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Abstract

To understand fundamental mechanisms of mammalian spinal cord function, it is necessary to
reveal the diverse array of constituent spinal “cell types” — populations that can be consistently
identified because they share a unique and cohesive set of characteristics. Many parameters can
contribute to the definition of a spinal cord cell type, including location, morphology, lineage,
electrophysiological properties, circuit features, gene expression patterns, and behavioral
contribution. While it is not necessary for all of these features to align completely at all times to
identify an individual cell type, a correlation of these characteristics paints a rich portrait of cell
identity. This review will summarize recent advances in the identification of mammalian spinal
cord neuronal cell types and will highlight the power of transcriptional profiling to identify and
characterize the cell types of the spinal cord.
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1. History

The first indication of spinal cord cellular diversity began with Ramon y Cajal’s
characterization of the morphological heterogeneity within neural tissue. His detailed
illustrations emphasized the staggering complexity of the nervous system and challenged the
idea of continuity and uniformity within neural networks, including the spinal cord[1]. The
structural organization of the spinal cord was further elaborated by Rexed, who used
histological criteria to delineate spinal cells into ten discrete “laminae” along the dorso-
ventral axis of the spinal cord[2]. Many elegant anatomical studies refined this system
further, focusing on anatomical, morphological, and electrophysiological features of neurons
and creating cell groupings or cell types such as “islet”, “radial”, and “la-inhibitory” and
“Renshaw” neurons[3-5].
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2.1 Single molecular markers in the adult

The advent of molecular markers — proteins that are reliably expressed in specific cellular
populations — dramatically improved the ability to classify spinal cord cell types and to
relate different features of cell types with a consistent reference. Within the adult spinal
cord, this strategy was particularly helpful in the dorsal horn, where Neurotensin,
Tachykinins, Gastrin-releasing peptide, and many other proteins are generally found in
neurons that share a specific location, neurotransmitter status, morphology, or firing
pattern[6,7]. The set of cell types that can be defined by molecular markers expressed in the
mature spinal cord continues to expand. In a recent landmark study, Abraira and colleagues
used genetic tools to label and examine eleven dorsal horn neuronal populations and
described the location, morphology, connectivity, and electrophysiological properties of
each[@8]. This approach provides a multifaceted understanding of these cell types by
aligning multiple features of cell identity. Specific marker defined cell types in the adult
spinal cord have also been probed for their contributions to behavior. Many populations are
now known to be required for a wide array of functions including pain processing, itch,
locomotion, and skilled reaching[9-16].

2.2 Single molecular markers during development

In parallel with studies that characterized specific molecular markers in the adult spinal cord,
the embryonic origin of spinal cord cells has become an important prism though which to
view spinal organization[17,18]. A transcription factor code that controls early cell fate
specification of spinal cord neurons was revealed and used to define a set of cardinal classes,
namely VO — V3 and motor neurons in the ventral spinal cord and dI1 — dI6 populations in
the dorsal spinal cord. Each embryonic class generally has common major characteristics
such as inhibitory or excitatory neurotransmitter status and contralateral or ipsilateral
neuronal targets[19,20].

A significant advantage of using embryonic lineage to define spinal cord cell types is that
the progenitor domains of the known classes cover the entire dorsal-ventral axis, raising the
possibility of a comprehensive classification scheme based on a complete census of the
major embryonic classes. However, three major challenges have limited the utility of this
approach. First, our understanding of lineage-derived cell types in the dorsal horn has lagged
significantly behind our understanding of the ventral horn. Second, it has proven difficult to
link each embryonic lineage-defined cell type with its mature progeny. Third, there is high
degree of diversification within each embryonic class which has complicated efforts to
achieve a “complete” census of spinal cord cell types. Genetic tools have revealed that each
of the ventral classes are critical for particular core features of motor control, such as the
rhythmic left-right and flexion-extension cycles during walking[21-24]. However, these
lineage-defined populations likely include a broad range of heterogenous cell types, whose
diversity we are now beginning to appreciate.

Several recent studies have greatly advanced our understanding of this diversification, most
notably within the VO, V1, V2, and V3 classes. Importantly, this work aligns multiple
features that contribute to the definition of cell types, including lineage, anatomical location,
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genetic tools, electrophysiological features, and circuit features. The VO population provides
an informative example of how a major class can be split into finer and finer sub-types. It is
comprised of an excitatory 0Oy, population and an inhibitory VVOp population, as well as a
small population of Pitx2-expressing neurons that itself can be further divided into VO¢ “C-
bouton” neurons and a tiny population of VOg neurons[25-27]. Probing V1 derived cells
with a set of nineteen transcription factors and with an innovative Bayesian analysis
approach, Bikoff and colleagues revealed dozens of distinct V1 sub-populations that sort
into four major groupings, or “clades” [@28,29]. Subsequently, Sweeney and colleagues
found that these populations were found to vary between lumbar and thoracic levels of the
spinal cord, adding rostro-caudal position as another dimension in cell type diversity[30].
Within V2a derived cells, Hayashi and colleagues found that there are at least two principal
types that can be identified by expression levels of the marker gene Vsx2/Chx10. Overlaid
onto these two major types of VV2a cells are eleven cell clusters that each possess subtly
distinct gene expression profiles[@31]. In a series of studies, Zhang and colleagues found
that V3 cells can be divided into multiple groups based on anatomical location and that each
of these display a distinct pattern of electrophysiological features and circuit
integration[32,33]. Together, these meticulous dissections of broad ventral cell classes have
pushed the depth of our understanding of spinal cord cell types but several key questions
remain. Can each major cell type be divided further and further? How will we know when a
census of spinal cord cell types is “complete”? And, more broadly, what are the organizing
principles of the relationships between cell types?

3. Single cell sequencing

The answers to some of these questions are just beginning to be found in a new approach to
identifying cell types. Single cell sequencing can reveal the expression of thousands of genes
per cell in thousands of cells[34]. When combined with computational analysis, this data can
be used to uncover common transcriptional patterns that define the cell types of a complex
tissue[35,36] (Figure 1). Large scale efforts are underway to map all of the cell types of the
central nervous system[34,37-39]. Three recent studies have harnessed the power of this
revolution in cell type identification to focus on defining spinal cord cell types, each with a
different technical approach and focus.

Sathyamurthy and colleagues used single nuclei, rather than single cells, to create an atlas of
the adult lumbar spinal cord because single nuclei can be easily isolated from adult tissue
without experimentally-induced gene expression changes that can accompany the isolation
of single cells[@@®40]. They classified forty-three neuronal populations, all of which were
identified according to neurotransmitter status and spatial location within the dorsal and
ventral horns. To begin to link this set of spinal cord cell types to behavioral mechanisms,
they used detection of immediate early genes at the single cell level to identify activated
neuronal populations. As this study examined all neuronal populations throughout the
dorsal-ventral axis, broad relationships amongst cell types began to emerge. Of particular
interest is the separation of dorsal horn neurons into discrete, molecularly distinct cell types
while ventral cells often displayed overlapping patterns of gene expression. This may
indicate that dorsal horn neurons are characterized by molecular differences in the adult
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spinal cord while ventral horn neurons are more defined by embryonic factors and represent
a continuum of transcriptionally-defined cell types in the adult.

Probing the early post-natal spinal cord, Rosenberg and colleagues developed and applied a
low-cost method for transcriptome sequencing, SPLiT-seq, which harnesses the power of
split pool barcoding while bypassing the requirement for custom equipment[@@41]. This
study identified thirty spinal neuron populations, including two distinct types that
correspond to alpha and gamma motor neurons. Enriched gene expression levels within each
cluster revealed patterns of laminae specific spatial organization. Intriguingly, most of these
clusters represented the dorsal horn of the spinal cord, while a very large “unresolved”
cluster was enriched for many classic markers of ventral embryonic cardinal classes,
including Pitx2 (V0), Eni (V1), Vsx2Chx10 (V2a), and Sim1 (V3). This pattern may
corroborate the dorsal-ventral trend observed in the work of Sathyamurthy and colleagues
and, together, these studies point to a general principle of spinal cord cell type organization.

A comprehensive study by Haring and colleagues focused on the dorsal horn and revealed a
highly refined, laminae specific organization of neuron types|@@®42]. They classified thirty
dorsal neuronal clusters and specifically presented key factors that may be driving forces
behind cell type specificity: receptors, ion channels, and transcription factors. This study
also included a systematic analysis of /in situ gene expression patterns for multiple defining
markers of each cluster to demonstrate the location and co-expression patterns of each cell
type. With these /in situtools, they next probed for activated neurons following behavior to
link cell types with function.

While each of these studies used different techniques, in many cases they identified the same
cell types, demonstrating the robustness of these strategies. For example, an inhibitory
population that is characterized by Galanin expression was found in all three studies (DI-2 in
the adult spinal cord atlas, Cluster 26 in the Split-Seq atlas, and GABA3 in the dorsal horn
atlas). The role of these dl4/ dIL p inhibitory interneurons remains unknown. However, the
single cell sequencing studies reveal that these cells are also distinguished by co-expression
of the neuropeptide gene Pdyridynorphin, the neuropeptide receptor gene Sstr2, and the
signal transducer PrkcalPKCa., which may provide clues to the functional properties of this
cell type. Thus, a strength of single cell sequencing emerges: through its characterization of
cell types based upon a transcriptional profile rather than a single marker, new hypotheses
about cell function and mechanism can be generated.

Overall, there are three important advantages to using single cell sequencing to study spinal
cord cell types. First, in addition to identifying each cell type, transcriptional profiles can be
used to characterize each cell type. This includes discovering factors that mediate the cell’s
physiology and function, as well as identifying new markers that may serve as genetic entry
points for cell type control. Second, studies on the full spinal cord tissue provide the
backbone for a comprehensive atlas and classification schema for all of the cell types of the
spinal cord, including the wide array of neuronal populations as well as oligodendrocytes,
astrocytes, and other cell types (Figure 2). This type of atlas will allow the relationships
between cell types to be understood and will reveal broad organizing principles of spinal
cord cell types. Third, a spinal cord cell atlas derived from single cell sequencing data can
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serve as a reference framework for aligning non-transcriptional types of data (Figures 1 and
2). While no single cellular characteristic can fully define a cell type, the integration of
multiple features, such as gene expression patterns, location, and behavioral role, may
identify functional cell types that have cohesive multi-dimensional identities.

4. Future Challenges and Opportunities

Still, several key challenges remain. One major technical disadvantage of using abstracted,
computational, or population-based definitions of a cell type, is that it is difficult to identify
an individual cell on its own. The new field of “spatial transcriptomics” provides a
promising approach to this challenge by combining in situ cell location with the ability to
map or sequence dozens to thousands of genes[43-46]. Another current limitation to this
approach is the difficulty in aligning multiple datasets to establish a common set of cell
types. Each study involves choices about analysis strategies including how supervised or
unsupervised to be, whether to focus on clustering genes or cells, whether to create
hierarchical branch points in cell taxonomies or cluster all cell types in parallel, when to
“lump” related populations into a single cell type and when to “split” a heterogeneous cell
type into refined sub-populations. Moving forward, a consensus atlas with a common cell
type nomenclature could serve as a foundation for the field. With an established atlas in
hand, we can realize the potential of gene expression analysis to define and decode the cell
types of the spinal cord.
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Highlights:
. Review of approaches to define and classify spinal cord cell types
. Recent studies leveraged molecular markers to identify and sub-divide cell
types
. Single cell sequencing studies can establish a comprehensive spinal cord
“atlas”
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Figure 1. Towards comprehensive classification of spinal neuron features.
Schematized in the top row are current perspectives on the classification of spinal neurons.

Spinal neurons have traditionally been classified based on their morphology, biochemical
properties, electrophysiological properties, embryonic origin, and connectivity. Recent
advances in single-cell sequencing techniques, schematized in the bottom row, have
facilitated high-throughput RNA-sequencing from thousands of cells in a given tissue.
Patterns of gene expression can then be used to cluster cells into types. The unique
molecular repertoire of each cell type mediates its functional features.
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Figure 2. A model of a comprehensive census and schema for spinal cord cell types.
Advancements in single cell sequencing technologies have provided a platform by which a

comprehensive spinal cord cell type atlas can be achieved. This table serves as a theoretical
example of how major characteristics of spinal cord neurons can be integrated to sort cell
types into a consistent schema. Similar to the patterns found within the periodic table of
elements, this system can reveal organizing principles of cell type relationships and offers a
multidimensional view of the complexity behind functional definitions of cell types. As
possible examples, “groups” are presented that could correlate with major classes of cell
types, such as a dorsal, inhibitory, peptidergic group.
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