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SUMMARY

Walking is the predominant locomotor behavior expressed by land-dwelling vertebrates, but it is unknown when the neural circuits that are essential
for limb control first appeared. Certain fish species
display walking-like behaviors, raising the possibility
that the underlying circuitry originated in primitive
marine vertebrates. We show that the neural substrates of bipedalism are present in the little skate
Leucoraja erinacea, whose common ancestor with
tetrapods existed 420 million years ago. Leucoraja
exhibits core features of tetrapod locomotor gaits,
including left-right alternation and reciprocal extension-flexion of the pelvic fins. Leucoraja also deploys
a remarkably conserved Hox transcription factordependent program that is essential for selective
innervation of fin/limb muscle. This network encodes
peripheral connectivity modules that are distinct
from those used in axial muscle-based swimming
and has apparently been diminished in most modern
fish. These findings indicate that the circuits that are
essential for walking evolved through adaptation of a
genetic regulatory network shared by all vertebrates
with paired appendages.

INTRODUCTION
The neural circuits controlling movement have a significant role
in shaping the repertoires of behaviors expressed by animals.
The ability to travel on land was a key step in the evolution of vertebrates, and many of the circuit elements necessary for limbbased locomotion are contained within the spinal cord (Arber,

2012; Grillner, 2006). It is thought that tetrapod locomotion
evolved through the gradual transformation of a spinal network
used to activate axial muscles during undulatory swimming behaviors to a more localized circuitry dedicated to coordinating
specific muscles within the limb (Grillner and Jessell, 2009;
Jung and Dasen, 2015). This idea is supported by the observation that contemporary representatives of intermediate steps
in tetrapod evolution, including amphibians and reptiles, often
display locomotor behaviors that are a composite of these two
fundamentally distinct motor strategies (Chevallier et al., 2008).
However, in certain fish species, the spine remains relatively
fixed during locomotion, and forward propulsion is driven by
oscillatory waves of muscle contraction within the pectoral fins
(Rosenberger, 2001). This ‘‘rajiform’’ type of locomotion could
involve fin-directed neural connections similar to those used in
the tetrapod limb, allowing reciprocal activation and silencing
of appendicular flexor and extensor muscles. Remarkably, in
certain Rajiformes, including the little skate Leucoraja erinacea,
the pelvic fins are employed in a walking-like behavior on the
seafloor (Holst and Bone, 1993; Koester and Spirito, 2003).
Skates accomplish this benthic form of ambulatory locomotion
using specialized segments within the anterior pelvic fin called
the crus (Lucifora and Vassallo, 2002; Macesic and Kajiura,
2010). Each crus is articulated through 6 muscle groups
attached to the first pelvic radial (Figure 1A). Whether pelvic fin
walking in Leucoraja relies on genetic programs and circuit components similar to those of tetrapods has not been investigated.
Insights into the origins of limb-based locomotor circuits have
emerged through comparative analyses of neuronal differentiation and wiring programs in aquatic and land-dwelling vertebrates (Fetcho, 1992; Murakami and Tanaka, 2011). In amniotes,
limb-driven motor behaviors require a columnar group of motor
neurons (MNs) generated selectively at brachial and lumbar
levels of the spinal cord. These MN subtypes are contained
within the lateral motor columns (LMCs) and are defined by
expression of the transcription factor Foxp1 (Dasen et al.,
Cell 172, 667–682, February 8, 2018 ª 2018 Elsevier Inc. 667

Figure 1. Locomotor Behaviors in Leucoraja erinacea
(A) Schematics of cartilaginous and muscular elements in the pelvic crus. Protractor and levator
(extensor) muscles are located predominantly on
the dorsal surface and retractor and depressor
(flexor) muscles ventrally. PP, propterygium protractor; PPL, proximal propterygium levator; DPD,
distal propterygium depressor; DPL, distal propterygium levator; PPD, proximal propterygium
depressor; PR, propterygium retractor. Adapted
from Macesic and Kajiura (2010) with permission.
(B) Dorsal view of a st32 skate embryo. Pectoral
and pelvic fins mediate ambulatory locomotion,
whereas the tail exhibits undulatory contractions
at this stage.
(C) Walking behavior in a Leucoraja hatchling.
Video frames imaged from the ventral surface
show pelvic fin position (red and green arrowheads) during step cycles.
(D) Quantification of fin angles relative to spine
position during step cycles. Angles of the left fin
(LF) and right fin (RF) were quantified by assigning
four points to individual video frames, two along
the spinal axis and one on each fin. Fin extension is
represented by positive value deflection angles,
flexion by negative values. Data are quantified
from a single hatchling, but are representative of
behaviors observed in n > 3 animals.
See also Figure S1.

2008; Rousso et al., 2008). In the absence of Foxp1, limb-level
MNs revert to a hypaxial motor column (HMC) identity, an MN
subtype thought to represent an ancestral population that
facilitates locomotion in swimming vertebrates. Expression of
Foxp1 in MNs is triggered by Hox genes expressed at limb levels
of the spinal cord, and the coordinate activities of Foxp1 and Hox
proteins determine the identity of MN subtypes targeting individual limb muscles. At thoracic levels, the Hoxc9 gene is required
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to repress the limb innervation program
and ensure the registry between LMC
and limb position (Jung et al., 2010). Interestingly, an expansion in the domain of
Hoxc9 expression in snakes is associated
with loss of LMC neurons and reversion to
undulatory locomotion (Jung et al., 2014).
Although alterations in Hox expression
appear to underlie evolutionary changes
in tetrapod MN organization, the origins
of limb-based circuits are unclear. In
all vertebrates that have been examined,
the muscle activation sequences necessary to generate propulsive movement
are controlled by central pattern generators (CPGs) within the spinal cord (Grillner, 2006). In swimming vertebrates,
including lampreys and zebrafish, activation of axial MNs during undulatory
locomotion is orchestrated by CPGs
comprised of ipsilaterally projecting
excitatory and commissural inhibitory interneurons (INs). This
CPG coordinates MN firing across segments and ensures reciprocal activation of MNs on opposite sides of the spinal cord.
Although a similar circuit architecture is used for coordinating
left and right limbs during walking, tetrapods also require a
CPG microcircuit necessary for control of appendicular flexor
and extensor muscles (Zhang et al., 2014). The origins of this
limb-specific CPG are unclear, although it is generally thought

that the CPG and MN subtypes necessary for limb articulation
evolved as tetrapods transitioned to land (Bagnall and McLean,
2014; Machado et al., 2015; Zhang et al., 2014). Given that,
in skates and rays, alternation of fin extension and flexion provides the predominant propulsive force during swimming, spinal
neuronal subtypes thought to be a tetrapod innovation may have
appeared in early marine vertebrates.
In this study, we investigated the molecular basis of pelvic fin
walking in Leucoraja erinacea, a cartilaginous fish that provides a
model system to infer the genetic programs present in the common ancestor of vertebrates with paired appendages (Gillis and
Shubin, 2009). Consistent with a basal origin of MN subtypes
essential for walking, we find that Leucoraja and mammals share
a conserved program required for the selective innervation and
control of appendicular muscle. Through molecular profiling of
skate pectoral MNs, we identify novel molecular features common to both fin- and limb-innervating subtypes. We show that
these genes are controlled through a Hox-dependent regulatory
program that has diverged in skates to accommodate a larger
pectoral fin size. These findings indicate that the gene networks
necessary for limb control were present in the ancestor to all
vertebrates with paired appendages and that key elements of
the neuromuscular system required for limb-based locomotion
were established prior to terrestrialization.
RESULTS

locomotion in Leucoraja did not appear to be assisted by undulation of spinal segments. Measurement of the deflection angles
of the left and right pelvic fins, relative to the spine, revealed symmetrically alternating and rhythmic walking-like gaits (Figure 1D).
If Leucoraja employs locomotor CPGs similar to tetrapods,
then the neuronal subtypes comprising this network might
be present within the spinal cord. In mammals, coordination
between left and right limbs depends on commissural INs
(V0v and V0d subtypes) as well as ipsilaterally projecting excitatory (V2a) INs (Arber, 2012). CPG microcircuits coordinating
limb flexor-extensor alternation require two classes of inhibitory
INs (V1 and V2b) (Zhang et al., 2014). We detected expression of
markers for each of these CPG IN types in Leucoraja embryos,
which were present throughout the rostrocaudal extent of the
spinal cord (Figures S1A–S1I). These observations indicate that
Leucoraja contains the neuronal populations necessary for
generating basic patterns of locomotor output. Consistent with
this idea, rhythmic patterns of MN activity were recorded from
pectoral nerves in decerebrated spinal preparations after application of CPG-inducing drugs (Figure S1J). Alternating bursts
could also be recorded from the dorsal and ventral pectoral
nerves, suggesting the presence of a flexor/extensor premotor
CPG circuit (Figure S1K). Collectively, these observations
indicate that locomotor circuits in Leucoraja develop during
embryogenesis and contain IN classes similar to those of
tetrapod CPGs.

Bipedal Locomotor Behaviors in Leucoraja erinacea
To explore the developmental basis of pelvic fin walking in
Leucoraja, we first characterized the emergence of spontaneous motor output between early embryonic and post-hatching
stages. The earliest motility of Leucoraja embryos was displayed
between stages (st) 17 and 24, prior to the appearance of fin
buds at st25 (Maxwell et al., 2008). During these stages of development, Leucoraja embryos undulate along the entire length of
the neuraxis (Movie S1). By late gestation (sts 32–33), undulatory
locomotion became restricted to the tail, whereas spinal segments adjacent to the fins remained relatively immobile (Figure 1B; Movie S2). At this phase, the pectoral fins levitated and
depressed in bilaterally symmetrical sinusoidal waves extending
rostrocaudally, similar to the pattern used in adult swimming.
When embryos were removed from egg cases, these spontaneous bouts of pectoral fin contractions could generate a propulsive force (Movie S2). The pelvic fins also exhibited episodes of
rhythmic extension and flexion alternating between the left-right
sides of the spinal cord (Movie S2).
By 2 weeks post-hatching, Leucoraja demonstrated locomotor behaviors bearing a striking resemblance to tetrapod
walking. When placed on a submerged solid substrate, Leucoraja hatchlings used the pelvic fins to walk along the surface of the
tank (Figure 1C; Movies S3, S4, and S5). This behavior displayed
hallmark features of ambulatory locomotion, including left-right
alternation and reciprocal protraction-retraction of the pelvic
fins. In some instances, Leucoraja initiated forward propulsion
through bilateral synchronous retraction of both pelvic fins,
followed by left-right alternation of protraction and retraction
(Movie S5). Unlike walking behaviors reported in other fish
species (Flammang et al., 2016; Standen et al., 2014), bipedal

MN Columnar Subtypes in Leucoraja Are Similar to
Tetrapods
The ability of Leucoraja to exhibit tetrapod-like locomotor gaits
might represent an example of convergent evolution, where
independent genetic pathways give rise to neural circuits
that encode similar patterns of motor output. Alternatively,
they could be mediated by circuit connectivity programs that
are shared between tetrapods and skates. Because all forms
of locomotion are facilitated through activation of specific
MN subtypes, we determined whether neuronal differentiation
programs are similar in fin and limb MNs. We first examined
determinants of basic molecular features of tetrapod MN fate
in st32 Leucoraja embryos (Figure 2A). Leucoraja MNs were
positioned in the ventral spinal cord and expressed markers
of cholinergic neurotransmitter synthesis, including the vesicular acetylcholine transporter (Vacht) (Figure 2B). Leucoraja also
expressed transcription factors necessary for specifying MN
identity in mice, including Hb9, Isl1/2, and Lhx3 (Figures 2B
and S2A–S2C). These factors were detected in MNs as early
as st17 and continued to be produced until st30 (Figures
S2A–S2C and data not shown).
In tetrapods, MNs controlling limb muscle differentiate in a
hierarchical manner, with each phase of their maturation governing a key aspect of the peripheral innervation pattern. All MNs
targeting the limb are contained within the LMC, a diverse
neuronal group generated specifically at brachial and lumbar
levels of the spinal cord. In amniotes, LMC neurons are defined
by expression of Foxp1 and the retinoic acid synthetic enzyme
Raldh2 (Jung et al., 2014). In contrast, MNs targeting dorsal
epaxial muscles are present throughout the rostrocaudal extent
of the spinal cord, are contained within the medial motor column
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Figure 2. MN Columnar Organization in Leucoraja erinacea
(A) Organization of MN columns in tetrapods. Limb-innervating LMC neurons express Foxp1. MMC neurons innervate axial muscles and express Lhx3. In fish,
axial MNs drive undulatory locomotion.
(B) Organization of MN columns in Leucoraja. A column of Foxp1+ MNs is found at pectoral and pelvic fin levels but is absent from the tail. MMC neurons
co-express Lhx3 and Isl1/2 and are found at all segmental levels. Vacht marks all spinal MN populations. Data are representative of n > 3 embryos analyzed. rPec,
rostral pectoral fin; cPec, caudal pectoral fin; Pelv, pelvic fin level.
(C) Summary of MN organization in Leucoraja and comparison with tetrapods.
(D) HRP retrograde tracing showing that pectoral MNs express Foxp1, whereas MNs projecting to epaxial muscles express Lhx3.
See also Figure S2.

(MMC), and coexpress the Lim homeodomain (HD) proteins
Lhx3 and Isl1/2 (Figure 2A; Tsuchida et al., 1994).
In Leucoraja, MNs expressing Foxp1 were detected as a single
clustered and longitudinally arrayed column positioned in regis-

670 Cell 172, 667–682, February 8, 2018

ter with the pectoral and pelvic fins but were absent from tail
levels (Figures 2B and S2A). Raldh2 was detected in Foxp1+
MNs but restricted to rostral pectoral segments (Figure S2D).
Axial MMC-like neurons (Lhx3+;Isl1+) were also present and

localized to both fin and tail levels (Figure 2B). As in tetrapods,
MMC-like and LMC-like neurons were clustered and segregated
from each other at fin levels. In contrast, at tail levels, MMC-like
neurons did not appear to coalesce into a single column, similar
to primary axial MNs in zebrafish (Appel et al., 1995). The position
of Leucoraja MMC and LMC neurons was also inverted relative
to that of tetrapods, with LMC-like neurons situated dorsomedially near the central canal, whereas MMC-like neurons settled
in a ventrolateral position (Figures 2B and 2C). We also detected
a minor population of MNs similar in molecular profile to ventrally
projecting HMC neurons, which expressed Isl1 and Hb9 but
lacked Foxp1 and Lhx3 (Figures S2E and S2F). These results
indicate that Leucoraja expresses determinants of MN columnar
subtypes similar to those of tetrapods.
In zebrafish and flies, MNs express Lim- and Mnx-class HD
transcription factors, but these profiles do not predict a pattern
of peripheral muscle connectivity comparable with that of tetrapods (Jung and Dasen, 2015). We therefore used retrograde
tracing assays to determine the muscle target specificity of
Leucoraja MNs expressing Foxp1 and Lhx3. We injected horseradish peroxidase (HRP) into muscles of st31 skates and assessed transcription factor profiles in labeled MNs. Injection of
HRP into the pectoral and pelvic fins selectively labeled
Foxp1+ MNs, indicating that Foxp1 expression defines both
fin- and limb-innervating subtypes (Figure 2D). In contrast, injection into dorsal epaxial muscles labeled MNs that expressed
Lhx3 (Figures 2D and S4C). These results indicate that the
molecular codes defining motor columns targeting appendicular
and epaxial muscle are shared by both amniotes and skates.
LMC Neurons Originated in Primitive Marine
Vertebrates
Our analyses of MN differentiation programs in Leucoraja provide evidence that LMC neurons were present in the ancestor
to skates and tetrapods and, therefore, likely the common
ancestor to all vertebrates with paired appendages. To further
explore this hypothesis, we examined whether LMC neurons
are present in other fish species. We assessed LMC determinants in two cartilaginous fish: the small-spotted catshark
Scyliorhinus canicula, an elasmobranch, and the elephant shark
Callorhinchus milii, a chimaerid. In both species, Foxp1+ MNs
were present at fin levels but absent or only weakly expressed
in intervening non-fin and tail levels (Figures 3A and 3C). We
also retrogradely traced pectoral MNs in catsharks and found
that these MNs were Foxp1+ (Figure 3B). Surprisingly, we were
unable to detect expression of Raldh2 in either Scyliorhinus
or Callorhinchus, indicating that the expression of some LMC
determinants has been lost in these species (Figure S3A).
Although expression of LMC determinants has not been fully
assessed in bony fish, the Lim HD code that defines the dorsoventral trajectory of motor axon entering the limb appears to
be conserved (Jung and Dasen, 2015). We examined Foxp1
expression in zebrafish and detected expression in pectoral
fin MNs by 48 hr post fertilization (hpf) (Figures 3D–3F and
S3B–S3D). As in skates, all Foxp1+ MNs lacked Lhx3 expression
in zebrafish and catsharks (Figures 3A and 3G). These results
indicate that Foxp1+ MNs are present in multiple undulatory
species, where, presumably, LMC neurons are utilized during

fin-assisted postural stabilization and navigation. These results
are consistent with an ancestral origin of a fin/limb innervation
program in early marine vertebrates (Figure 3H).
LMC Neurons in Leucoraja Differentiate into Flexor and
Extensor Subtypes
Limb control relies on the ability of MNs to reciprocally activate functionally antagonistic pairs of muscle groups (e.g.,
extensors/flexors, abductors/adductors). This key feature of
limb circuitry is thought to have evolved as vertebrates first transitioned to terrestrial habitats (Machado et al., 2015; Zhang et al.,
2014). In tetrapods, MNs targeting flexor and extensor muscles
can be defined by Lim HD protein expression within the LMC
(Figure 4A; Tsuchida et al., 1994). Laterally positioned LMC neurons (LMCl) express Lhx1 and typically innervate dorsal extensor
muscles, whereas flexor-innervating MNs are situated medially
(LMCm) and express Isl1. Lhx1 promotes a dorsal trajectory of
LMCl axons via induction of the EphA4 guidance receptor, which
mediates axonal repulsion in response to ephrinA signaling from
the ventral limb mesenchyme (Kao et al., 2012). Conversely, Isl1
promotes a ventral trajectory of motor axons via EphB1 expression in LMCm neurons.
In Leucoraja, pectoral and pelvic LMC neurons were segregated into medial Isl1+ and lateral Lhx1+ divisions (Figure 4B).
In addition, EphA4 was detected in lateral LMC neurons,
whereas EphB1 was expressed medially (Figure 4C). In contrast,
the guidance receptor Ret and the transcription factor Meis1,
which contribute to dorsoventral target selection in mice (Kao
et al., 2012), appeared to be expressed by all Leucoraja LMC
neurons (Figures S4A and S4B). The fin bud mesenchyme was
also compartmentalized, similar to the limb. In mice, the Lim
HD factor Lmx1b is expressed in the dorsal limb compartment
and is essential for control of ephrin and Eph expression (Kao
et al., 2012). In Leucoraja, Lmx1b and EphA4 were expressed
in the dorsal fin bud, whereas EphB1 was expressed ventrally
(Figures 4D–4G). These results indicate that the patterns of Lim
HD, Eph, and ephrin gene expression are grossly conserved
between tetrapod and Leucoraja MNs.
Establishing Neuromuscular Connectivity in Leucoraja
To determine whether the Lim HD/Eph/ephrin cascade defines
a pattern of fin muscle innervation analogous to tetrapods,
we examined the development of connections between LMC
neurons and fin muscle. We used whole-mount staining of neurofilament-associated protein (NFAP) to assess how motor
axons target the fin bud. Unlike in tetrapods, where LMC axons
converge at specific plexuses prior to entering the limb, Leucoraja fin motor axons extend directly from each of the segmentally
arrayed motor roots (Figures 4H–4J). LMC-derived motor nerves
subsequently bifurcate into dorsal and ventral rami between st27
and st29 (Figures 4K and 4M and S4D). Analysis of the pattern of
muscle development, using an antibody recognizing myosin
heavy chain (MF20), revealed that, like in tetrapods, pectoral
and pelvic fin muscles are partitioned into separate dorsal and
ventral masses and that each mass is supplied by a dedicated
motor nerve (Figures 4K–4N). A similar fin innervation pattern
and Lim HD code was observed in the catshark (Figures S3E
and S3F).
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Figure 3. LMC Neurons Are Present in Multiple Species of Aquatic Vertebrates
(A) Expression of MN determinants in the small-spotted catshark, Scyliorhinus canicula, at st31. Foxp1+ MNs are detected at fin levels but are absent in inter-fin
(‘‘Th’’) and tail levels. Lhx3+ MMC-like neurons are present at all levels and lack Foxp1.
(B) Retrograde labeling of MNs after HRP injection into the pectoral fin in Scyliorhinus. Foxp1+ MNs co-label with HRP.
(C) In situ hybridization showing expression of MN markers and Hox genes in Callorhinchus milii at st31. Foxp1 is detected at fin levels and also at inter-fin and tail
levels, possibly reflecting spinal INs. Hoxc6 is expressed at pectoral levels, Hoxc9 at inter-fin levels, and Hoxc10 at pelvic fin levels. Differences in relative image
magnification are shown.
(D–G) Expression of MN determinants in zebrafish.
(D) Dorsal view of a 72-hpf Mnx1::GFP embryo showing expression of Foxp1 at pectoral levels. GFP also labels projections to the pectoral (Pec) fin. Foxp1 is
expressed in INs at more caudal segments.
(E) Lateral view showing coexpression of GFP in a subset of Foxp1+ neurons.
(F) Lateral view of 48-hpf embryo showing Foxp1 and Isl1 expression.
(G) Transverse sections showing that Foxp1+ neurons lack Lhx3.
(H) Simplified chordate phylogeny indicating the presence of a limb/fin innervation program in the common ancestor to skates and tetrapods.
See also Figure S3.
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To assess whether Lim HD profiles define the targeting of specific muscle compartments in skates, we injected tracers into the
fin buds and examined the molecular profile of retrogradely
labeled MNs. Injection of HRP into the dorsal fin compartment
labeled MNs that expressed Lhx1 and lacked Isl1 (Figure 4O).
These results indicate that the selective innervation of fin muscle
groups is defined by a Lim HD code similar to that of tetrapods.
Both the pectoral and pelvic fins contain a dorsal abductor/
extensor and ventral adductor/flexor muscle mass, and the
two divisions of LMC neurons innervate each group. Thus, the
program governing the selection of flexor and extensor muscles
by MNs are conserved between Leucoraja and tetrapods.
Molecular Profiling of Fin-Innervating MNs in Leucoraja
Our analyses of MN fate determinants in Leucoraja indicate that
limb and fin subtypes are specified through a common gene
network. To explore this in greater depth, we performed an unbiased analysis of the Leucoraja MN transcriptome using RNA
sequencing (RNA-seq). Pectoral fin MNs of st31 embryos were
retrogradely labeled, the spinal cord was enzymatically dissociated, and fluorescently labeled MNs were isolated and pooled
(Figure 5A). To identify genes differentially expressed between
LMC and non-LMC neurons, we also isolated neural tissue
from tail levels. Three pools of fin and non-fin neurons, each containing 500 cells, were collected, and RNA was extracted and
profiled by RNA-seq. Transcripts were identified using de novo
assembly and aligned to the zebrafish genome (Nakamura
et al., 2015). This analysis identified a total of 5,876 annotated
genes, 592 of which displayed at least 2-fold enrichment in pectoral MNs versus the tail spinal cord (Figure 5B; Table S1).
To confirm differential expression between the two samples,
we selected 40 genes representing cell fate determinants and
adhesion molecules for further analysis. We performed in situ
hybridization at pectoral, pelvic, and tail levels of st31 skate
embryos (Figures 5C–5E and S5A). Expression of genes within
this subset fell into one of three broad categories. The first class,
represented by the Leucoraja homologs of the murine genes
Slit3, Onecut1, Nell2, and Nrcam, was expressed by all MNs
along the rostrocaudal axis (Figure 5C). The second class, which
included Ngfr, Pappa2, Cdh7, and Amigo1 homologs, was enriched in pectoral and pelvic fin MNs but was not detected or

only weakly expressed at tail levels (Figure 5D). A third class,
including Unc5c, Irx5, Lrp1b, and Zfp804a homologs, was expressed by subsets of LMC neurons (Figure 5E), likely representing pools of LMC neurons targeting specific fin regions.
We next assessed whether any of the novel genes identified
in this screen display conserved expression in tetrapods. Analysis of Lrp1b and Ngfr in mouse and chick embryos showed
restricted expression in LMC neurons, with transient expression
of Lrp1b detected in thoracic preganglionic motor column (PGC)
neurons of mice, whereas Ngfr was expressed in mouse thoracic
HMC neurons (Figure S5B). Irx5 and Zfp804a were expressed by
subsets of limb- and thoracic-levels MNs, indicating that these
genes mark MN subpopulations (Figure S5B). In contrast,
expression of Pappa2 and Amigo1 was not detected in either
mouse or chick MNs, despite pronounced expression in sensory
ganglia (Figure S5B). Collectively, these results indicate that both
tetrapods and skates deploy similar sets of LMC-restricted targets but also diverge with respect to certain genes.
Hox Genes Define MN Topographic Organization in
Leucoraja
Although tetrapods and elasmobranchs share common fin- and
limb-restricted genes, there are marked differences in MN distribution between these groups. Leucoraja has relatively enlarged
pectoral fins, extending along the length of body (30 spinal
segments), with the pelvic fins developing adjacent to the pectorals (Figure 4H). In mice, forelimb and hindlimb LMC populations
each span 6 segments and are separated by 13 thoracic
segments. Leucoraja therefore lacks an intervening region separating the two LMC populations. In addition, pectoral and pelvic
fins are used for distinct behaviors (swimming versus walking)
and likely require specialized LMC subtypes for these locomotor
strategies.
In tetrapods, MN diversification and organization require Hox
transcription factors differentially expressed along the rostrocaudal axis (Philippidou and Dasen, 2013). MNs innervating
forelimb muscle express Hox6 genes, whereas hindlimb LMC
neurons express Hox10 genes. Hox proteins initiate LMC differentiation via induction of the Foxp1 gene, which is maintained
through positive feedforward autoregulation (Jung et al., 2014).
At thoracic levels, Hoxc9 determines forelimb and hindlimb

Figure 4. MN Subtypes and Neuromuscular Connectivity in Leucoraja
(A) Summary of Lim HD and Eph/ephrin expression in MNs and limb mesenchyme of tetrapods.
(B) In Leucoraja, Foxp1+ LMC neurons segregate into a medial Isl1+ population (LMCm) and lateral Lhx1+ (LMCl) group at fin levels.
(C) EphA4 is expressed by lateral (L) LMC neurons, whereas EphB1 is expressed medially (M). EphA4 is also detected in MMC neurons.
(D) EphA4 is expressed in dorsal fin mesenchyme.
(E) EphB1 is expressed ventrally.
(F) Lmx1b expression in dorsal pectoral fin mesenchyme.
(G) Lmx1b expression in the pelvic fin.
(H) Dorsal view of a st29 Leucoraja embryo showing that the pectoral and pelvic fins develop adjacent to each other.
(I and J) Whole-mount immunostaining of NFAP showing the axon innervation pattern in the pectoral (I) and pelvic fins (J).
(K) Vibratome cross-sections of st31 Leucoraja showing axonal projections in the pectoral fin by NFAP staining.
(L) Dorsal and ventral pectoral fin muscle are stained with MF20.
(M) NFAP staining in the pelvic fin.
(N) MF20 staining in the pelvic fin.
(K)–(N) are composites of tiles made in Zen software.
(O) HRP injections in dorsal muscles at st29, showing colocalization with Lhx1.
See also Figure S4.
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Figure 5. Analysis of the Leucoraja Fin MN Transcriptome
(A) Strategy for labeling and purifying fin MNs in skates. Fin muscles were injected with rhodamine-dextran (RhD) and were individually picked and pooled for
RNA-seq. Three distinct classes of expression patterns are indicated at the bottom.
(B) Volcano plot of genes differentially expressed between fin MNs and tail spinal cord. All genes that averaged 2-fold differences in expression values between fin
MNs and tail spinal cord are shown. Both novel and known genes enriched in pectoral MNs are highlighted in red. Mouse gene nomenclature is used.
(C) In situ hybridization of differentially expressed candidate genes in st30 skate spinal cord. Class I genes are expressed by all MNs, class II genes are highly
expressed in fin MNs, and class III genes are expressed by subsets of fin-level MNs.
See also Figure S5.
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Figure 6. Hox Gene Expression Defines LMC Organization in Leucoraja
(A) Expression of Hoxa5, Hoxa6, and Hoxa7 at rPec and cPec levels in Leucoraja at st29.
(B) Expression of Hoxa9, Hoxd9, and Hoxd10 at cPec and Pelv levels at st29.
(C) Expression of Hoxa5, Hoxa7, Hoxa9, and Hoxa10 proteins in Leucoraja spinal cord at st30. HoxA proteins display collinear patterns along the rostrocaudal
axis, with Hoxa5 expressed rostrally and Hoxa10 caudally.
(D) Summary of Hox and Foxp1 expression patterns in the skate spinal cord. Foxp1 expression is detected as a continuous column adjacent to pectoral and
pelvic fins.
(E) Hox protein expression at caudal pectoral/pelvic fin and tail levels. Hoxa7 colocalizes with Foxp1 in caudal pectoral LMC neurons, whereas Hoxa10 colocalizes with Foxp1 in pelvic LMC neurons.
(F) Hox expression patterns at pectoral fin levels. Hoxa5 is coexpressed with Foxp1 in rostral pectoral LMC neurons. Hoxa9 is coexpressed with Foxp1 in caudal
pectoral LMC and colocalizes with Hoxa7.
(G) Summary of Hox expression and LMC organization in skate and elephant shark relative to the fins and in chick and mouse relative to the forelimbs (fl) and
hindlimbs (hl).
See also Figure S6.

LMC position by suppressing Foxp1 autoregulation and extinguishing forelimb-associated Hox4-Hox8 genes. Interestingly,
Leucoraja lacks the HoxC gene cluster in its entirety (King
et al., 2011a). The absence of the Hoxc9 gene may have contributed to the caudally extended domain of pectoral LMC neurons
in Leucoraja and the presence of Foxp1+ MNs as a single continuous column spanning both pectoral and pelvic levels.
To explore whether Hox-dependent programs contribute to
MN organization in Leucoraja, we examined the profile of Hox
expression along the rostrocaudal axis. Because skates lack
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HoxC genes, and HoxB genes are typically excluded from MNs
(Dasen et al., 2005), we focused on genes encoded by the
HoxA and HoxD clusters. Analysis of HoxA and HoxD mRNA
expression revealed patterns highly similar to those observed
in mouse and chick. The Hoxa5–Hoxa7 genes were expressed
at pectoral levels, whereas Hoxd9, Hoxd10, and Hoxa10 were
restricted to pelvic levels (Figures 6A and 6B and S6A). To assess
Hox expression in detail, we generated antisera that selectively
label Leucoraja Hox proteins (Figure 6C). Hoxa5 and Hoxa7
colocalized with Foxp1+ in pectoral MNs, whereas Hoxa10 was

(legend on next page)
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restricted to pelvic Foxp1+ MNs (Figures 6D–6F and S6B). In
pelvic LMC neurons, we also detected expression of the MN
subtype-restricted transcription factor Scip (Figures S4A and
S4B; Dasen et al., 2005), consistent with the idea that Leucoraja
MNs acquire level-specific fates. Hoxa9 was also detected in
Leucoraja MNs but was coexpressed with pectoral LMC Hox
genes, including Hoxa7 (Figure 6F). Interestingly, Hoxa9+ MNs
lacked expression of the LMC determinant Raldh2 (Figure S6C),
suggesting that Hoxa9 may contribute to restricting Raldh2 to
rostral levels. These observations indicate that the profiles of
Hox genes in Leucoraja are analogous to tetrapod forelimb and
hindlimb MNs.
Conserved Hox Activities in Fin and Limb MN
Specification
If Hox proteins have a conserved role in determining the organization and identity of fin/limb MNs, then their functions are likely
to be conserved across species. We therefore performed a
cross-species comparison of LMC gene regulation by Hox proteins and the LMC determinant Foxp1. We first asked whether
any of the fin-level restricted genes identified in our RNA-seq
analysis are regulated by Hox genes in mice by examining
expression in mutants where LMC specification is disrupted. In
mice mutant for the Hox accessory factor Foxp1, LMC differentiation is eroded (Dasen et al., 2008; Rousso et al., 2008). We
found that expression of Lrp1b and Irx5 was markedly reduced
at limb levels in Foxp1 mutants (Figures 7A and 7B). By contrast,
in Hoxc9 mutants, where thoracic MNs are transformed to an
LMC identity, Lrp1b was ectopically expressed in thoracic segments (Figure 7C). These results are consistent with the idea
that both fin- and limb-innervating MNs are specified through a
common Hox-dependent network.
We next tested whether Leucoraja (Le) Hox genes could promote specific fates when expressed in MNs of chick embryos.
We cloned LeHoxa5, LeHoxa7, LeHoxa10, and LeHoxa9 cDNAs
into pCAGGs expression vectors and assessed their activities
via in ovo neural tube electroporation. We examined the ability
of LeHoxa5, LeHoxa7, and LeHoxa10 to transform thoracic
MNs to an LMC fate. Similar to their tetrapod orthologs, LeHoxa7
and LeHoxa10 induced an LMC identity, as assessed by induction of ectopic Foxp1 and Raldh2 expression (Figures 7D and 7E;
Lacombe et al., 2013). Misexpression of LeHoxa10 in thoracic
chick MNs also induced expression of the LMC-restricted genes
Ngfr and Lrp1b (Figure 7F). In contrast, LeHoxa5 only weakly
induced expression of Foxp1 in thoracic MNs (Figure S7A),

similar to murine Hoxa5. These results indicate that LeHoxa7
and LeHoxa10 can induce multiple features of limb MN fate
and are functionally similar to their amniote orthologs.
Divergent Hox9 Activity in MN Organization
Leucoraja lacks a thoracic-like spinal domain, raising the question of whether this unique organizational pattern reflects the
absence of the Hoxc9 gene or activity differences that evolved
between Hox9 gene paralogs. Murine Hoxa9 and Hoxc9 proteins
are equivalent with respect to repression of LMC differentiation
when ectopically expressed in chick brachial MNs (Jung et al.,
2014). In addition, Hoxc9 orthologs derived from coelacanth,
pufferfish, zebrafish, and elephant shark show similar activities,
suggesting deep functional conservation of Hox9 genes (Jung
et al., 2014). Consistent with this idea, expression of MN
columnar subtype-associated Hox genes, relative to fin MNs,
is conserved in elephant sharks, which retain the HoxC cluster
(Figures 3C and 6G). Moreover, a Hox-dependent cis-regulatory
element critical for establishing the profile of Foxp1 expression in
MNs is conserved among vertebrate classes (Figures S7C–S7E;
Jung et al., 2014). These observations suggest that the marked
differences in columnar organization between tetrapods and
skates are not due to changes in intrinsic Hox9 activities or
Foxp1 regulatory sequences.
To test for functional differences between Leucoraja and
tetrapod Hox9 proteins, we expressed LeHoxa9 in chick brachial
MNs and examined whether it displays repressive activity toward LMC differentiation. Misexpression of LeHoxa9 attenuated
Foxp1 expression, repressed brachial Hox genes, and induced
expression of thoracic MN determinants (Figures 7G and S7B),
activities identical to that of mouse Hoxc9 and Hoxa9 (Jung
et al., 2014). These results indicate that the absence of a
thoracic-like domain in Leucoraja is not due to intrinsic differences between elasmobranch and tetrapod Hox9 proteins but,
rather, suggests overall reduced Hoxa9 activity in skates.
To further address this hypothesis, we examined the effect of
misexpressing Hox9 proteins in Leucoraja. We electroporated a
mouse Hoxc9 expression construct in the spinal cord of st27 skate
embryos and assessed MN differentiation after 11 days of incubation. We chose Hoxc9 for this analysis because it is functionally
equivalent to Hoxa9 and allowed us to discriminate electroporated neurons from endogenous Hoxa9+ MNs. Consistent with a
conserved activity of Hox9 proteins in repressing more rostral
Hox genes, we observed that MNs expressing Hoxc9 showed
markedly reduced levels of Hoxa5 (Figure 7H). Interestingly, in

Figure 7. Conserved Hox Activities Govern Limb and Fin MN Differentiation
(A) Loss of Irx5 expression at brachial and lumbar levels in Foxp1 mutants at embryonic day 13.5 (E13.5).
(B) Loss of Lrp1b expression in Foxp1 mutants at E13.5.
(C) Ectopic expression of Lrp1b at thoracic levels in Hoxc9 mutants at E13.5.
(D) Misexpression of LeHoxa7 at thoracic levels in chick elevates expression of Foxp1 and induces Raldh2, indicating conversion to an LMC fate.
(E) Misexpression of LeHoxa10 at thoracic levels in the chick also induces Foxp1 and Raldh2 expression.
(F) LeHoxa10 represses Hoxc9 and induces expression of Lrp1b and Ngfr.
(G) LeHoxa9 misexpression at brachial levels attenuates Foxp1 expression and represses Hoxc6, indicating conversion to a thoracic preganglionic motor column
(PGC) fate. For each chick electroporation experiment, n > 3 embryos were analyzed.
(H) Misexpression of Hoxc9 in the skate rostral pectoral spinal cord suppresses Hoxa5 expression. The graph on the right shows quantification of nuclear pixel
intensities of neurons electroporated with Hoxc9 and GFP control constructs. ****p < 0.0001 (Wilcoxon-Mann-Whitney test).
(I) Effects of Hoxc9 misexpression on Foxp1 at pectoral levels. Foxp1 levels are slightly increased. **p < 0.01 (two-tailed Student’s t test).
Error bars in (H) and (I) show ± SEM. See also Figure S7.
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Hoxc9-electroporated MNs, Foxp1 levels were slightly elevated
(Figure 7I), suggesting that Hox9 proteins have lost the ability
to repress LMC specification in skates. Together, these results
provide evidence that the organization and identity of LMC neurons in Leucoraja are achieved through Hox-dependent mechanisms and that diminished Hoxa9/Hoxc9 activity contributed to
their expanded domain of pectoral LMC neurons.
DISCUSSION
The ability to travel on land was a hallmark step in the evolution
of vertebrates, but when the neuronal subtypes essential for limb
control appeared is unknown. We found that skates deploy many
of the same genetic and circuit connectivity programs essential
for walking in tetrapods. Our studies show that both fin and
limb MNs are defined by a conserved Hox-dependent gene
network, necessary for reciprocal control of appendicular muscle, and that this program was likely present in the common
ancestor of skates and tetrapods. These findings could provide
a foundation for defining the evolutionary origins of limb-based
motor behaviors and resolving the underlying developmental
programs that contribute to the assembly of locomotor circuits.
Limb- and Fin-Innervating MNs Share a Common Origin
The pelvic fins of Leucoraja display patterns of motor output
bearing a striking resemblance to the tetrapod limb, including
left-right alternation, reciprocal extension-flexion, and joint-like
movements along the proximal-distal axis. Although walkinglike gaits have been described in both lobed and ray fin fish
(Flammang et al., 2016; King et al., 2011b; Standen et al.,
2014), whether these behaviors are facilitated through a common
genetic program has not been examined. In tetrapods, control of
limb muscle requires diverse subtypes of MNs that are specified
through a common transcription factor, Foxp1. Deletion of Foxp1
from MNs in mice leads to erosion of extensor-flexor alternation
and severe defects in locomotor coordination (Machado et al.,
2015; Sürmeli et al., 2011). We found that Foxp1+ MNs are present in multiple species of fish, including the little skate, catshark,
elephant shark, and zebrafish. Fin MNs in the skate also share
several organizational features of limb MNs, including coalescence into columnar groups, partitioning into extensor and flexor
subtypes, and segregation from axially projecting MN populations. These observations indicate that the establishment of an
LMC molecular program preceded vertebrate terrestrialization.
Our studies also indicate that appendage-derived guidance
cues acting along the dorsoventral axis are highly conserved between skates and tetrapods. These results are consistent with
the view that patterning of appendages was established early
in the vertebrate lineage, including Hox-dependent programs
essential for the proximal-distal organization and rostrocaudal
limits of fin position (Nakamura et al., 2015, 2016; Woltering
et al., 2014). An implication of our analyses is that early neuromuscular gene networks were also critical in determining functional properties common to all paired appendages, including
the ability to reciprocally control muscle antagonists. The emergence of a genetic system allowing independent activation of fin
muscles likely had a significant effect on enabling the subsequent diversification of limb-based motor behaviors.

If LMC neurons were present in the ancestor of skates and
tetrapods, then how were they utilized in locomotion? Although
the exact configuration and usage of fins in the common
ancestor is unclear, one model suggests that early fin-bearing
vertebrates contained a single fin extending the length of the
trunk (Tanaka and Onimaru, 2012). It is plausible that early vertebrates employed a form of locomotion similar to that exhibited by
pectoral fins of skates and rays, generating propulsive force
through sinusoidal waves of fin extension and flexion. In later vertebrates, this elongated fin and its LMC subtypes were separated into pectoral and pelvic groups, allowing independent evolution of fin-specific motor output. This segregation appears to
result from a Hox-dependent repression of fin/limb programs in
both the mesoderm and spinal cord at thoracic levels. In the
lateral plate mesoderm of mice, Hoxc9 has been shown to represses the forelimb identity determinant Tbx5, whereas, in
MNs, Hoxc9 is essential to repress Foxp1 (Jung et al., 2014;
Nishimoto et al., 2014). The coordination of limb mesodermal
and neural patterning therefore appears to be mediated by a
common Hox-dependent system acting on tissue-restricted determinants of regional identity.
Hox Genes and MN Organizational Diversity in
Vertebrates
Our studies show that each of the intrinsic signaling pathways
essential for tetrapod MN diversification is present within
Leucoraja. Through analysis of transcripts expressed by skate
fin MNs, we also identified novel genes shared by LMC neurons
of skate, mouse, and chick. Expression of Irx5 and Lrp1b is lost in
mouse mutants where MN specification is disrupted, whereas
Foxp1, Ngfr, and Lrp1b can be induced by skate Hox proteins
in non-limb MNs of chick. These observations demonstrate
that the LMC-promoting activities of Hox factors are functionally
conserved across species. Notable species-specific differences
include the loss of Raldh2 expression from pelvic MNs in skates
and the absence of Pappa2 and Amigo2 expression from chick
and mouse MNs. Although the functional consequences of
these changes are unclear, they may have contributed to differences in the relative settling position and connectivity of skate
and tetrapod LMC neurons.
A significant difference between skates and other fin/limbbearing vertebrates is the absence of a thoracic-like spinal
region. In skates, pectoral LMC neurons span over twenty-five
segments and are positioned adjacent to the pelvic fin motor column. This expansion in LMC distribution appears to be partially
due to the absence of Hoxc9 as a consequence of HoxC cluster
deletion. In agreement with this model, targeted mutation of the
HoxC cluster in mice causes LMC determinants to be ectopically
expressed in thoracic segments (Jung et al., 2014). The loss of
Hoxc9 is unlikely to be the sole mechanism underlying the
expanded domain of pectoral MNs in skates. In catsharks, which
also lack HoxC genes (King et al., 2011a), LMC organization is
similar to that of tetrapods, with a clear separation of pectoral
and pelvic populations. Presumably, in other elasmobranch
species, loss of Hoxc9 is compensated by the activities of
functionally equivalent Hox genes, which may include Hoxa9 or
other paralogs. Alternatively, skates may lack accessory factors
essential for the ability of Hox9 proteins to attenuate Foxp1
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expression, which could account for the inability of Hoxc9 misexpression to downregulate Foxp1 as well as the pronounced
co-expression of Hoxa9 and Foxp1 in caudal pectoral MNs.
The Evolution of Spinal Locomotor Circuits
Although our findings reveal that MN subtypes essential for
fin/limb control appeared in early vertebrates, the precise origin
of ambulatory locomotion in Leucoraja is less clear. Although
pelvic fin walking employs many of the same Hox-dependent circuit components used by mammals, it seems improbable that a
bipedal locomotor gait was present in their common ancestor.
Leucoraja and tetrapods likely evolved pedalism independently,
building off circuit features that were initially used for fin-based
locomotion.
If a fin-based propulsion system was present in the common
ancestor of skates and tetrapods, then later vertebrates displaying undulatory behaviors would have had to revert to an axial
muscle-based locomotor system, possibly through repression
of the Hox-dependent fin/limb circuit program. In agreement
with this hypothesis, an expanded domain of Hoxc9 expression
in snakes is associated with repression of the limb-level
Hox/Foxp1 network and reversion to axial muscle-based locomotion (Jung et al., 2014). These observations are consistent
with the idea that modification in a small number of regulatory
factors, including Hox genes, can facilitate evolutionary transitions in basic forms of locomotion (Dixit et al., 2008).
Limb-based locomotion requires the activities of spinal networks to coordinate the activation of specific MN subtypes.
We found that Leucoraja and tetrapods share highly conserved
classes of spinal INs, essential for CPGs to orchestrate patterns
of MN firing. However, it remains to be determined whether
Leucoraja and tetrapod CPG networks exhibit the same functional conservation as MN subtypes. Although the mechanisms
that determine how CPGs select a particular MN are unknown,
recent evidence indicates that MNs can play an instructive role
in determining the pattern of connectivity and output of motor
circuits (Baek et al., 2017; Goetz et al., 2015; Hinckley et al.,
2015; Machado et al., 2015; Song et al., 2016). If similar
MN-dependent mechanisms operate in Leucoraja, then their
relatively simple fin musculature may provide an attractive system to resolve the principles through which locomotor circuits
are constructed.
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