 anti-DIG HRP antibody (Roche) in TNB. Sections were washed five times
with TNT buffer (0.1% Tween-20, 100 mM Tris/HCI pH 7.6, 0.15 M NaCl). DIG signal on
sections was amplified using the TSA Cy3 system for 10 min exactly according to
manufacturer’s instructions. The reaction was quenched using 1% NaNsg in TNT buffer for
10 min, then washed five times for 5 min in TNT buffer. For immunofluorescent detection of
tdTomato following hybridization, sections were first blocked in 3% donkey serum and 0.1%
Triton X-100 in PBS, and then incubated with a polyclonal rabbit antibody against Red
Fluorescent Protein (RFP) (1:1000, Rockland Immunochemicals) in blocking solution O/N
at 4°C. Sections were washed with 0.1% Triton X-100 in PBS, incubated with an Alexa488-
conjugated donkey secondary antibody (1:500-1:1000, Invitrogen) for 1 h. The slides were
then washed in 0.1% Triton X-100 in PBS, mounted under Fluoromount G (Electron
Microscopy Sciences), and microscope images were pseudo-colored after acquisition.

2.6 Immunohistochemistry

Unless indicated otherwise, all incubations were performed at RT. Mouse embryos were
immersion-fixed in 4% PFA in PBS O/N at 4°C. Adult mice were perfusion-fixed with 4%
PFA in PBS and harvested brachial spinal cords were immersion-fixed O/N at 4°C.
Following three 1-h rinses in PBS, tissues were incubated in 30% sucrose and PBS for 24—
48 h at 4°C, and embedded in OCT. Transverse cryostat sections (20 um) were incubated in
10 mM sodium citrate and 0.05% Tween-20 in PBS for 20 min at 85°C, rinsed two times for
5 min in PBS, and blocked in either 2.5% normal goat serum or 2.5% bovine serum albumin
and 0.1% Tween-20 (0.2% Triton X-100 for adult tissue) in PBS for 1 h (O/N for adult
tissues). Tissues were incubated with primary antibodies O/N at 4°C (48 h for adult tissues)
and with secondary antibodies for 1 h at RT (3 h for adult tissues) in blocking solution,
rinsed three times with 0.1% Tween-20 (0.2% Triton X-100 for adult tissue) in PBS between
and after antibody incubations, and mounted using Fluoromount G. Sequential incubations
with primary and secondary antibody pairs were performed when mouse and rat primary
antibodies needed to be combined onto the same slide; following the first primary and
secondary antibody incubations, tissues were treated with unconjugated donkey anti-mouse
FAB fragments (20 pg/ml, Jackson Immunoresearch #715-007-003) to block double labeling
of primary antibodies.

2.7 Antibody Characterization

Mouse monoclonal antibodies raised against Barhl2 (1:100, Novus #NBP2-32013),
Calretinin (CR) (1:1000, Swant #6B3), GABA (1:200, Sigma-Aldrich #A0310), glutamic
acid decarboxylase (GAD)67 (1:500, Millipore #MAB5406), Isl1/2 (1:200, DSHB
#39.4D5), LIM homeobox (Lhx)-1/5 (1:200, DSHB #4F2), NeuN (1:100, Millipore
#MAB377), and neurofilament (NF) (1:1000, DSHB #2H3), as well as a rat polyclonal
antibody raised against Bhlhb5 (1:5000, Sarah Ross (Ross et al., 2010), University of
Pittsburgh, Pittsburgh PA) were used. The antibody against recombinant Barhl2 protein was
validated using a protein array and used in previous reports (Junge, Yung, Goodrich, &
Chen, 2016; Leggere et al., 2016). The anti-CR antibody (RRID: AB_10000320) recognizes
an epitope within the first 4 EF-hands domains common to both calretinin and
calretinin-22k, and stains a band corresponding to the molecular weight of calretinin in
western blot of brain extracts from various vertebrate species (Zimmermann & Schwaller,
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2002). The anti-GABA antibody (RRID: AB_476667) was derived from the hybridoma
produced by the fusion of mouse myeloma cells and splenocytes. It was generated against
GABA conjugated to bovine serum albumin and was validated using a dot blot
immunoassay, which showed weak cross-reaction with p-alanine and e-aminocaproic acid.
The anti-GAD67 antibody (RRID: AB_2278725) was derived from recombinant GAD67
protein and validated by Western blot (67kDa) (Erlander, Tillakaratne, Feldblum, Patel, &
Tobin, 1991) and GAD67 conditional knockout mutants (Heusner, Beutler, Houser, &
Palmiter, 2008). The anti-Isl1/2 antibody (RRID: AB_528173) was raised against the C-
terminal portion of rat Islet 1 (aa 178-349) and was validated by comparison of the labeling
patterns obtained by immunohistochemistry (IHC) and by in situ hybridization (Tsuchida et
al., 1994). The anti-Lhx1/5 antibody raised against recombinant rat Lim2 (RRID:
AB_531784) detects both Lim1 and Lim2 and was validated by /n situ hybridization and
immunostaining (Tsuchida et al., 1994). The anti-NeuN antibody (RRID: AB_2298772) was
raised against purified cell nuclei from mouse brain and was validated by western blot and
immunostaining of various species (Mullen, Buck, & Smith, 1992). The anti-NF antibody
(RRID: AB_2314897) was raised against a membrane preparation obtained from E14-E15
rat spinal cord tissue and was validated by western blot (155-165 kDa) from PC12 cells and
spinal cord tissue (Dodd, Morton, Karagogeos, Yamamoto, & Jessell, 1988). The anti-
Bhlhb5 antibody (RRID: AB_2665452) was raised against GST-fusion proteins
encompassing either an N-terminal or C-terminal epitope of Bhlhb5 and was validated using
Bhlhb5 knockout mutants (Ross et al., 2010).

Rabbit polyclonal antibodies raised against Calbindin D-28k (CB) (1:1000, Swant #CB38),
calcitonin gene-related protein (CGRP) (1:250, Calbiochem #PC205L), Foxpl (1:1000,
Abcam #ab16645), NPY (1:250 Peninsula Laboratories #T-4070), Pax2 (1:200, Biolegend
#901001), protein kinase C (PKC)-y (1:250, Santa Cruz #sc-211), RFP (1:500, Rockland
#600-401-379), Somatostatin (Sst) (1:1000, Peninsula Laboratories #T-4103), and Substance
P (neurokinin-1) receptor (NK-1R) (1:200, Sigma-Aldrich #s8305) were used. The anti-CB
antibody (RRID: AB_10000340) was validated by western blot and CB knockout mutants
(Airaksinen et al., 1997). The antibody raised against rat a-CGRP (RRID: AB_2068524)
showed a pattern and distribution consistent with other IHC stains in the developing spinal
cord (Harmann, Chung, Briner, Westlund, & Carlton, 1988). The anti-Foxp1 antibody
(RRID: AB_732428) was raised against a synthetic C- terminus peptide of Human FOXP1
conjugated to KLH and showed a pattern and distribution consistent with previous spinal
cord staining (Rousso, Gaber, Wellik, Morrisey, & Novitch, 2008). The anti-NPY antibody
(RRID: AB_518504) was raised against rat NPY and validated by radioimmunoassays and
with a pattern and distribution consistent with previous spinal cord staining (Polgar,
Sardella, Watanabe, & Todd, 2011). The anti-Pax2 antibody (RRID: AB_2565001) was
raised against a recombinant protein containing 22kD of the Pax2 sequence and was
validated by western blot (Dressler & Douglass, 1992). The anti-PKC-y antibody (RRID:
AB_632234) was raised against a C-terminus peptide of mouse PKC-y and validated by
western blot and shows a pattern and distribution consistent with previous spinal cord
staining (H. Y. Huang et al., 2005). The anti-RFP antibody (RRID: AB_2209751) was raised
against mushroom polyp coral Discosoma and validated by western blot, reflecting a pattern
and distribution consistent with endogenous tdTomato fluorescence (Fig. 1). Anti-Sst
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antibody (RRID: AB_518614) was raised against an N-terminus synthetic peptide and
validated using a Sst knockout mutant (Saito et al., 2005). The anti-NK-1R antibody (RRID:
AB_261562) was raised against a rat C-terminus synthetic peptide and was validated using a
NK-1R knockout mutant (Ptak et al., 2002).

Guinea pig polyclonal antibodies raised against GlyT2 (1:500, Synaptic Systems #272 004),
TIx-3 (1:10,000, Carmen Birchmeier (Storm et al., 2009), Max-Delbriick-Centrum for
Molecular Medicine, Berlin), vesicular glutamate transporter (vGIluT)-1 (1:200, Millipore
#AB5905), vGIuT2 (1:200, Millipore #AB2251), and vGIuT3 (1:500, Synaptic Systems
#135 204) were also used. The anti-GlyT2 antibody was raised against a rat N-terminus 229-
AA peptide and validated by western blot, reflecting a pattern and distribution consistent
with previous spinal cord staining (Corleto et al., 2015). The anti-TIx-3 antibody (RRID:
AB_2532145) was raised against a His-tagged recombinant TIx-3 protein and exhibits a
staining pattern in the spinal cord consistent with a Lacz reporter driven by 7/x-3¢¢ (Xu et
al., 2008). The anti-vGIuT1 antibody (RRID: AB_2301751) was raised against the C-
terminus of rat vGlutl and was validated by western blot (Melone, Burette, & Weinberg,
2005). The anti-vGluT2 antibody (RRID: AB_1587626) was raised against a GST tagged
Recombinant protein and validated by western blot (Montana, Ni, Sunjara, Hua, & Parpura,
2004). The anti-vGluT3 antibody (RRID: AB_2619825) was raised against a mouse
recombinant peptide and validated by vGIuT3 knockout mutants (Fasano et al., 2017).

Goat polyclonal antibodies raised against Lhx2 (1:200, Santa Cruz #sc-19344), Robo3
(1:200, R&D Systems #AF3076), transient axonal glycoprotein (TAG)-1 (1:200, R&D
Systems #AF4439), tropomyosin receptor kinase (Trk)-A (1:200, R&D Systems #AF1056),
TrkB (1:50, R&D Systems #AF1494), and TrkC (1:40, R&D Systems #AF1404) were used.
The anti-Lhx2 antibody (RRID: AB_2135660) was raised against a C-terminus peptide of
Lhx2 of human origin and has been used to specifically label Lhx2-positive dI1 neurons in
the developing spinal cord (Kaneyama & Shirasaki, 2018). The anti-Robo3 antibody (RRID:
AB_2181865) was raised against the extracellular domain of recombinant human Robo3 and
validated by Robo3 conditional knockout mutants (Fig. 1). The anti-TAG-1 antibody (RRID:
AB_2044647) was raised against a recombinant mouse Contactin-2/TAG-1 protein and
validated by a consistent pattern and distribution of other spinal cord staining (Sabatier,
2004). The anti-TrkA antibody (RRID: AB_2283049) was raised against mouse myeloma
cell line NSO-derived recombinant rat TrkA (Ala33-Pro418) and validated by ELISA and
western blot, showing a pattern and distribution consistent with previous spinal cord staining
(Averill, McMahon, Clary, Reichardt, & Priestley, 1995). The anti-TrkB antibody (RRID:
AB_2155264) was raised against mouse myeloma cell line NSO-derived recombinant mouse
TrkB (Cys32-His429) and validated by ELISA and western blot, showing a pattern and
distribution consistent with previous spinal cord staining (Macias et al., 2007). The anti-
TrkC antibody (RRID: AB_2155412) was raised against mouse myeloma cell line NSO-
derived recombinant mouse TrkC (Cys32-Thr429) and validated by ELISA and western blot,
showing a pattern and distribution consistent with previous spinal cord staining (Genc,
Ozdinler, Mendoza, & Erzurumlu, 2004).

The following fluorescent markers were included during the secondary antibody incubation
step: Isolectin B4 (1B4) from Griffonia simplicifolia conjugated to Alexa647 (1:100,
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Invitrogen 132450) and Hoechst 33342 (1:1000, Life Technologies #H3570). Alexa405-,
Alexad88-, Alexa594-, and Alexa647-conjugated secondary antibodies (1:200; Jackson
ImmunoResearch Lab or Molecular Probes) raised in donkey or goat against respective
primary antibody species were also used.

2.8 DiO tracing

Following fixation as described for IHC, embryonic and adult spinal cords (n=3 per age)
were sectioned using a vibratome at 150 pm and injected with DiO (Thermo Fisher,
#\V22886) in locations indicated in figure legends. Embryonic sections were mounted under
Fluoromount G ~48 h post-injection and imaged immediately. Adult sections were mounted
~48 h post-injection and imaged 120-168 h post-injection.

2.9 Image Acquisition and processing/analysis

Embryonic and adult spinal cord sections were imaged with either a Zeiss LSM 800 Axio
Imager Z2 confocal laser scanning microscope, a Nikon Eclipse 90i coupled to a Nikon
QiMc camera, or with a Nikon Eclipse Ti inverted fluorescent microscope with an Andor
CCD camera. Images were processed and analyzed using either NIS-Elements software
(Nikon Instruments Inc.) or ImageJ. Cell body distribution plots were generated in Python
after performing an affine transform of all images and cell position coordinates using ImageJ
in order to standardize the spinal cord morphology across multiple sections and animals.
Coordinates for tdT™* cell bodies from three mice (three sections per animal) at each age
were transformed and plotted on a standardized outline of a spinal cord and randomly down-
sampled to reflect the distribution of cell bodies in a single spinal cord section.

2.10 Experimental Design and Statistical Analysis

A minimum of three mice (n) were analyzed for all descriptive statistics (n is indicated in
figure legends), and the number of quantified spinal cord hemisections per n ranged from 4—
54. For all descriptive statistics, the quantified hemisections within each animal (i.e.,
technical replicates) were averaged, generating a single mean value per n; the averages and
SEMs of the biological replicates were subsequently calculated and displayed.

To quantify the number of DiO™ cells in embryonic and adult tissues, either single focal
planes (for embryonic analysis due to the high density of cells) or maximum projections
from ~50-100 um (for adult analysis) were used. The ImageJ plugin Cell Counter was used
to count the number of cells that were labeled with either or both tdTomato and DiO (E11.5
and adult ages), and with tdTomato and/or a combination of IHC markers (all embryonic
ages).

Embryonic neuronal subtype analysis.—Combinations of markers and position were
used to identify the post-mitotic neurons that arise from different progenitor domains
(Alaynick et al., 2011; Lai et al., 2016) (see Table 2) in Robo3¢"®*;ROSA26-SL-tdTomato/+
mice (n=3 animals; 3 sections per n; quantified by hemisection). Progenitor domains were
identified by the following transcription factor expression profiles and (if needed) positional
criteria: dI1 — Barhl2 and/or Lhx2 (Fig. 6d); dI2 — Lhx1/5*/Pax2~ staining at E10.5 and
E11.5 (Fig. 6e), Foxpl* staining dorsal of the motor columns at E12.5 and E14.5 (images
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not shown; this is a subset of di2, and FoxP1 was used because Lhx1/5 staining becomes
extremely weak after E11.5); dI3 — IsI1/2*/TIx3* staining (Fig. 6f); di4/dILa — Pax2*/
Lhx1/5* staining at E10.5 and E11.5 (Fig. 6e), Pax2* dorsal cluster (due to loss of Lhx1/5
staining), clearly separated from ventral (dI6) cluster at E12.5 and E14.5 (Fig. 6g); dI5/dILg
— TIx3*/Isl1/2™ staining (Fig. 6f); d16 and V1genain — Lhx1/5*/Bhlhb5*/Foxpl™~ staining,
with sufficient dorso-ventral separation between the two populations at E10.5 to identify
distinctly (Fig. 6h); VO — Lhx1/5*/Bhlhb5~/Foxpl1™ cluster, clearly separated from dorsal
d12/d14 cluster (Fig. 6h); V1gther — Lhx1/57/Bhlhb5*/Foxpl* staining (Fig. 6h); V2 —
Lhx1/57/Bhlhb5*/Foxpl™ staining (Fig. 6h).

Adult analysis.—To characterize the positions of C-neurons in adult spinal cords, NIS
Elements software was used to create ROIs based on the intensity of a fluorescent label that
marks one or several laminae, and a spot detection tool was used to identify tdT* cells both
within and outside of the marked lamina(e). To characterize neuronal subtypes of C-neurons,
the spot detection tool was used to identify cells positive for neuronal subtype markers or
tdTomato and the extent of their co-localization. To determine the fraction of C-neurons in
each lamina (n=5 animals; = 4 sections per n; quantified by hemisection), either individual
ROIls were used (laminae I, Hgyter, and Hipner), OF @ subtractive strategy (111-X) that was
applied to combinations of ROIs (Fig. 9a—b). TdT* neurons residing within intensity-defined
ROIs were quantified using the NIS Elements software — lamina(e): | (NK-1R); lHgyter (1B4);
Hinner (PKC-y); 11 (CB = [I + Houter * Hinner]); 1V-X (all C-neurons — [I + Hoyter + inner +
[11]) (Todd, 2010). C-neurons co-labeled with a neuronal marker were also quantified (n=3
animals; =4 sections per n; quantified by hemisection), according to the fraction of C-
neurons within a particular subtype, or the contribution of the neuronal subtype to the C-
neuron pool (Fig. 11a-h).

3. RESULTS

3.1 A Robo3C® allele drives Cre-mediated recombination in embryonic spinal
commissural neurons.

Robo3 is an axon guidance receptor exclusively expressed by C-neurons in the developing
embryonic spinal cord, and it is required for C-axons to cross the ventral midline (Sabatier,
2004). To gain genetic access to spinal C-neurons, we generated a knock-in mouse that
expresses Cre recombinase from the Robo3 locus (Fig. 1a). The Cre coding sequence,
followed by a frt-flanked neomycin selection cassette, was inserted into Robo3exon 1
through homologous recombination in ES cells, and correct targeting was confirmed by
Southern blot (Fig. 1b). In mice generated from positive ES cell clones, the neomycin
cassette was subsequently removed (Fig. 1a, see Materials and Methods). To examine the
relationship between Cre activity and Robo3 expression in the resulting Robo3° mice, we
crossed them to the ROSA26-SL-1dTomalo renorter line that expresses the RFP variant
tdTomato in a Cre-dependent manner (Madisen et al., 2010). We performed Robo3 and RFP
immunostaining of E9.75, E10.5, and E11.5 brachial spinal cord transverse sections from
Robo3Cre*; ROSA26SL-tdTomato/+ mice and found that tdTomato immunoreactivity
faithfully labels Robo3-positive neurons and their axons (Fig. 1c). At E9.75, the first few
postmitotic C-neurons start expressing Robo3 and project short axons towards the FP, and
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these cells are labeled by the RFP antibody (Fig. 1c, top row), indicating that there is little or
no temporal delay between Robo3 and tdTomato expression in C-neurons. At E10.5 and
E11.5, when increasing numbers of C-neurons send axons across the midline, Robo3
expression appears much stronger on axons than on cell bodies, while tdTomato staining
continues to strongly label both somata and axons (Fig. 1c, middle and bottom rows);
moreover, Robo3 protein on C-axons is down-regulated after midline crossing (Chen, Gore,
Long, Ma, & Tessier-Lavigne, 2008), but postcrossing axons exhibit clear tdTomato
immunoreactivity (Fig. 1c, column 2). Importantly, no tdTomato staining was observed in
spinal cords of ROSA26LSL-tdTomato/* mice (data not shown) or in Robo3-negative cells of
Robo3CTe* - ROSA26-SL-tdTomato/+ embyryos (Fig. 1c), indicating that labeling is strictly
dependent on Cre activity in Robo3-expressing cells. Although weaker in intensity,
endogenous tdTomato fluorescence mirrors the pattern of tdTomato immunoreactivity (Fig.
1c, columns 2 and 3), and it aligns closely with the precrossing C-axon marker TAG-1 but
not panaxonal NF staining, as shown by antibody labeling in E11.5 spinal cord (Fig. 1d).
Together, these data demonstrate that tdTomato faithfully labels all and only Robo3- positive
cells in Robo3Ce*; ROSA26SL-tdTomato/* embryonic spinal cord and support the idea that
the Robo3°" line specifically deletes floxed alleles in C-neurons.

To confirm that Robo3°" targets all C-neurons, we crossed Robo3°"e* mice with mice
carrying a conditional Robo3 knock-out allele (Robo3°%9)(Renier et al., 2010) and analyzed
their offspring by staining E11.5 brachial spinal cord transverse sections with antibodies
against NF and Robo3 (Fig. 2a). Robo3°"e s itself a null allele for Robo3, as Robo3¢r/~
mice phenocopy the lack of C-axon midline crossing observed in Robo3”~ mice (data not
shown). Similarly, the ventral commissure is completely absent in E11.5 Robo3¢e/cko
embryos, and Robo3 immunoreactivity is efficiently abolished, while Robo3%’* |ittermates
exhibit normal midline crossing and Robo3 expression (Fig. 2a). These data indicate that
Robo3C" deletes the floxed Robo3°% allele in all C-neurons. To further test whether
Robo3C"e drives Cre activity in all C-neurons, we performed retrograde tracing experiments
in Robo3CTe* : ROSA26-SL-tdTomalo/* empryos (Fig. 2b). We unilaterally injected the
lipophilic dye DiO into the ventrolateral funiculus adjacent to the ventral commissure in
E11.5 brachial spinal cord and found that 100% of DiO-positive neuronal cell bodies
contralateral to the injection site also express tdTomato (Fig. 2b, top row), confirming Cre-
mediated recombination in all C-neurons. DiO labeling efficiency in these experiments is
30.7+3.81% of contralateral tdT™ cells, leaving the theoretical possibility that some tdT*
cells project ipsilaterally. To address this caveat, we performed DiO injections in the
ventrolateral funiculus further away from the midline, where many ipsilaterally projecting
axons join the fiber tracts. We examined retrogradely traced neurons ipsilateral to the
injection site and found that this labeling paradigm exclusively captures tdT~ cells (Fig. 2b,
bottom row), arguing against ipsilateral projections of tdT™ cells into the injection site. Thus,
Robo3°" effectively and specifically drives Cre activity in C-neurons of the developing
spinal cord.
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3.2 Transcriptomic analysis of embryonic commissural neurons identifies preferentially
expressed genes and reveals molecular heterogeneity.

To characterize the molecular makeup of embryonic C-neurons, we analyzed their
transcriptome by sorting spinal cord neurons from E11.5 Robo3¢ré*; ROSA26-5L-tdTomato/+
embryos based on their tdTomato fluorescence and performing RNA-Seq analysis (Fig. 3a).
After FAC-sorting of tdT* and tdT~ populations (Fig. 3b, top panel), isolated tdT* cells
accounted for approximately 8% of all sorted cells (Fig. 3b, bottom panel). Due to the
stringent gating criteria for defining tdT™ cells, this is likely a lower bound estimate for the
fraction of cells in the spinal cord that are C-neurons. RNA-Seq analysis of the tdT* and tdT
~ populations revealed 2,908 mRNAs that are significantly enriched in C-neurons (Fig. 3c,
Table S1, see Materials and Methods for cutoff criteria). 620 of the enriched transcripts fall
into the gene ontology (GO) term analysis group “cell membrane” (Fig. 3c, Table S1). This
includes the Robo family members Robol and Robo3, which were enriched 2.66- and
16.42-fold, respectively, while RoboZ expression levels in the two populations were
indistinguishable (Fig. 3d). The low level of Robo3in tdT~ cells likely results from the
stringent gating for sorting of the tdT* population, and this effect may be compounded by a
slight delay between Robo3 mRNA and tdTomato protein expression. We compared
expression levels of other known guidance cue receptors that mediate axon repulsion (Fig.
3e). We found that multiple Semaphorin receptors are significantly enriched in C-neurons —
this includes Nrp2, Plxnal, PlxnaZ, Plxna3, Plxnbl, and Plxncl. Similarly, the Ephrin
receptors Ephab, Epha8, Ephal0, Ephb3, and Ephb6 are enriched in C-neurons. When we
compared expression levels of receptors involved in signaling by the axon attractants
Netrin-1 and Shh (Fig. 3f), we observed significant enrichment of Dccand Pich2. The UNC
family members Unc5aand Unc5d are also preferentially expressed in C-neurons. Lastly,
among neuronal cell adhesion molecules, we observed preferential expression of Cnitn2
(which encodes TAG-1), Dscam, L1cam, Ncaml, NcamZ, and Nrcamin C-neurons (Fig.
30). Thus, consistent with their unique projection pattern, the axon guidance machinery in
C-neurons is distinct from other neurons in the spinal cord.

We selected a small subset of candidate mRNAs that are strongly enriched and highly
expressed in C-neurons for further analysis by /n situhybridization. Among these were
Chl1, Thsd7a, Dner, and Rgmb (Fig. 3h), which encode membrane-bound cell surface
proteins and could therefore be involved in C-axon guidance. CA/1 encodes a member of the
L1 family of adhesion molecules that is involved in neurite outgrowth (Hillenbrand, 1999;
Montag-Sallaz, Schachner, & Montag, 2002), and 7Asd7a encodes a thrombospondin repeat-
rich protein involved in angiogenesis (Wang et al., 2011). The protein encoded by Dner
(Delta/Notch-like EGF-related receptor) has been implicated in neuronal proliferation,
differentiation, and neuritogenesis (Du, Wang, Zhang, Zhang, & Jiang, 2018; Eiraku, Hirata,
Takeshima, Hirano, & Kengaku, 2002; Hsieh et al., 2013), and Rgmb encodes a
glycosylphosphatidylinositol-anchored repulsive guidance molecule family member which
regulates cell differentiation and nervous system patterning (Kam et al., 2016; Samad et al.,
2005). Sst, Kif26b, Mab21/2, and Lamp5 mRNAS are also highly enriched and expressed in
C-neurons (Fig. 3h). Sstencodes the hormone Somatostatin (Patel, 1999); Kif26b encodes a
kinesin that regulates cell polarity (Guillabert-Gourgues, 2016; Marikawa, Fujita, &
Alarcon, 2004); MabZ21/2encodes a nuclear protein that interacts with the BMP4 signaling
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pathway and has been implicated in neural tube formation and eye morphogenesis
(Baldessari, Badaloni, Longhi, Zappavigna, & Consalez, 2004; Z. X. Huang, 2016); Lamp5
encodes a lysosome-associated membrane protein implicated in GABAergic
neurotransmission (Tiveron et al., 2016). /n situ hybridization for these mMRNAs in brachial
spinal cord transverse sections from E11.5 Robo3¢™* ; ROSA26LSL-tdTomatot embryos
confirmed expression in various subgroups of C-neurons and revealed additional sites of
expression (Fig 4a—h). Specifically, Thsd7aand Rgmb are expressed in dorsal spinal cord C-
neurons and in the dorsal root ganglia (DRGs) (Fig. 4b and d), Ch/Z and Kif26b expression
localizes to C-neurons in the intermediate spinal cord (Fig. 4a and f), and CA/Z is also
expressed in the FP (Fig. 4a). Sstis expressed in ventral spinal cord C-neurons as well as in
the DRG and the ventral horn (Fig. 4e). Dnerand Mab21/2 expression co-localize with
tdTomato signal along most or all of the dorso-ventral axis (Fig. 4c and g), and Dneris also
expressed in the intermediate ventricular zone. Lamp5 expression localizes to C-neurons in
all but the most dorsally located C-neurons and is also detected in the ventral horn (Fig. 4h).
Overall, these results are consistent with enrichment of the selected transcripts in C-neurons,
as observed by RNA-Seq. Moreover, the preferential expression of different mRNAs in
subpopulations of C-neurons indicates that these neurons are markedly diverse in their
molecular profile.

3.3 Commissural neurons are generated from most progenitor populations during early
and late neurogenesis.

To further explore the heterogeneity of C-neurons and elucidate their origins in the
developing neural tube, we tracked them throughout spinal cord neurogenesis. First, we
examined C-neuron cell body position in transverse sections of

Robo3°"e* :-ROSA26-SL-1dTomato/+ hrachial spinal cord at E10.5, E11.5, E12.5, and E14.5.
We found that, at E10.5, the first C-neurons appear in the mediolateral portion of the neural
tube, and that, between E11.5 and E14.5, they progressively populate all regions of the
spinal cord except the ventral horn (Fig. 6a,b). This broad dispersal of C-neurons supports
the idea that they arise from multiple progenitor populations spread along most of the
dorsoventral neural tube axis.

Different progenitor domains in the embryonic spinal cord generate distinct subsets of
postmitotic neurons that are defined by a combinatorial code of transcription factor
expression (Alaynick et al., 2011; Lai et al., 2016). To begin to identify progenitor domains
that give rise to C-neurons, we analyzed our E11.5 RNA-Seq data for the relative abundance
of mRNAs that encode transcription factors specific to one or more subtypes of neurons
(Fig. 6c, Table S1). Barhl2 (expressed in postmitotic dI1 neurons), LAxZ and Lhx5 (d12,
dl4/dIL, dI6, VO, and V1), 7T/x3(dI3 and dI5), Pax2 (d14/dILa, d16, VOp, VOcg, and V1),
and Sim1 (V3) are preferentially expressed in C-neurons. Conversely, /s/Zand /s/2(dI3 and
MNs) and FoxpI (V1giner and lateral motor column MNSs) are underrepresented in C-
neurons. LAx2(dI1) and BhlheZ2 (also called BAlhb5; dI6, V1, and V2) are expressed at
comparable levels in C-neurons and non-commissural cells. Together, these data suggest that
the entire population of E11.5 C-neurons encompasses substantial fractions of di1, di2,
di4/dIL, dI5/dILg, d16, VO, and V3 neurons and few, if any, dI3 and MNs.
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To directly examine the identity of C-neurons over time, we analyzed the expression of
neuronal subtype-specific transcription factors by IHC in brachial spinal cord sections (see
Materials and Methods and Table 2). We first sought to elucidate the origins of the earliest-
born C-neurons that send pioneer axons across the spinal cord midline at E9.75. We found
that the first few neurons immunoreactive for Robo3 express either Brn3a alone, Evx1/2
alone, Evx1/2 and Pax2 together, or Pax2 alone (Fig. 5a,b). Thus, the first C-neurons belong
to the dI5 and VOy, populations, either one or both of the VO¢ and VVOg populations, and
either one or more of the dl4, dI6, and VVOp populations. Consistent with their origin from
the pd4-p0 domains, pioneer C- neurons are located in the intermediate (with respect to the
dorso-ventral axis) neural tube (Fig. 5a,b). Because many of these pioneer neurons are
positive for the inhibitory neuron marker Pax2, we performed IHC for GADG67 at early
E10.5 and found that a subset of mediolaterally located Robo3-positive neurons express this
GABA biosynthetic enzyme (Fig. 5¢). This result supports the idea that some of the pioneer
C-neurons are GABAergic.

Next, we quantified the contribution of C-neurons to different progenitor domain-specific
neuronal subtypes in E10.5, E11.5, E12.5, and E14.5 Robo3°"¢"* ROSAZ26-SL-tdTomato/+
mice. The dI1 subtype expresses Barhl2 and Lhx2 (Wilson, Shafer, Lee, & Dodd, 2008) and
is comprised of ipsi- and contralaterally projecting neurons (dI1; and dl1;, respectively);
Lhx2 is downregulated in dI1; neurons by E12.5 (Wilson et al., 2008). Immunolabeling for
Barhl2 and Lhx2 (Fig. 6d) revealed that, between E10.5 and E14.5, the fraction of Barhl2-
positive neurons that are commissural (i.e. tdT™) progressively increased with age (E10.5,
9.8+1.82%; E11.5, 37.6+3.13%; E12.5, 82.7+2.27%; E14.5, 94.7+2.31%) (Fig. 7a),
suggesting that although Barhl2 is initially expressed in all dI1 neurons, its expression is
maintained almost exclusively in the di1; population. The fraction of Lhx2* neurons labeled
by tdTomato also increases over time (E10.5, 6.0£3.08%; E11.5, 35.0+5.62%; E12.5,
83.2+3.05%; E14.5, 94.3+2.84%) (Fig. 7b), consistent with the notion that Lhx2 becomes an
exclusive marker for dl1. neurons. We found that the small number of Lhx2* cells that
remain tdT~ after E12.5 are exclusively localized to the most dorsomedial region of the
spinal cord, suggesting that they are recently generated, later-born dI1 neurons that have not
yet begun to express Robo3.

DI2 neurons express Lhx1/5 and are negative for Pax2, and a subset of dI2 neurons
expresses Foxpl at later developmental stages (E12.5 and E14.5) (Francius et al., 2013;
Wong, 2009). We used IHC for these markers to identify dI2 neurons (Fig. 6¢,h). Consistent
with the idea that the majority of dI2 neurons project axons contralaterally (Avraham et al.,
2009), we found that, at E10.5 and E11.5, 54.8+20.09% and 73.4+0.54%, respectively, of all
di2 neurons are commissural (Fig. 7c); at E12.5 and E14.5, 79.5+5.30% and 89.943.11% of
Foxpl* dI2 neurons, respectively, are commissural (Fig. 7c).

DI3 neurons express TIx3 and Isletl/2. Immunolabeling for these transcription factors (Fig.
6f) revealed that dI3 neurons do not contribute to the C-neuron population, and vice versa.

D14 neurons and the later-born dIL o neurons express Lhx1/5 and Pax2. Lhx1/5 and Pax2
immunolabeling at E10.5 and E11.5 (Fig. 6e) showed that 21.3+£5.50% and 37.6+8.96% of
di4/dIL A neurons are commissural, respectively (Fig. 7d). Pax2 immunolabeling alone at
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E12.5 and E14.5 (Fig. 6g) showed that, 84.0+1.98% and 94.46+0.86% of the d14/dIL
population are commissural, respectively (Fig. 7d). At E12.5 and E14.5, the only dI4/dILA
neurons that are tdT™ are found near the ventricular zone (data not shown), and are likely
recently born cells that have not begun to express detectable levels of tdTomato yet. Together
these data support the idea that most, if not all, dl4/dIL o neurons are commissural.

TIx3 is expressed in dI3, dI5, and dILg neurons, while Islet1/2 expression is exclusive to dI3
and MNs. IHC for TIx3 and Islet1/2 (Fig. 6f) showed that C-neurons comprised
17.4+3.81%, 33.9+7.18%, 6.6+0.60%, and 5.18+0.07% of the dI5/dILg population at E10.5,
E11.5, E12.5, and E14.5, respectively (Fig. 7e), indicating that the vast majority of dI5/dILg
neurons project ipsilaterally.

Neurons in the VO domain express Lhx1/5, but not Bhlhb5 or Foxp1, at E10.5 and E11.5.
Using the relevant antibody combinations (Fig. 6h), we found that 26.2+1.66% and
52.1+2.03% of VO neurons at E10.5 and E11.5, respectively, are commissural (Fig. 7).

D16 and V1gennain populations express Lhx1/5 and Bhlhb5, and though they are spatially
segregated at E10.5, these neurons intermingle by E11.5. Immunolabeling for Lhx1/5 and
Bhlhb5 (Fig. 6h) revealed that, at E10.5, 21.3+2.35% of d16 neurons and 7.5+1.16% of
V1Ren/iaiN NeUrons are commissural (Fig. 7g). At E11.5, E12.5, and E14.5, 21.1+3.12%,
29.4+2.80% and 44.4+3.54% of the combined d16 and V1rensiain POpPUlations are
commissural, respectively. We observed that most dI6 neurons at E10.5 appeared to be
recently born and in the initial stages of migrating laterally from the ventricular zone.
TdTomato was not detectable in these medially located dI6 neurons, whereas many of the
di6 neurons that had migrated further were expressing tdTomato.

The V1gther neurons express Foxpl, Bhlhb5, and Lhx1/5. IHC for these markers (Fig. 6h)
showed that 10.62+0.70%, 21.3+2.98%, 50.0+2.59%, and 59.8+4.19% of V1ter NEUIrONS
are commissural at E10.5, E11.5, E12.5, and E14.5, respectively (Fig. 7h).

V2 neurons express Bhlhb5, but not Lhx1/5 or Foxpl. Immunolabeling for the relevant
transcription factors (Fig. 6h) revealed that none of the V2 neurons are commissural.

Together, our results demonstrate that C-neurons are represented in the di1, dI2, d14/dILa,
di5/dILg, dI6, VO, and V1 populations, while the dI3 and V2 populations do not contain C-
neurons. We quantified the contribution of different spinal cord neuron subtypes to the entire
C-neuron population at E10.5, E11.5, E12.5, and E14.5 (Fig. 7i, Table 3). We uncovered a
substantial (*20%) contribution of dI1 neurons to the C-neuron pool during early
neurogenesis, as well as a major (*50%) combined contribution of dl4/dIL . Further, our
analysis identified a large variety of neuronal subtypes, including some that have been
considered as exclusively ipsilaterally projecting (see Discussion), that comprise smaller
subsets of the total C-neuron population.

3.4 Robo3C®-mediated fate mapping uncovers positional and molecular diversity of
mature commissural neurons.

The spatial arrangement of neurons generated from different spinal cord progenitor domains
is eroded by extensive migration and intermixing of neuronal subtypes over the course of
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development. To uncover the final locations and mature molecular identities of C-neurons in
the adult spinal cord, we mapped their fate in Robo3¢™*; ROSA26-SL-1aTomalo/* mice,
While Robo3 expression in the developing neural tube is transient (data not shown),
tdTomato expression persists in the adult Robo3°"e*: ROSA26-SL-tdTomato/+ spinal cord
(Fig. 8a). Staining of brachial spinal cord transverse sections for the neuronal marker NeuN
and nuclear Hoechst stain revealed that tdT* cells are exclusively neuronal and comprise
53.6+1.68% of all neurons and 9.1+0.26% of all cells in adult spinal cord (Fig. 8a). To verify
that tdTomato expression labels all mature C- neurons, we injected DiO unilaterally into the
white matter near the ventral midline. Just as in the developing spinal cord (Fig. 2b), 100%
of DiO™* cells contralateral to the injection site are tdT* (Fig. 8b), confirming that all adult
C-neurons continue to express tdTomato. DiO labeling efficiency in these experiments (n=3)
is 36.4+7.03% of contralateral tdT* cells and captures neurons distributed throughout the
spinal cord.

To characterize the distribution of C-neurons throughout the gray matter of the spinal cord,
we used IHC for markers that identify different dorsal horn laminae, namely NK-1R, 1B4,
PKC-v, CGRP, Sst, GAD67, and CB (Fig. 9a, left column). C-neurons within different
laminae (see Materials and Methods for definition) of adult Robo3¢e/*;
ROSAZ26-SL-1dTomato/+ hrachial spinal cord transverse sections were counted (Fig. 9a, middle
and right columns). We found that lamina | contains 7.76+0.24% of C-neurons, outer lamina
I1 8.03+0.67%, inner lamina 1l 10.60+0.86%, and lamina 111 8.35+4.42% of C-neurons,
while 65.26+4.42% of all C-neurons are found in laminae IV-X (Fig. 9b, left panel). Visual
inspection of C-neuron distribution indicates that a large fraction of C-neurons ventral to
lamina 111 resides in laminae IV and V of the deep dorsal horn, some C- neurons can be
found in lamina X surrounding the central canal, and very few are located in the ventral horn
(Fig. 9b, right panel). Thus, C-neurons are found in regions that process somatosensory
information of various modalities. To determine whether C-neurons might receive direct
synaptic inputs from DRG neurons, we labeled spinal cord sections from Robo3<"¢/*
ROSA26-SL-tdTomato/* mice for markers of sensory axons. We frequently observed sensory
axon terminals positive for members of the Trk family of neurotrophin receptors —
specifically, TrkA, TrkB, and TrkC — in close apposition to dorsal horn C-neuron cell bodies
(Fig. 10a—c), consistent with the idea that DRG axons make synaptic contacts with C-
neurons. Similarly, axons positive for CGRP, a marker for peptidergic afferents (Todd,
2010), and NK-1R, which is expressed in a subset of small-diameter primary sensory
neurons (Li, 1998), appear to make synaptic contact with C-neurons in the dorsal horn (Fig.
10d,e). Together, these data suggest that C-neurons help relay and/or process multiple
somatosensory modalities, in some instances receiving direct input from DRG sensory
neurons.

To begin to understand the molecular diversity of mature C-neurons, we labeled various
neuronal subtypes with antibodies in brachial spinal cord transverse sections of
Robo3CTe* :ROSA265-SL-1aTomalo/* mice (Fig. 11a-g). PKC-y is expressed in excitatory
interneurons that receive inputs from low-threshold mechanoreceptors (Neumann, Braz,
Skinner, Llewellyn-Smith, & Basbaum, 2008); NK-1R identifies ascending projection
neurons located in dorsal horn lamina | (Todd, 2010); CGRP labels ventral horn MNs and
other neurons in the superficial dorsal horn, lamina X, and ventral spinal cord (Eftekhari &
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Edvinsson, 2011; Gibson et al., 1984; Kim, Sunagawa, Kobayashi, Shin, & Takayama,
2016); TIx3 marks dI5 excitatory neurons in the dorsal horn (Xu et al., 2008); Pax2
identifies subsets of mature inhibitory neurons (Cheng et al., 2004; Larsson, 2017); staining
for GABA identifies neurons that synthesize this inhibitory neurotransmitter; CB and CR are
calcium-binding proteins expressed in subsets of almost exclusively excitatory neurons
(Albuquerque, 1999; Antal, 1991; Ren & Ruda, 1994). We found that PKC-y* neurons do
not contribute to the commissural population (Fig. 11a), 2.14+0.31% of C-neurons belong to
the NK-1R* population (Fig. 11b), 3.61+0.63% are positive for CGRP (Fig. 11c),
12.67+2.13% express TIx3 (Fig. 11d), 51.78+9.27% are classified as Pax2* (Fig. 11e),
39.57+4.32% belong to the GABA™ population (Fig. 11f), 5.66+0.56% are positive for CB
but not CR, 12.62+3.78% do not express CB but are CR*, and 2.91+0.89% are both CB* and
CR* (Fig. 11g). Conversely, C-neurons comprise 23.9+2.75% of the NK-1R* population,
90.87+2.61% of the CGRP™* population, 16.32+1.83% of the TIx3* population,
35.60+6.97% of the Pax2™ population, 30.86+4.71% of the GABA™ population, 18.7+1.74%
of the CB*/CR™ population, 35.22+0.63% of the CB™/CR* population, and 29.43+5.04% the
CB*/CR* population (Fig. 11h). Thus, mature C-neurons exhibit broad molecular
heterogeneity, supporting the idea that they fulfill a variety of functions within different
spinal cord circuits. Consistent with this notion, immunostaining for the vGIluT family
members and two markers of inhibitory axons — neuropeptide Y (NPY), which identifies a
subset of GABAergic inputs (Todd, 2010), and the neuronal glycine transporter GlyT2 —
labeled axon terminals that appear to make contact with C-neurons (Fig. 10f—j). These
results support the idea that mature C-neurons are not only heterogeneous in terms of their
molecular makeup, but also their presynaptic inputs.

4. DISCUSSION

C-neurons project axons across the spinal cord midline to connect the two halves of the
nervous system. The developmental origin and differentiation program of C-neurons, as well
as their final position, molecular makeup, connectivity, and function in different spinal cord
circuits, varies widely. While this heterogeneity has long been appreciated, lack of genetic
access to the entire C-neuron population has impeded the systematic exploration of its
diversity and limited insights gained from previous studies of C-neuron development and
function. To overcome this constraint, we generated Robo3" mice, which express Cre
recombinase specifically in C-neurons and allow their labeling and manipulation during both
development and adulthood. We used Rob03¢" mice to characterize the various origins and
bulk gene expression profile of C-neurons during development. Our analysis identifies
transcripts that are enriched in C-neurons and reveals new details about the considerable
heterogeneity in C-neuron developmental lineage and molecular profile. Further, we used
Robo3"e mice to track C-neurons into adulthood and stratify this neuronal population in the
mature spinal cord. We uncover an extensive positional and molecular heterogeneity and
provide evidence for participation of C-neurons in diverse spinal cord circuits.

4.1 The Robo3C" mouse line as a genetic tool to access spinal commissural neurons

We generated a Robo3°" allele that drives Cre DNA recombinase expression from the
endogenous ~Robo3 locus, and we validated the C-neuron specificity of this new mouse line
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by multiple means. First, crossing of Robo3°" mice to a Cre-dependent fluorescent reporter
and analysis via Robo3 IHC demonstrated that Cre activity faithfully recapitulates Robo3
expression in the spinal cord, with minimal temporal delay. Second, this was further
corroborated by using the Robo3°"¢ line to delete a conditional Robo3allele, which results
in complete loss of Robo3 expression and absence of the spinal cord ventral commissure.
Third, we combined retrograde tracing with labeling via a Cre-dependent reporter to show
that Robo3“"-mediated recombination captures all C-neurons, both during development and
in the adult spinal cord, as all contralaterally traced neurons are positive for reporter
expression. These experiments also indicate that Cre activity is exclusive to C-neurons, as
retrograde tracing from the lateral funiculus, where axons from many ipsilaterally projecting
neurons enter the fiber tracts, only labels reporter-negative cells ipsilateral to the dye
injection site. However, since labeling efficiency in these retrograde tracing experiments is
always below 100%, we cannot completely exclude the possibility that a small subset of
ipsilaterally projecting neurons exhibit Robo3°"e-mediated recombination. Importantly, C-
axon projections in mice carrying one Robo3°" allele appear grossly normal, consistent
with previous reports that loss of one Robo3 allele does not affect C-axon guidance to the
midline (Jaworski et al., 2015; Sabatier, 2004). Together, these results show that Robo3is
expressed in all C-neurons and no other cells within the spinal cord and strongly support the
notion that the Robo3°" line provides selective and complete access to spinal C-neurons
without disrupting their wiring.

The Robo3“"¢ mouse overcomes the limitations of prior approaches to label and target C-
neurons and their projections, which have relied on IHC markers, tracing, or other reporter
and Cre lines. While antibodies against Robo3 and TAG-1 stain precrossing C-axons, they
do not allow visualization of postcrossing axons and label cell bodies poorly or not at all;
moreover, expression of Robo3 and TAG-1 are restricted to a narrow developmental time
window. Antero- or retrograde axonal tracing via dye injection is limited to cohorts of C-
neurons and also captures ipsilaterally projecting neurons close to the injection site. Lastly,
expression of reporter genes or DNA recombinases in other mouse lines does not provide the
same specificity as the Robo3¢" line; e.g. Math1.::lacZ and Math1.:Cretransgenic mice
have been used to label and manipulate C-neurons, but these lines drive expression in the
entire dI1 population and are therefore neither specific for C-neurons nor do they capture
non-dl1 C-neurons (Helms & Johnson, 1998; Yamauchi, Phan, & Butler, 2008). Robo3¢"e
mice, on the other hand, allow specific, complete, and permanent labeling of C-neurons in
combination with Cre-dependent reporter lines. They may also be used for other
applications, such as C-neuron-specific deletion of genes, expression of genetic components
for viral tracing or translational profiling experiments, and intersectional genetic targeting of
C-neuron subpopulations.

4.2 The commissural neuron transcriptome

Various receptors involved in C-axon guidance have been previously identified. Some of
these, e.g. Robol and Robo2, are broadly expressed in the spinal cord. Others, including
Nrp2 and DCC appear enriched in, but not exclusive to, C-neurons. Additional C-neuron-
enriched molecules are likely involved in neuronal differentiation and axon guidance, but a
systematic evaluation of C- neuron gene expression was previously not feasible, as this
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neuronal population could not be isolated in its entirety. We sorted E11.5 C-neurons based
on a Robo3¢e-activated fluorescent reporter and used RNA-Seq to generate a bulk gene
expression profile that was compared to non-fluorescent spinal cord cells, which include
diverse classes of neuronal, progenitor, and endothelial cells. Our results confirm C-neuron
enrichment of transcripts that encode receptors for Netrins, Slits, Semaphorins, Ephrins, and
Shh, as well as numerous immunoglobulin superfamily cell adhesion molecules. Our
analysis also reveals a large number of additional highly expressed and significantly
enriched mRNAs in C-neurons, providing a list of novel candidate genes for future
functional studies of C-neuron development. We validated C-neuron-specific expression of a
few select transcripts by ISH. The preferential expression patterns of these mMRNAs in
distinct C-neuron populations supports the RNA-Seq data and highlights the molecular
heterogeneity of developing C-neurons. It is possible that some molecules enriched in C-
neurons were not captured in our results due to the high stringency of FAC-sorting tdT*
cells, transcript enrichment in very small subsets of C-neurons, or limiting our analysis to
MRNAs (not proteins).

4.3 Diversity of commissural neuron developmental origin

Multiple progenitor domains in the developing spinal cord give rise to C-neurons. However,
a comprehensive, quantitative analysis of C-neuron developmental origin has not been
conducted, likely because C-neuron-specific IHC markers are not expressed throughout the
entire time window of neurogenesis. We combined Robo3"e-dependent genetic labeling
with IHC detection of markers for the postmitotic offspring of different progenitor classes to
generate a developmental fate map of C-neurons. Consistent with prior reports, we found
that subsets of dI1, d12, dI5/dILg, d16, and VO neurons are commissural. We also show that
di3, V2, and, as expected, MNs do not contribute to the C-neuron population. Interestingly,
most dl4/dIL o neurons are commissural and account for more than half of all C-neurons,
which has not been appreciated previously. A substantial portion of V1 neurons, including
both the V1gensiain and V1gier Subcategories, are also commissural, which has not been
described before (Goulding & Pfaff, 2005; Kiehn, 2011), and our findings further underscore
the heterogeneity of V1 neurons (Bikoff et al., 2016). We also provide evidence that the
earliest-born C-neurons that send axons towards the FP originate from the pd4-p0 domains
midway along the dorsoventral axis, suggesting that the axons originating from these C-
neuron subtypes pioneer the trajectory towards and across the midline. At least some of
these pioneer neurons appear to be GABAergic, consistent with previous reports that
describe expression of GABA biosynthetic enzymes in C-neurons located in the early,
intermediate mouse and rat spinal cord (Kosaka, Kin, Tatetsu, Uema, & Takayama, 2012;
Phelps, Alijani, & Tran, 1999).

The use of IHC markers to identify neuronal classes has several limitations. First, expression
of transcription factors that are thought to mark defined types of postmitotic neurons can
dynamically change over time, even within subgroups of these populations. In one
particularly complex example, early dI1 neurons express Barhl2 and Lhx2, but dI1; neurons
appear to subsequently downregulate Barhl2 (this study) and Lhx2 (Ding, Joshi, Xie, Xiang,
& Gan, 2012; Wilson et al., 2008) earlier than the dl1 subset. At later stages of embryonic
development, the majority of dI1 neurons that maintain Barhl2 and/or Lhx2 expression is
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therefore commissural, and there is a substantial fraction of ipsilaterally projecting dlI1
neurons that is not captured by these markers. Further complicating the picture, Barhl2 and
Lhx2 do not continuously label all dl1; neurons, making these transcription factors
imperfect markers even for just this subclass (Ding et al., 2012; Wilson et al., 2008).
Moreover, antibody labeling for subtype markers can produce results that seem to contradict
studies using genetic reporters. Our results indicate that the majority of Barhl2-positive
neurons are commissural, while a Barhl2/4¢Z reporter allele appears to label at least as many
di1; as dl1. neurons (Ding et al., 2012). Posttranscriptional regulation that leads to
preferential Barhl2 protein accumulation in dl1. neurons may well explain this discrepancy.
Second, using IHC for the relevant transcription factor combinations, the early-born d14 and
dI5 classes are indistinguishable from the later-born dIL o and dILg neurons, respectively.
Nonetheless, the marked increase in the contribution of dl4/dIL o neurons to the C-neuron
population at E12.5 and a complementary increase in the fraction of dl4/dIL 5 neurons that
are commissural suggests that the overwhelming majority of dIL 5 neurons that comprise the
second wave of neurogenesis is commissural. Conversely, the fraction of dI5/dILg neurons
that are commissural prominently decreases at E12.5 and E14.5, as does the contribution of
dI5/dILg neurons to the C-neuron population at these ages, indicating that most or all of the
C-neurons determined to be d15/dILg were born exclusively during the first wave of
neurogenesis (i.e, they are dI5 neurons). Third, our lack of access to reliable IHC markers
for V3 neurons, as well as VO at E12.5 and E14.5, prevented us from analyzing these classes
in isolation. However, prior studies have shown that V3 neurons make connections mostly, if
not exclusively, in the contralateral spinal cord (Zhang et al., 2008). Consistent with this
idea, our RNA-Seq data demonstrate that the V3 marker Sim1 is preferentially expressed in
C-neurons. Despite these caveats, our analysis provides a detailed stratification of C-neurons
with respect to their origins from different progenitor classes and underscores the extensive
developmental diversity of these neurons. These results can serve as a framework for future
studies aimed at identifying the molecular programs that (1) unify all C-neuron subtypes and
ensure axon crossing of the midline and (2) ultimately translate the different developmental
identities into the various connectivity patterns and functions of mature C-neurons.

4.4 Heterogeneity of adult commissural neurons

Previous studies have yielded some information on the position, neurotransmitter phenotype,
and circuit function of C-neurons in the adult spinal cord. Most of these analyses relied on
axonal tracing, electrophysiology, or spinal cord lesions, none of which capture the entire C-
neuron population and/or suffer from lack of cellular resolution. We used Robo3“"¢ mice to
permanently label C-neurons beyond embryogenesis and characterized the location,
molecular identity, and presynaptic inputs of C-neurons in the adult. Consistent with their
extensive diversity during development, C-neurons exhibit a broad distribution throughout
the mature spinal cord and considerable molecular heterogeneity. Their presence in nearly
all spinal cord laminae suggests that they participate in a variety of circuit functions. The
high concentration of C-neurons in the dorsal horn, along with the observed close apposition
of DRG afferent nerve terminals support the idea that C-neurons help relay, process, and/or
integrate nociceptive, thermoreceptive, pruriceptive, mechanoreceptive, and proprioceptive
somatosensory information. The more ventrally located C-neurons likely control left-right
coordination of motor output through the CPG, as previously reported (Goulding & Pfaff,
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2005; Kiehn, 2011). Additional experiments, leveraging the genetic access provided by the
Robo3C" line for transsynaptic tracing, electrophysiology, and optogenetic analyses, will be
required to elucidate the input-output relationships and circuit functions of C-neurons.

Further C-neuron heterogeneity is highlighted by our analysis of markers for classes of adult
neurons, revealing various excitatory subtypes and GABAergic neurons in the C-neuron
population. Inputs to C-neurons include peptidergic, inhibitory, and glutamatergic nerve
terminals, increasing diversity of this neuronal population further. Future studies are needed
to fully explore the heterogeneity of mature C-neurons and correlate different molecular
parameters with functions. Exploiting the entry point provided through the Robo3°® line for
deep molecular profiling, e.g. via single-cell RNA-Seq, will be a powerful approach to
tackle this problem.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Creexpression from the Robo3 locus recapitulates Robo3 expression in spinal
commissural neurons during development.

(a) A schematic of the targeting strategy to insert Cre into the Robo3 locus. The Cre coding
sequence replaces the first 34 nucleotides of the Robo3 coding sequence in exon 1. Southern
blot probes (orange lines) and PCR primers (green arrows) for genotyping are indicated. (b)
Southern blot analysis of Ssp/-digested genomic DNA with a probe located upstream of the
5’ homology arm. Targeted ES cell clones are identified by a knock-in fragment at 9.8 kb
and a WT fragment at 12.8 kb. (c, d) Transverse sections of Robo3°"¢/*;
ROSA26-5L-tdTomato/+ spina| cords at the indicated ages were labeled with antibodies
against Robo3 and RFP or TAG-1 and NF. RFP staining and tdTomato fluorescence label
Robo3* neurons and their axons (c), including postcrossing C-axons (arrow); dashed outline
marks spinal cord, inset shows magnified view of a single labeled neuron (boxed area).
TAG-1 and NF staining confirms that tdT™* cells are C- neurons (d). Scale bars: 100 pm in ¢
top row; 5 pm in c top row insets; 100 um in ¢ middle row; 250 um in ¢ bottom row and d.
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Figure 2. Robo3Ce provides genetic access to commissural neurons.
(a) Labeling of E11.5 Robo3°k9* (top) or Robo3C™e/ek0 (hottom) spinal cord sections for NF

and Robo3 reveals absence of the ventral commissure in £0b03"€/ck0 embryos (empty
arrow), but not Robo3°ko’* littermate control (arrow), and shows no detectable Robo3
protein in Robo3¢™/cko embryos. (b) DiO was injected (arrow) directly adjacent to the
ventral commissure (top) or into the lateral funiculus (bottom) of transverse spinal cord
sections from E11.5 Robo3¢™*; ROSA26-5L-tdTomato/* mice. Boxed regions in left column
indicate magnified areas shown in other panels. All retrogradely traced DiO™ neurons
contralateral to the injection site are tdT* (arrowhead), and tdT* neurons ipsilateral to the
injection site are DiO~ (empty arrow); empty arrowhead indicates DiO* ipsilateral neuron
that does not express tdTomato. Scale bars: 250 um in a and b low magnification images;
100 pm in b high magnification images.
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Figure 3. RNA-Seq analysisidentifiesmRNAsenriched in E11.5 commissural neurons.
(a) Flowchart of RNA-Seq analysis after FACS of dissociated E11.5 Robo3°"e/*,

ROSA26-SL-tdTomato/* spina cords. Yellow arrows indicate the location along the rostro-
caudal axis of the developing spinal cord that was dissected and isolated from the rest of the
embryo. (b) Top: a representative FACS density plot showing how tdT* neurons were
enriched from Robo3CTe*: ROSA26-SL-tdTomato/+ embryos (n=11 embryos). Quadrilaterals
indicate gates to segregate tdT* and tdT~ populations. Bottom: a representative histogram of
cells from the same experiment. Approximately 8% of sorted cells were tdT*. (c) Levels of
mRNAs that were enriched (cutoff: g < 0.05) in tdT* neurons (measured in fragments per kb
gene per million reads (FPKM)) were plotted against their enrichment compared to tdT~
cells (logy scale). Select genes commonly associated with C-neurons are labeled. (d-h)
Relative expression levels of select MRNAs in C-neurons. Enrichments factors (log, scale)
are shown for Robo family members (d), enriched guidance receptors for Semaphorins or
Ephrins (separated by dashed line) (€), preferentially expressed receptors for Netrin-1 or Shh
(separated by dashed line) (f), enriched cell adhesion molecules (g), and highly expressed
and enriched mRNAs that were selected for further investigation via /n situ hybridization

(h).
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Figure 4. Expression validation of select transcriptsenriched in commissural neuronsby in situ
hybridization.
(a-h) E11.5 Robo3C"®* - ROSA26-SL-tdTomato/* transverse spinal cord sections were

analyzed by fluorescent /n situ hybridization for mMRNAs that were highly expressed and
enriched in C-neurons. Chl1(a), Thsd7a (b), Dner(c), Rgmb (d), Sst(e), Kif26b (f),
Mab2112 (g), and Lamp5 (h) exhibit strong expression in subsets of tdT* C-neurons, with
some mRNAs being also detected in other spinal cord neurons. Brackets indicate regions of
co-localization between tdTomato signal and mRNA expression, and asterisks mark mRNA
expression in DRGs. Scale bar: 250 pm.
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Figure 5. DI4-VO0 C-neurons send pioneer axons towardsthe midline.
(a,b) Transverse spinal cord sections from E9.75 embryos were labeled with antibodies

against Evx1/2 or Brn3a, as well as Robo3 and Pax2. The first Robo3-expressing C-neurons
that project axons towards the midline are located in the intermediate spinal cord and belong
to the dI4 or d16 subtypes (Pax2*/Evx1/2~, (blue box, also shown at higher magnification)),
the VOy, class (Pax2~ /Evx1/2* (yellow box)), and the VOp, VOc, or VOg subtypes (Pax2*/
Evx1/2* (magenta box)) (a). Early Robo3-expressing neurons also fall into the dI5 class
(Brn3a*/Pax2~ (yellow box)), mutually exclusive from d14/d16/\V0 C-neurons (Pax2*/Brn3a
(blue box)) (b). (c) Staining of transverse E10.5 spinal cord sections with antibodies against
Robo3 and GAD67 shows GAD67 expression in some Robo3* cells in the intermediate
spinal cord (insets and bracket) and some (arrow) Robo3* axons in the commissure. Scale
bars: 50 um in aand b low magnification images; 100um in ¢ low magnification images; 5
pm in insets.
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Figure 6. Analysis of commissural neuron subtypes during development.
(a) Representative transverse sections of E10.5, E11.5, E12.5, and E14.5 Robo3°"¢/*;

ROSA26-SL-tdTomato/* gpina cords show localization of tdT* C-neurons in most areas of the
spinal cord except the ventral horn (asterisk). (b) Schematic diagrams of the average
distribution of tdTomato- labeled C-neurons in transverse sections of E10.5, E11.5, E12.5,
and E14.5 spinal cords (n=3 embryos). (c) Relative expression levels of mMRNAs that are
specific for subtypes of spinal cord neurons. Enrichments factors (log, scale) of indicated
transcription factors in C-neurons are derived from RNA-Seq analysis of tdT* and tdT~ cells
(see Figure 2). (d-h) Transverse E10.5, E11.5, E12.5, and E14.5 Robo3°"e/*
ROSA26-SL-tdTomato/* sping| cord sections were stained with antibodies against
combinations of transcription factors analyzed in c to label different neuronal classes. Shown
are E11.5 and E14.5 examples, and regions within the white boxes (left panels) are also
displayed at higher magnification (middle and right panels). Stainings for Lhx2 and Barhl2
(d), Pax2 and Lhx1/5 (e), Isl1/2 and TIx3 (f), Pax2 (g), and Lhx1/5, Bhlhb5, and Foxpl (h)
were combined with positional criteria to identify dI1 (d), dI2 (e), d13 (f), d14 (e,g), dI5 (f),
di6 (h), VO (h), V1giher (), V1gennain (h), and V2 neurons (h) (see Materials and Methods
for details). Dashed outlines indicate regions where neuronal populations reside: Barhl2*/
Lhx2* (white) and Barhl2*/Lhx2~ (blue) neurons (d), dI2 neurons (e), dI3 (white) and dI5
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(light blue) (f), d14/dIL neurons (g), and d16 (light orange), VO (green), V1giner (White),
V1gennain (Yellow), and V2 (red) neurons (h). White arrowheads in d-g highlight tdT*
(filled) or tdT~ (empty) neurons from the Barhl2*/Lhx2~ (d), dI2 (e), dI5 (f), and dI4/dIL
(g) populations. White arrows in d identify tdT™ (filled) or tdT~ neurons (empty) from the
Barhl2*/Lhx2* population. Empty white arrow in f identifies a tdT~ neuron from the dI3
population. Empty white arrow in g shows a tdT* C-neuron that does not express Pax2 (g).
Filled arrows and arrowheads in h highlight tdT* C-neurons belonging to the dI6, VO,
V1other, and V1gensiain (S€€ bottom key) populations. V2 neurons do not express tdTomato
(empty red arrowhead). Scale bars: 250 um in a; 250 um in d-f and h low magnification
images; 20 um in d-h high magnification images; 250 pm in g low magnification image.
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Figure 7. Quantification of commissural neuron subtypes during development.
Quantification of C-neuron contributions to different neuronal subtypes at E10.5, E11.5,

E12.5, and E14.5: dI1 (a, b), dI2 (c), d14/dIL (d), dI5/dILg (€), VO (f), d16/V1rensiain (9).
and V1giner (h) (n=3 embryos per age). Values in ¢, d were derived from different antibody
labeling combinations at E10.5/E11.5 and E12.5/E14.5 (separated by dashed line; see
Materials and Methods). E12.5 and E14.5 values in f are absent due to loss of detectable
Lhx1/5 expression. In g, the d16 and V1rennain POpUlations could be separated by position
at E10.5 only. (i) Pie charts showing quantitative contribution of different spinal cord neuron
subtypes to the entire C-neuron population at E10.5, E11.5, E12.5, and E14.5. Key (right)
corresponds to the respective neuronal classes that contain C-neurons at all ages, unless
indicated otherwise. “Other” encompasses all neurons that contribute to the C-neuron
population and could not be categorized by the applied criteria. Error bars indicate SEM.

J Comp Neurol. Author manuscript; available in PMC 2020 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tulloch et al.

Page 36
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Figure 8. Labeling of commissural neuronsin adult Robo3CTe*; ROSA26LSL-tdTomato/+ gy g)
cords.

(a) Transverse sections of adult Robo3°"e* - ROSA26-SL-tdTomato/+ sping| cords were
labeled with nuclear Hoechst stain and with antibodies against NeuN to visualize all cells
and neurons, respectively. TdT™ cells are exclusively neuronal. (b) DiO was injected (arrow)
directly adjacent to the ventral commissure in transverse spinal cord sections from adult
Robo3°Te"* : ROSA26-SL-taTomato/+ mice. Boxed area in left image indicates magnified
region shown in other panels. All DiO* cells contralateral to the injections site are tdT*
(arrowhead); empty arrowhead indicates a tdT* neuron contralateral to the injection site that
is DiO™. Scale bars: 250 um in a; 250 um in b low magnification image; 250 um in b high
magnification images.
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Figure 9. Mature commissural neurons are localized throughout the spinal cord gray matter.
(a) Transverse sections of adult Robo3C™e/* ; ROSA26LSL-tdTomato/* gpinal cords were stained

for markers specific to one or several lamina(e). Images show dorsal horn only. Left column:
markers identifying laminae — NK-1R (lamina I), IB4 (outer lamina Il (l1,)), PKC-y (inner
lamina Il (Ilipner)), CGRP (I-Hgyter), Sst (I-1linner), GADE7 (Ilinner-111), and CB (I-111).
Middle: tdTomato labeling in the dorsal horn overlaid with intensity-based ROIs (green)
created from lamina markers. Right: enlarged (from yellow boxes in middle) and merged
marker and tdTomato labeling. TdT* C- neurons residing within or outside of the respective
lamina(e) are indicated with filled or empty arrows, respectively. (b) Quantification of C-
neurons in different spinal cord laminae (n=5 mice) and a schematic diagram of the average
distribution of C-neurons in transverse sections of adult spinal cord (n=4 mice). Dashed
outline indicates gray matter. Scale bars: 250 pum in a low magnification images; 20 um in a
high magnification images.
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I Rob03°** ;ROSA26-SLTomato/x |
Presynaptic Marker tdTomato Hoechst

Figure 10. Commissural neuronsin the adult spinal cord receive a diverse array of presynaptic
inputs.

(ar—)j) Transverse sections of adult Robo3°e*; ROSA26LSL-tdTomato/* gpina| cords were
stained with Hoechst dye and antibodies against markers for populations of sensory axons or
different types of presynaptic terminals. TrkA* (a), TrkB* (b), TrkC* (c), CGRP™ (d),
NK-1R* (g), vGIuT1™" (f), vGIuT2* (g), vGIuT3* (h), NPY™ (i), and GlyT2* (j) nerve
terminals are found in close apposition (yellow arrowheads) with tdT* C-neuron cell bodies.
Magnified regions in columns 2—4 are indicated by white boxes in the first column. Dashed
white lines in the left column indicate border of the spinal cord gray matter. Scale bars: 20
pum in a-j low magnification images; 5 pm in a-j high magnification images.
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Figure 11. Mature commissural neurons exhibit molecular heterogeneity.
(a-g) Transverse sections of adult Robo3°"e’*; ROSA26%-SL-1aTomato/* gpinal cords were

stained with antibodies that mark neuronal subtypes. Shown are hemisections (first column;
dashed red outline indicates gray matter) and enlarged regions (from yellow boxes; columns
2-4) labeled for PKC-y (a), NK-1R (b), CGRP (c), TIx3 (d), Pax2 (e), GABA (f), and CB
plus CR (g). In some neurons, neuronal markers and tdTomato (tdT) are co-expressed
(yellow arrowheads), while others are only positive for either the neuronal marker (empty
green arrowhead) or tdTomato (empty red arrow). In g, neurons may be CR*/CB*/tdT*
(white arrow), CR*/CB*/tdT~ (empty cyan arrowhead), CR™/CB*/tdT™* (purple arrowhead),
CR™/CB*/tdT~ (empty white arrow), or CR*/CB~/tdT* (yellow arrow). Inset in g shows
separated CB and CR channels from the representative CB*/CR*/tdT™* neuron. (h)
Quantification of tdT* C-neuron contribution to each neuronal subtype (n=3 mice). Scale
bars: 250 um in a-g low magnification images; 20 pm in a-g high magnification images.
Error bars indicate SEM.
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Table 1.

Primers used to generate /n situ probes

Gene

Forward primer

Reverse primer

Sst

Dner
Lamp5
Rgmb
Thsd7a
Chl1
Mab21/2
Kif26b

ggagacgctaccgaageegtegetgctge
tgactcccattgcctacgaggattacagt
cgcctacacactcagaatgcetctttgtaa
tgaggtccttccgatccacgeacgtcga
agaattttgttggattgtcccaggaaaag
cctttgecccagtgatceagetttaggag
gcaaacctcagagtgegetgcggectga
ttggggaaccattcgaaattaaagtctatg

cataatctcaccataattttattttgtat
cctcgacctgctaacgtttattcaatatt
caagacatgccttccatcectgggtttaa
ggtgcctatgtagcgggcatgeatetcta
gcaaggattttagttttagtcttcctttg
actggatatgtggagttggtaggccctce
gatcttgcgegcagaaaggtagecagacg

gacagttaacatttattcagctgcaatacc

All sequences are listed from 5’ to 3’.
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Table 2.

Markers used for identification of neuronal classes in embryonic spinal cords.

Page 41

Bhlhb5

d I 1 contralateral

di1 ipsilateral
dl2

di3

di4/dILa

 dI5/dILg
 di6
VOp

VOy

VOc

V0g

_V1 Renshaw

V1aN

V1 other
V2

MN_vc
MNmmc

V3

Abbreviations: D, Dorsal; V, Ventral; C, Cholinergic; G, Glycinergic; lalN, Inhibitory la fiber; LMC, lateral motor column; MMC, medial motor

column
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Table 3.

Quantitative contribution of spinal cord neuron subtypes to the entire commissural neuron population.

Percent of C-neuron population

Neuronal Class
E10.5 E115 E125 E14.5

di1 (Lhx2*) 6.38+0.74 8.21+0.66 5.97+1.61 3.40+0.54

di1 (Barhl2*/Lhx27) | 0.37+0.02 | 13.37+1.13 | 9.38+1.66 7.95+0.82

di2 15.98+3.93 | 10.46+0.11 1.42+0.26t | 1.61+0.08 7
di4/dILa 8.60+1.26 12.32+0.67 | 51.01+£1.38 | 56.54+0.84
di5/dILg 6.89+1.82 8.41+0.27 4.30+0.33 3.74+0.15

dle 7.90+£1.16

3.95+0.60 3.22+0.13 3.18+0.17
V1geniain 3.12+0.27
Vo 20.19+0.26 | 13.40+0.23 NA NA
Vigther 1.43+0.57 2.34+0.45 4.51+0.16 4.79+0.31
Other” 29.14 27.54 20.19 18.79

fFoxler subset of d12 neurons

’tRemaining C-neurons do not fall under any of the defined neuronal classes and are likely a mix of VV3 neurons and, at E12.5 and E14.5, Foxpl™
dI2 neurons and VO neurons
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