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Abstract

Skilled motor control requires precise connections between subcerebral projection neurons
(SCPN) in the cerebral cortex and their appropriate subcerebral targets in the brainstem or spinal
cord. The brainstem is an important motor control center and cortical projections to the brainstem
serve distinct motor control functions than corticospinal projections. However, mechanisms
controlling cortico-brainstem versus corticospinal projections during development remain
unknown. Here, we show that the transition between the brainstem and cervical cord distinguishes
cortico-brainstem from corticospinal neurons from the earliest stages of SCPN axon extension in
white matter. We used high throughput single-cell RNA sequencing of FACS-purified SCPN,
retrogradely labeled from either the cerebral peduncle (labeling both cortico-brainstem and
corticospinal neurons) or the cervical cord (labeling corticospinal neurons only) at critical times of
axon extension. We identify that cortico-brainstem and corticospinal neurons are molecularly
distinct: We establish Neuropeptide Y (Npy) as specifically enriched in cortico-brainstem neurons
in lateral cortex, while CART prepropeptide (Cartpt) delineates cervical-projecting corticospinal
neurons. Our results highlight molecular specification of cortico-brainstem vs. corticospinal
projections well before these axons reach their appropriate segmental target and suggest a broad
molecular program over SCPN axon targeting to distinct subcerebral targets early in development.
These findings are likely to inform future investigations of motor circuit development, as well as

approaches aimed at enhancing motor recovery after central nervous system damage.

Introduction

For skilled motor control, neocortical subcerebral projection neurons (SCPN) must make precise
connections with subcerebral targets in the brainstem and spinal cord (Lemon, 2008; Levine et
al., 2012; Sahni et al., 2020). This segmentally appropriate connectivity is essential for distinct
functions in motor control. Historically, cortico-brainstem neurons (sometimes referred to as
“cortico-bulbar” neurons) are known to control facial movement, while corticospinal neurons are
thought to be responsible for arm, trunk, and leg motor control (Schieber, 2007). The brainstem,
however, has recently emerged as a critical motor control center that is also responsible for skilled

limb movements (Esposito et al., 2014; Ruder et al., 2021), and receives significant cortical
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projections (Economo et al., 2016, 2018). In this regard, recent work has further identified that
cortico-brainstem projections provide specific modulatory roles required for dexterous movement
that are distinct from corticospinal projections (Conner et al., 2021; Moreno-Lopez et al., 2021).
Further, both corticospinal projections, as well as cortico-brainstem and brainstem-spinal
projections show a high degree of plasticity after central nervous system (CNS) damage that
contributes to motor recovery (Bachmann et al., 2014; Kaiser et al., 2019), with these distinct
projections potentially mediating distinct elements of functional motor recovery. However, the
mechanisms that specify these anatomically and functionally distinct cortical projections during

development remain largely unknown.

Prior work from several groups has identified transcriptional regulators that not only distinguish
SCPN from other neocortical projection neuron types e.g. corticothalamic projection neurons or
callosal projection neurons (Fame et al., 2011; Franco & Mdller, 2013; Greig et al., 2013; Leone
et al., 2008; Lodato et al., 2015; Molyneaux et al., 2007), but also control critical aspects of their
specification, differentiation, and subcerebral axonal connectivity (Arlotta et al., 2005; Cederquist
et al., 2013; B. Chen et al., 2005; J. G. Chen et al., 2005; Greig et al., 2016; Han et al., 2011;
Joshi et al., 2008; Kwan et al., 2008; Lai et al., 2008; Leone et al., 2015; Lodato et al., 2014;
McKenna et al., 2011, 2015; Molyneaux et al., 2005; Ozdinler & Macklis, 2006; Shim et al., 2012;
Tomassy et al., 2010; Woodworth et al., 2012). Our recent work identified that corticospinal
neurons (CSN) exhibit striking axon targeting specificity at the transition between cervical and
thoracic spinal segments (Sahni, Shnider, et al., 2021). This axon extension specificity occurs at
the level of the spinal white matter prior to axonal collateralization or synapse formation and is
controlled by CSN-intrinsic determinants. CSN that extend axons proximal to this transition zone
are molecularly distinct from CSN that extend axons beyond it and genes differentially expressed
between these CSN subpopulations control their differential axon targeting (Sahni, Itoh, et al.,
2021).

In this report, we establish that the transition between the brainstem and the spinal cord
represents an additional, more rostral site for differential SCPN axon targeting specificity in early
development. This developmental specificity distinguishes cortico-brainstem neurons, which do
not extend axons past this site, from corticospinal neurons. We further establish that these distinct
SCPN subsets can be molecularly delineated even before their differential axon targeting is fully
established, indicating early molecular specification of cortico-brainstem versus corticospinal

projection neurons.
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Results

Cortico-brainstem neurons limit their axon extension to supraspinal levels from

initial stages of SCPN axon extension

Subcerebral projection neurons (SCPN) extend axons from their neocortical location in layer V to
subcerebral targets throughout the rostro-caudal extent of the neuraxis, ultimately innervating
either brainstem (cortico-brainstem projection neurons, CBN) or spinal (corticospinal projection
neurons, CSN) targets (Fig 1A). SCPN axon extension specificity at the transition between
cervical and thoracic spinal segments is established from the earliest stages of axon extension
into the spinal cord, distinguishing bulbar-cervical from thoraco-lumbar projecting neurons (Sahni,
Shnider, et al., 2021). This suggested that there are additional points throughout the neuraxis at
which similar axon extension specificity might occur. We therefore analyzed whether CBN axon
extension is restricted to supraspinal levels from the earliest times of axon elongation, well before
collateral branching or innervation occurs. To address this question, we retrogradely labeled
SCPN from the white matter at two distinct levels of the neuraxis: we first injected a retrograde
tracer into the cerebral peduncles at PO, labeling all SCPN (both CBN and CSN) (Fig.1 A). In a
separate set of mice, we injected a retrograde tracer into the dorsal funiculus of the cervical spinal
cord at P2, labeling CSN only (Fig. 1B). Labeled SCPN (CBN + CSN) are broadly distributed in
layer V throughout the rostro-caudal extent of sensorimotor cortex (Fig 1C). In contrast, retrograde
tracing of CSN labels only a subset of all SCPN (Fig 1D). This indicates that a significant number
of SCPN axons extend to the brainstem but never enter the cervical spinal cord, suggesting that

a majority of developing SCPN limit their axon extension to supraspinal levels (i.e., CBN).

Quantification of retrogradely labeled neurons in the two experiments shows that the distribution
of CBN vs. CSN varies across sensorimotor cortex (Fig. 1E). The vast majority of CSN reside in
medial sensorimotor cortex (this includes primary motor cortex), intermingled with CBN. The
cingulate cortex is almost completely devoid of CSN; almost all SCPN in cingulate cortex are
CBN. The lateral sensorimotor cortex is similarly enriched for CBN. Although CSN represent a
minority of the overall SCPN in lateral sensorimotor cortex, they are evenly distributed throughout
the rostro-caudal extent of lateral cortex (Fig 1E). We additionally validated these findings via dual
retrograde labeling of both CSN and SCPN in the same mouse and find identical results
(Supplemental Fig 1). Taken together, these results highlight that CBN axons limit their axon
extension to supraspinal levels from the earliest stages of axon elongation. This establishes a
brainstem-spinal transition zone as an additional site where SCPN axons exhibit differential axon

extension specificity early in development.
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Fig 1. The brainstem-spinal transition zone is established early in development. (A) Subcerebral projection
neurons extend axons to subcerebral targets. This broader population comprises both cortico-brainstem neurons (CBN,
yellow) that project only to the brainstem, as well as corticospinal neurons (CSN, magenta) that extend to the spinal
cord. (B) Experimental scheme: Retrograde labeling from cerebral peduncles labels all SCPN (CBN +CSN) while
retrograde labeling from the cervical spinal cord only labels CSN. Injections were done at the time point of initial axon
extension— PO from the cerebral peduncles; P2 from cervical spinal cord. (C) Retrogradely labeled SCPN reside
throughout the medio-lateral extent of sensorimotor cortex. (D) The majority of labeled CSN reside in medial
sensorimotor cortex, with few CSN within the lateral sensorimotor cortex (zoom-in views), (E) Quantification of
retrogradely labeled neurons. Almost all SCPN in cingulate cortex are CBN; the majority of CSN reside in medial
sensorimotor cortex together with CBN, only a minority of SCPN in lateral sensorimotor cortex are CSN. n = 6 (SCPN),
n =5 (CSN). Scale bar, 500um. *P < 0.05, **P < 0.01, ***P < 0.001.

Molecular specification of subsets of CBN and CSN

The striking axon extension specificity by CBN and CSN suggested that these subpopulations are
molecularly specified for their differential axon extension early in development. Thus, we FACS-
purified retrogradely labeled SCPN (labeled from the cerebral peduncles) versus CSN (labeled
from the cervical cord) and performed differential gene expression analysis using single-cell
transcriptomics. Integration of SCPN and CSN samples allowed us to transcriptionally delineate
CBN, as they were present only in SCPN but not CSN samples. Samples were collected at P1
and P3, representing critical developmental times of white matter axon extension: P1 is prior to,
and P3 is immediately after CSN axon extension into the spinal cord. By integrating datasets
across these critical developmental times, we analyzed temporal dynamics of gene expression
that correlate with the dynamics of differential axon targeting (Fig 2B). In total, neurons had a
median of 3498 unique molecular identifiers (UMIs), a median of 1904 detected genes per cell,
and a median of 6.98 % of mitochondrial genes. We used a published single-cell dataset of PO
mouse cortex (Loo et al., 2019) to annotate distinct cell types in a semi-automated manner. We
find some contamination of our samples by other cell types, however, FACS purification enabled
significant enrichment of layer V-VI neurons (56.7%, Fig 2B, dashed box) that were used for

downstream analysis. Unbiased clustering of these layer V-VI neurons identified transcriptionally
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distinct clusters. We hypothesized that axonal extension diversity would, at least partially, underlie

these transcriptional differences.

Our prior work identified that SCPN in lateral vs. medial sensorimotor cortex extend segmentally
distinct projections — SCPN in lateral cortex extend projections exclusively to brainstem and
cervical cord (bulbar-cervical), while SCPN in medial cortex are more heterogeneous with distinct
subsets projecting to either bulbar-cervical or thoraco-lumbar segments (Sahni, Shnider, et al.,
2021). To investigate whether molecular delineation within SCPN can be attributed to cortical
location, we used transcriptional profiling data from this previous study, which identified
differentially expressed genes between medial vs. lateral SCPN, to annotate clusters by medial
vs. lateral cortical location (Fig 2C). We further annotated projection targeting specificity based
on sample subtype (i.e., clusters that were only present in SCPN but not CSN samples were
annotated as “CBN”, while clusters that were present in both samples were annotated as “CSN”,
Fig 2D). Using these annotations, we manually annotated the transcriptionally distinct clusters
based on their 1) projection targeting specificity (cortico-brainstem “B” vs. corticospinal “S”); and
2) cortical location (medial (“MED”) vs. lateral (“LAT”)) (Fig 2E).

Consistent with previous anatomical data (Sahni, Shnider, et al., 2021), we find that medial cortex
SCPN are represented by more transcriptionally distinct clusters (5 out of 7 total) than SCPN in
lateral cortex. This potentially represents the greater diversity of subcerebral projection targets
within medial SCPN. The medial cortex SCPN clustered into 5 distinct subclusters — 2
corticospinal clusters (S.MED1, 2), and 3 cortico-brainstem clusters (B.MED1, 2, 3). In contrast,
lateral cortex SCPN segregated into 2 clusters — specifically one cluster each for CBN (“B.LAT”),
and CSN (“S.LAT”) (purple and yellow clusters, Fig 2E), corroborating our previous findings that
subcerebral projections arising from lateral cortex are relatively more homogeneous than
projections from medial cortex. Lateral SCPN axons extend only to the brainstem and cervical
spinal cord (Sahni, Shnider, et al., 2021), thus, the spinal lateral cluster (“S.LAT”) should be
specific to cervical projecting CSN (CSNc.jat).

We next identified the top differentially expressed genes between all clusters (Fig 2F). Genes
identified as differentially expressed between all clusters further corroborated our annotations (Fig
2F). Genes previously identified as specific to thoraco-lumbar-projecting CSN (CSNr.), e.g.,
Crim1 (Sahni, Itoh, et al., 2021), delineate the medial corticospinal cluster “S.MED1” (Fig. 2F),
suggesting that “S.MED1” represents CSNr.. Since the lateral cortex has 2 well-defined clusters
that were annotated as cortico-brainstem vs. corticospinal neurons, we next selected genes that

were differentially expressed between these subpopulations for more detailed expression and
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projection analyses. For the two lateral clusters, “B.LAT” and “S.LAT”, the top differentially
expressed genes are Neuropeptide Y (Npy) and CART prepropeptide (Cartpt), respectively (Fig
2F).
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Fig 2. Molecular specification of SCPN subpopulations based on projection targeting specificity and cortical
location. (A) Experimental Scheme: SCPN or CSN were retrogradely labeled (SCPN at PO, CSN at P2), cortices were
dissociated at P1 (SCPN) or P3 (SCPN or CSN) and whole cell suspensions were FACS purified. (B) Sequencing
based off of the 10x Genomics platform allowed for an integrated analysis of all 3 samples (P1.SCPN, P3.SCPN,
P3.CSN). We find some contamination by non-neuronal cell types, but highly enriched for layer V-VI neurons
(annotation based on PO cortical cell type data (Loo et al., 2019)). (C) SCPN cortical location in medial ("MED?”) vs. lateral
("LAT”) cortex (Sahni, Shnider, et al., 2021). (D) Projection targeting specificity: clusters that had cells only from SCPN
samples were classified as “CBN” (brainstem-projecting, "B”), while clusters that contained cells from both SCPN and
CSN samples were classified as “CSN” (spinal-projecting, ”S”). (E) Manual classification of clusters identified using
unbiased clustering (kb0) on data from both cortical location and projection targeting specificity identified seven
subclusters that we further characterized. (F) Heatmap of top 5 differentially expressed genes between the 7 clusters.
Npy and Cartpt are the top differentially expressed genes for B.LAT and S.LAT, respectively.
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preproprotein that is cleaved into multiple distinct neuroactive CART peptides that are widely
distributed in the CNS and involved in regulating many processes, including food intake and the
maintenance of body weight, reward, and endocrine functions (Rogge et al., 2008). Interestingly,
we find that Cartpt expression increases from P1 to P3, as corticospinal axons are extending into
the spinal cord (Fig 3A). To validate these single-cell RNA-seq data, we used RNAScope (in situ
hybridization) to investigate Cartpt expression within the cortex at P3. We find that Cartpt is
specifically expressed in lateral but not medial cortex (Fig. 3C-D). We also combined this
expression analysis with retrograde labeling from the cervical spinal cord to label corticospinal

neurons and investigated whether Cartpt is expressed by CSN in lateral cortex. Cartpt is
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expressed by almost all retrogradely labeled CSN in lateral cortex (Fig 3C, Supplemental Fig 2).
This confirms the transcriptomic profiling data and suggests that Cartpt is specifically expressed
by cervical projecting corticospinal neurons at the time when CSN axons extend into the spinal
cord. We also investigated the expression of other top differentially expressed genes in the
“S.LAT” cluster: Alcam and Lrrtm3. Using similar expression analyses of combining RNAScope
with retrograde labeling, we find that Alcam and Lrrim3 are also expressed by corticospinal
neurons in lateral cortex, thus providing additional molecular candidates that delineate CSNc.at
from CBN (Supplemental Fig 2). To our knowledge, these genes provide the first developmental
identifiers of cervical-projecting CSN during the initial stage of corticospinal axon extension into

the spinal cord.

Our previous work identified Kelch-like 14 (Klhl14) as specifically expressed by bulbar-cervical
SCPN in lateral cortex (Sahni, Shnider, et al., 2021). We therefore investigated whether Cartpt*
SCPN in lateral cortex are also KIh/14* or whether they represent a distinct subpopulation (Fig
3E-G). We retrogradely labeled all SCPN and performed RNAScope for both genes. While both
genes are expressed by SCPN (Fig 3E), there is no overlap between Cartpt and Kih/14 (Fig 3F,G),
indicating that they are expressed by distinct SCPN subpopulations in lateral cortex. Correlation
analysis of cellular expression in the single-cell RNA-Seq data confirms these findings (Fig. 3G).
While Cartpt is almost exclusively expressed by CSN in lateral cortex, Klhl14 appears to be
expressed by both CBN and CSN (Fig 3G). This indicates that Klhl14 is expressed by a broader
population of both cervical and brainstem projecting SCPN (“bulbar-cervical”) in lateral cortex, as

was previously reported (Sahni, Shnider, et al., 2021).
Npy expression delineates cortico-brainstem neurons in lateral cortex

The most specifically expressed gene for the brainstem lateral cluster (“B.LAT”) is Npy (Fig 2F),
which is particularly enriched in this cluster and shows higher expression at P1 than P3 (Fig 4A).
Npy is expressed throughout the central, peripheral, and autonomic nervous systems and controls
multiple aspects of normal physiology. Until recently, Npy was known to be expressed by cortical
interneurons (Karagiannis et al., 2009); however, consistent with our findings, recent evidence
indicates that Npy is also expressed by a subset of excitatory projection neurons during early
cortical development (Di Bella et al., 2021). Using RNAScope, we confirmed that Npy expression
co-localizes with retrogradely labeled SCPN (Fig 4C) in lateral cortex. While Npy is expressed in
medial cortex, this expression does not overlap with any retrogradely labeled SCPN, indicating

that this expression is likely by other neocortical neuron types (Fig 4D).
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We next investigated Npy specificity between CBN and CSN. We again performed retrograde
labeling from the cervical cord to label CSN and analyzed whether Npy* SCPN colocalize with
labeled CSN in lateral cortex. We find no overlap between Npy expression and retrogradely
labeled CSN (Fig 4E), which strongly suggests that Npy is specifically expressed by CBN and not

CSN in lateral cortex.
Npy* SCPN extend axons to the brainstem but not the spinal cord

To further corroborate our RNAScope finding that Npy is specific to CBN and excluded from CSN,
we performed conditional retrograde labeling using retro-AAVs in Npy-IRES-Cre knock-in reporter
mice (Milstein et al., 2015). As in the previous experiments, we retrogradely labeled SCPN (both
CBN and CSN) by injecting a control retro-TdTomato along with a Cre-dependent retro-Flex-
eGFP into the cerebral peduncles (Fig 4F, left schematic). We first validated the location of eGFP-
labeled (Npy") SCPN: while control TdTomato* SCPN are present in both medial and lateral
cortex, eGFP labeled Npy* SCPN are indeed located predominantly in lateral cortex (Fig 4G-I).
This further confirms the results from our single-cell RNA-seq data regarding cortical location, as

well as our previous RNAScope analyses.

We next investigated whether Npy expression is indeed specific to CBN and not CSN. For this,
we performed retrograde labeling from the cervical spinal cord using the same conditional labeling
strategy (Fig 4F, right schematic). If Npy* SCPN are exclusively CBN, we would not expect any
eGFP-labeled (Npy*) CSN using this labeling approach. Indeed, we find that while control retro-
TdTomato successfully labels CSN in both medial and lateral sensorimotor cortex (Fig 4J,K), we
do not find eGFP-labeled (Npy*) CSN when traced from the spinal cord (Fig 4K,K”). This further
confirms that Npy expression within SCPN is specific to CBN in lateral cortex (B.LAT) during
development. Together with the earlier Cartpt expression analyses, these results further validate
the single-cell sequencing data and highlight that projection targeting diversity is a major axis of
transcriptional diversity within SCPN, with Cartpt specifically delineating CSNc.at and Npy
specifically expressed by CBN.
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Fig 4. Npy is specifically expressed by CBN and not CSN in lateral cortex. (A) UMAP of Npy expression
demonstrates the specificity to cluster “B.LAT” with higher enrichment at P1 than P3. (B) Schematic representation of
retrograde labeling for CSN (retrograde tracing from cervical spinal cord at P2) and SCPN (peduncle retrograde tracing
at P0). (C,D) RNAScope for Npy in lateral cortex (C) or medial cortex (D) with SCPN retrograde labeling at P3. (E)
RNAScope for Npy with CSN retrograde labeling. (F) Conditional viral labeling of Npy* projection neurons: In Npy-
IRES-Cre knock-in reporter mice, rFlex-GFP was injected into the cerebral peduncles at P1 (left) to label Npy* SCPN
or the spinal cord at P2 (right) to label Npy* CSN. rTdTomato was co-injected as a control to label all SCPN/CSN,
respectively. Mice were perfused at P14. (G-I) Conditionally labeled Npy* projection neurons are located in lateral
cortex as seen in the whole mount (G), coronal section of the same brain (H) as well as 3D representations from 3
distinct mice (). (J). While TdTomato* retrogradely labeled CSN can be seen throughout the cortex, we do not see
conditionally labeled Npy* projection neurons in neither the whole mount overview (J), nor coronal sections (K,K”)
confirming that Npy* SCPN are not CSN.
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Discussion

Skilled movement execution relies on precise connectivity between SCPN and their supraspinal
as well as spinal targets. In this report, we identify that (1) axon targeting specificity by CBN is
established from the initial stages of white matter axon extension, suggesting molecular
mechanisms that limit CBN axon extension to supraspinal levels; and (2) molecular delineation of
CBN vs. CSN in early development indicates a specification of these anatomically distinct
projections. We further identify that the molecular differences between CBN and CSN can
prospectively delineate these subpopulations and that these genes also exhibit temporal
dynamics that correlate with the developmental time points of axon extension specificity at the
respective levels of the neuraxis. Within lateral cortex, CBN are specifically identified by Npy
expression, while cervical projecting CSN in lateral cortex are identified by Cartpt expression. This
molecular delineation now provides, for the first time, molecular access to these subpopulations
from early development into maturity. Our report is the first to identify a potential molecular

program that may limit CBN axon extension to supraspinal levels.

Cortico-brainstem axons are limited to supraspinal levels from initial phase of axon

extension

Seminal work in the field had previously identified that SCPN throughout the neocortex extend
exuberant axonal projections to the spinal cord early in development and that the specificity of
axonal projections is then established via selective axonal pruning (Low et al., 2008; Luo &
O’Leary, 2005; Martin, 2005). Our results now add an additional complexity to this model of circuit
establishment. Our retrograde tracing analyses were performed at the earliest time points of initial
axon extension to either the brainstem or the spinal cord. We establish that cortico-brainstem
axons indeed are limited to supraspinal levels, and do not extend into the spinal cord from this
earliest time of spinal axon extension in development. This indicates that there is already
molecular specification that likely controls this initial axon extension specificity. Therefore, well
before axonal pruning, axon extension establishes an earlier level of specificity in establishing
segmental target diversity. Together with our prior work (Sahni, Shnider, et al., 2021), this
suggests an early developmental molecular control over axon extension specificity in the white

matter between distinct SCPN subpopulations.
Molecular diversification of SCPN across multiple axes during development

Recently, there has been tremendous progress in identifying diversity of cell types in the

developing and adult cerebral cortex using single-cell profiling (Bakken et al., 2016, 2021; La
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Manno et al., 2021; Loo et al., 2019; Rosenberg et al., 2018; Tasic, 2018; Tasic et al., 2016; Zeisel
et al., 2015), including the adult primary motor cortex (Yao et al., 2021). Since epigenetic
mechanisms can also mediate postmitotic acquisition of subtype identity (Harb et al., 2016),
investigations have integrated gene expression analysis with chromatin accessibility via single-
cell ATAC-seq (Armand et al., 2021; Preissl et al., 2018). Therefore, integrated cell-type atlases
of the developing cerebral cortex are being established that also delineate developmental
trajectories of distinct neocortical neuron subtypes (Di Bella et al., 2021; Heavner et al., 2020).
While these are important studies that define the overall cellular diversity within the cerebral
cortex, minority populations of neurons are often underrepresented in these datasets. CSN, for
instance, constitute < 0.1 % of total cortical neurons (cortical neurons in mice = ~14 million
(Herculano-Houzel, 2009; Herculano-Houzel et al., 2006), CSN = ~5000 (Bareyre et al., 2005)).
Thus, datasets analyzing broad cortical diversity are limited in their ability to identify projection
targeting and additional layers of diversity within SCPN. Further, developmental genes that control

early specification are often absent in adult cortex.

Our prior work identified that SCPN in medial versus lateral cortex exhibit segmentally distinct
projections, with lateral SCPN projecting to bulbar-cervical levels specifically (Sahni, Shnider, et
al., 2021). Interestingly, in our single-cell RNA-seq data, cortical location provides one axis of
SCPN molecular diversity with medial vs. lateral SCPN segregating into distinct clusters.
Additionally, projection targeting diversity also contributes to SCPN molecular diversity, where
CBN cluster together and CSN cluster together. However, the axis of projection targeting diversity
is distinct from the axis that segregates SCPN along the cortical location. Together, these axes
differentiate SCPN into medial vs. lateral residing CBN / CSN, respectively, with likely additional
layers of diversity within each of these broad clusters. This further suggests that cortical location
alone does not pre-specify axon extension specificity, which is consistent with our previous
findings that bulbar-cervical and thoraco-lumbar projecting neurons can reside intermingled in the

same cortical location (Sahni, Shnider, et al., 2021).

In our anatomical distinction between medial vs. lateral cortex, the primary somatosensory cortex
(S1) is included in lateral cortex, while primary motor cortex (M1), as well as the transition zone
between agranular motor cortex and granular sensory cortex is included in medial cortex (Sahni,
Shnider, et al., 2021; Tennant et al., 2011). Our previous work identified that SCPN residing in
medial cortex, which includes eventual M1 in the adult, consist of multiple distinct subpopulations:
from cortico-brainstem, to corticospinal neurons projecting to cervical, thoracic, or lumbar spinal

cord (Sahni, Shnider, et al., 2021). In our single-cell RNA-seq data, we find multiple, distinct
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clusters within medial cortex both for CBN and CSN, confirming previous reports as well as our
anatomical data. Indeed, some of the clusters that were post hoc annotated as medial and spinal
projecting showed a high expression of Crim1 and Stégalnac5, which were previously shown to
be specific for thoraco-lumbar projecting neurons (Sahni, Shnider, et al., 2021). The additionally
identified spinal medial clusters might represent cervical-projecting CSN in medial cortex,
however, top differentially expressed genes for these clusters have yet to be validated. In total,
our dataset confirms that SCPN in medial cortex are more heterogenous and contain CBN, as

well as distinct CSN subpopulations (cervical-, thoracic- and lumbar-projecting).

Using retrograde labeling, we find SCPN in lateral cortex are predominantly CBN, with a smaller
subset of CSN, which are likely to be cervical-projecting (Sahni, Shnider, et al., 2021). The post
hoc annotated spinal lateral cluster in our single-cell RNA-seq data was specifically defined by
expression of Cartpt, which was previously identified to be expressed by bulbar-cervical projecting
CSN in lateral cortex (Sahni, Shnider, et al., 2021). We now further identify and delineate that
Cartpt is specific to cervical-projecting CSN, as it was excluded from CBN in the correlation
analyses (Fig. 3G). Supporting this, Cartpt expression increases from P1 to P3, as corticospinal
axons have crossed the brainstem-spinal transition zone to extend into the spinal cord. Recent
work has identified that cervical-projecting CSN in lateral cortex can non-cell-autonomously
regulate axon collateralization in the cervical gray matter by CSN residing in medial cortex. This
non-cell-autonomous suppression is mediated by the proteoglycan Lumican (Lum). Lum
expression by these neurons increases at later developmental times (Itoh et al., 2021). In line with
this, we do not find Lum*™ SCPN in our single-cell RNA-seq dataset. Our single-cell RNA-seq data
indicates that these cervical-projecting CSN in lateral cortex are likely Caript® at earlier time
points. It will be interesting to investigate whether Cartpt* CSN begin to express Lum at later
developmental times, and to also identify additional regulators that control later aspects of

corticospinal connectivity and circuit-level refinement.

In contrast, the brainstem lateral cluster is specified by high differential expression of Npy, a
neuropeptide usually known to be expressed by cortical interneurons. Npy was recently described
at postnatal day P1 in layer 5/6 callosal projection neurons, as well as corticofugal neurons, which
encompass SCPN among others (Di Bella et al., 2021). Using expression analyses, as well as
conditional labeling in Npy-IRES-Cre knock-in reporter mice, we establish that Npy is specifically
expressed by CBN in lateral cortex. This highly restricted Npy expression suggests an additional
level of post-mitotic differentiation of SCPN into CBN vs. CSN that occurs early during SCPN

axon extension. Further, Npy expression levels decline from P1 to P3, which is the time point at
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which CBN limit their axon extension to supraspinal levels and do not extend axons beyond the
brainstem-spinal transition zone into the spinal cord. These temporal changes likely reflect the
dynamic molecular regulation of this initial axon extension specificity. Our dataset provides
additional candidate genes that delineate CBN from CSN in early postnatal development and

potentially identify novel molecular controls over this developmental axon extension specificity.

Therapeutic potential of cortico-brainstem-spinal pathways in neurological

disorders

The brainstem has been widely recognized as a key integration and processing hub between
“‘upper” motor centers and spinal circuits involved in execution of movements (Arber & Costa,
2018; Lemon, 2008; Ruder & Arber, 2019). Cortical input into the brainstem may fine-tune
movement execution and support motor planning (Economo et al., 2018; Svoboda & Li, 2018).
After lesions to the motor cortex, such as in cortical stroke, the brainstem may provide an
additional relay station for compensatory recovery. Indeed, it has been shown that both
brainstem-spinal as well as cortico-brainstem innervation increased after a large cortical stroke
both spontaneously and by the use of rehabilitative training (Bachmann et al., 2014, Ishida et al.,
2016), and that a second cortical lesion that disrupts these new connections is detrimental to the
recovered motor behavior. Understanding how the specificity of this cortico-brainstem-spinal
innervation is established early in development might also help inform how this circuit is

remodeled in instances of disease or injury.

Taken together, this work establishes that there are multiple choice points along the rostro-caudal
extent of the neuraxis — the brainstem-spinal transition zone, the cervical- thoracic transition zone
— that establish the initial segmental targeting specificity of subcerebral connectivity. In this study,
we address early molecular delineation of SCPN axon extension specificity into the brainstem vs.
the spinal cord at initial time points of axon extension. We identify molecular delineation of SCPN
projection targeting diversity within the lateral cortex, that molecularly distinguishes CBN (Npy*)

from cervical projecting CSN (Cartpt*).

This early molecular differentiation over SCPN axon extension specificity is likely one of several
developmental processes to establish distinct SCPN subsets that will eventually participate in
functionally distinct and relevant circuits. Future investigations can leverage these molecular
differences, e.g., Npy-IRES-Cre transgenic mice, to analyze these molecularly defined SCPN
subpopulations from early development into maturity at a molecular, circuit, and functional level.

Our work therefore provides the foundation to identify novel molecular mechanisms, including
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activity-dependent processes that control subsequent aspects of their distinct differentiation and
connectivity. Further, these molecular tools will enable functional investigations into the
contributions of these defined subsets to distinct aspects of skilled motor function. Together, our
findings identifying this early molecular diversity of SCPN will provide useful insights into the

development, plasticity, and function of this critical motor control circuit.

Methods
Mice

Wild-type CD1 mice were obtained from Charles River Laboratories (Wilmington, MA). The day
of birth was designated at P0O. B6.Cg-Npy'm'c®Zman/j (herein called Npy-IRES-Cre) mice were
obtained from Jackson Laboratories (Stock No.: 027851) and have an IRES and a Cre
recombinase cassette inserted into the 3' UTR of the Npy locus downstream of the stop codon.
All mouse studies were performed in accordance with institutional and federal guidelines and

were approved by the Weill Cornell Medical College Institutional animal care and use committee.
Retrograde labeling of layer V neurons

In all experiments, SCPN (CBN + CSN) or CSN only were retrogradely labeled by bilateral
injection of Cholera Toxin B subunit (CTB; Thermo Scientific) into either cerebral peduncles (at 3
injection sites, 161nl injected at each site in 23nl increments; total of 483 nl) or into the spinal
segment C1/C2 (both sides of the midline, total of 207 nl), respectively, using ultrasound-guided
backscatter microscopy (Vevo 2100; VisualSonics, Toronto, Canada) via a pulled glass
micropipette with a nanojector (Nanoject Il, Drummond Scientific, Broomall, PA) at a rate of 23 nl/
second. Injections were performed at the time point of initial axon extension (PO at cerebral
peduncles, P2 at cervical spinal cord) unless stated otherwise. For AAV-mediated retrograde
labeling in the Npy-IRES-Cre mice rAAV-CAG-Flex-eGFP-WPRE and rAAV-CAG-tdTomato were
co-injected. The rAAV-pCAG-FLEX-EGFP-WPRE was a gift from Hongkui Zeng (Addgene
plasmid #51502-AAVrg; RRID:Addgene_51502 (Oh et al., 2014)) and the rAAV-CAG-tdTomato
(codon diversified) was a gift from Edward Boyden (Addgene plasmid #59462-AAVrg;
RRID:Addgene_59462).
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Quantification of retrogradely labeled cells

Following retrograde labeling of SCPN or CSN with CTB, mice were anesthetized on ice and
transcardially perfused with 4% paraformaldehyde (PFA) at P4. Brains were dissected, post-fixed
in 4% PFA overnight and stored at 4°C in PBS until further use. Tissue was cryopreserved in 30%
sucrose overnight and frozen in Tissue-Tek OCT Compound (Sakura Finetek, Torrance, CA).
Coronal brain sections (50 um) were imaged in 4 ym z-stacks at 20x on a Zeiss Axioimager M2
microscope using the Stereo Investigator software (MBF Biosciences). A single plane image from
the z-stacks was obtained using the Deep Focus tool in the Neurolucida software (MBF
Biosciences). Retrogradely labeled neurons were counted manually in Neurolucida at 4 different
levels (1.95mm, 2.67mm, 3.27mm, 4.23mm to Bregma). Blinding of the observers was not
possible due to obvious differences in the groups. For each coronal section, 5 bins were placed
over the width of the hemisphere to determine the cingulate (1 bin) vs medial (2 bins) vs lateral

(2 bins) cortex distinction.

Following AAV-mediated retrograde conditional labeling, Npy-IRES-Cre mice were perfused at
P14 as described above. Coronal brain sections (50 um) were imaged at 10x on a Zeiss
Axioimager M2 microscope and labeled neurons (Npy*, eGFP*) were detected using AMaSiNe
(Song et al., 2020) following the recommended protocol (vsnnlab, 2020/2021) with minor manual

edits to obtain a 3D representation of the location of traced neurons.
In Situ Hybridization/RNAScope

After retrograde labeling of SCPN or CSN, CD1 mice were transcardially perfused with cold 4%
PFA at P3. Brains were dissected and post-fixed overnight. After cryopreservation in 30% sucrose
overnight, the tissues were directly embedded in Tissue-Tek OCT Compound prior to sectioning.
Coronal sections (30um) were collected on slide and processed using the RNAScope Multiplex
Fluorescent v2 kit (Advanced Cell Diagnostics, 323100) for gene expression of Cartpt (Advanced
Cell Diagnostics, 432001-C2) or Npy (ACD Bio, 313321-C3). The CTB signal was detected by
combining the RNAScope Multiplex Fluorescent v2 assay with immunofluorescence using a rabbit
anti-CTB primary antibody (Abcam, ab34992, 1:200). The integrated RNA protein co-detection
workflow was followed using the RNA-Protein Co-detection Ancillary Kit (Advanced Cell

Diagnostics, 323180) as per manufacturer’s instructions.

Fluorescent activated cell sorting (FACS)
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To sort labeled SCPN, tissue of retrogradely labeled mice was collected at P1 (SCPN group only)
or P3 (SCPN or CSN group). All procedures were done rapidly and using cold solutions to
minimize time between euthanasia and cell collection. Briefly, brains were dissected and sliced
into 800 um thick coronal sections which were subsequently processed under a fluorescent
dissection scope (Nikon SMZ18) to extract cortex containing labeled cells. A single cell
suspension of the samples was obtained by enzymatic (15min, 37°C) and mechanical dissociation
(gentle trituration using rounded glass Pasteur pipettes of decreasing diameter (600um, 300um))

followed by filtration through a 40pm mesh (Biologix, 15-1040-1).

SCPN were FACS-purified from this single cell suspension using a WOLF flow sorter (Nanocellect
Biomedical) with standard settings (threshold for cell size adapted to 30.000). To decrease
contamination and increase sorting efficacy, cells were initially sorted in a high concentration of
~6 x 10° cells/ml followed by a second sort of the first round of sorted cells (lower concentration,
~2 x 10° cells/ml). This allowed for enrichment of CTB 555 labeled cells in a timely manner. We
collected ~15.000 cells in 5ml per sort. Cells were enriched for downstream processing by

centrifugation for 10min at 80g and processed directly for single-cell RNA-Seq.
Single-cell RNA sequencing

Each sample (P1.SCPN, P3.SCPN and P3.CSN) was sequenced using the Chromium 10x Single
Cell 3’ pipeline following the standard protocol. For the SCPN samples, experiments were
repeated on two separate occasions (biological replicates) and two samples were collected each
time (technical replicate). For the CSN samples, two technical replicates were collected. Briefly,
single cell suspension of 5000 to 10000 cells were loaded onto a Chromium Chip B / G and
processed using the standard protocol of the Chromium Next GEM Single Cell 3' GEM and Gel
bead Kits v3 and v3.1, respectively. Libraries were prepared using the Chromium Next GEM
Single Cell 3' Library Kit v3.1 and the Chromium i7 Multiplex barcodes. The sequencing libraries
(n=11, P3.CSN (2), P3.SCPN (5), P1.SCPN (4)) were evaluated for quality on the Agilent
TapeStation (Agilent Technologies, Palo Alto, CA, USA), quantified using Qubit 2.0 Fluorometer
(Invitrogen, Carlsbad, CA) and pooled libraries were quantified using gPCR (Applied Biosystems,
Carlsbad, CA, USA). The pooled sequencing libraries were clustered on 5 lanes of a flow cell and
loaded on the lllumina HiSeq instrument (4000 or equivalent) according to manufacturer’s
instructions. The samples were sequenced in a configuration compatible with the recommended

guidelines as outlined by 10X Genomics (2x150bp configuration, with 8 bp single index).

Bioinformatics
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Single-cell RNA-seq data were processed as recommended by Amezquite et al. (2020). In brief,
raw read files were processed and aligned to the mouse reference, mm10 (GENCODE
vM23/Ensembl 98) using 10x Genomics Cell Ranger 6.0.1 count and aggr (Zheng et al., 2017).
Using established R packages and custom-written code, cells with low read counts (empty
droplets) or high numbers of mitochondrial gene products (+3x than median absolute deviation)
were removed. Size-factor normalized logcounts were obtained (A. T. L. Lun, Bach, et al., 2016;
McCarthy et al., 2017) and batch-corrected (Haghverdi et al., 2018). After integration of three
sample types (P1 SCPN, P3 SCPN, P3 CSN) using the top 2000 most variable genes with min.
mean normalized expression of 0.001 (A. Lun, 2019), dimensionality reduction (UMAP) was done
on the batch-corrected log counts. The dataset was annotated with singleR (Aran et al., 2019; A.
T. L. Lun etal., 2020) using previously published single-cell data of the PO mouse cortex to subset
our dataset to Layer V neurons (Loo et al., 2019). Following in silico extraction of layer V neurons,
projection targeting specificity was defined as follows: clusters that were only present in the SCPN
but not the CSN samples were annotated as “brainstem projecting”, while overlapping clusters
were annotated as “spinal projecting”. Medial vs. lateral cortical location was annotated with
singleR based on microarray data obtained in a previous study (Sahni, Shnider, et al., 2021) for
the P1 sample (matching the time point of the microarray). The dataset was subsequently
clustered with graph-based clustering (k = 50 (A. T. L. Lun, McCarthy, et al., 2016)), resulting
clusters were manually annotated based on projection targeting and cortical location and marker

genes between clusters were obtained using findMarker function in Seurat v4.0 (Hao et al., 2021).
Statistical analysis

Statistical analysis other than those related to the single-cell RNA-seq data was performed with
Prism 7.0 (GraphPad Software). For the quantification of retrogradely labeled neurons at time
points of initial axon extension, mixed-effect models were used within each bin followed by Sidak's
multiple comparisons test. No statistical methods were used to pre-determine sample sizes. In
the bar graph, dots represent individual animals. The threshold for significance for all experiments
was set at *p < 0.05. Smaller p values were represented as **p < 0.01 and ***p < 0.001. In bar
graphs, all data are plotted as mean + SEM. In box plot graphs, data are represented as median
+ 25th percentile (box) and min/max (whiskers), and individual dots represent single cells.

Comparison between groups was done using students t-test.
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Supplementary Figures
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Supplemental Fig 1. Establishment of the brainstem-spinal transition zone in early development. (A)
Experimental scheme, CSN or SCPN (CBN + CSN) were retrogradely labeled by injection into the spinal cord (CSN)
or at the level of the cerebral peduncles (SCPN), respectively, in the same animal. For this, we first injected into the
spinal cord at P2, followed by injection of a second, distinct tracer into the cerebral peduncles at P3 to minimize injection
artifacts in labeling. (B) Coronal section of a retrogradely labeled brain at P4 showing all SCPN (yellow), and CSN, as
a subset of all SCPN (magenta). Labeled SCPN can be seen across both medial and lateral cortex in layer V. Scale
bar, 500um. (C) In lateral cortex, few of the labeled SCPN colocalize with the CSN label; thus, the majority of labeled
cells are CBN. (D) In medial cortex, the number of SCPN that are co-labeled by the spinal tracer (CSN) is higher, the
population of SCPN is more mixed. Scale bar, 50um.
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S.LAT - top differentially expressed genes - RNAScope
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lateral cortex

Supplemental Fig 2. Cartpt, Alcam and Lrrtm3 are expressed in lateral cortex by corticospinal neurons. In-situ
hybridization for Cartpt (top row), Alcam (middle row) and Lrrtm3 (bottom row). Co-localization with retrogradely labeled
SCPN (left) and CSN (right) shows specificity of all genes to the lateral cortex. Co-localization of RNAScope signal with
retrogradely labeled CSN suggests that these genes are expressed in cervical projecting CSN in lateral cortex at P3.
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lateral cortex medial cortex

| Kihi14

Supplemental Fig 3. Npy, KIhl14 and Sema3e are expressed specifically in CBN and not CSN in lateral cortex.
In-situ hybridization for Npy (top row), Kihl14 (middle row) and Sema3e (bottom row). Co-localization with retrogradely
labeled SCPN (left) and not CSN (right) shows that these genes are expressed by CBN at P3.
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