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SnRNA-seq reveals the heterogeneity of spinal

ventral horn and mechanism of motor
neuron axon regeneration

Ye Zhu," Chengcheng Luan,’ Leilei Gong,? Yun Gu,? Xinghui Wang,? Hualin Sun,? Zhifeng Chen,? Qiang Zhou,”

Chang Liu,” Qi Shan," Xiaosong Gu,"-?* and Songlin Zhou?3*

SUMMARY

Spinal motor neurons, the distinctive neurons of the central nervous system,
extend into the peripheral nervous system and have outstanding ability of axon
regeneration after injury. Here, we explored the heterogeneity of spinal ventral
horn cells after rat sciatic nerve crush via single-nuclei RNA sequencing. Interest-
ingly, regeneration mainly occurred in a Sncg” and Anxa2* motor neuron subtype
(MN2) surrounded by a newly emerged microglia subtype (Mg6) after injury. Sub-
sequently, microglia depletion slowed down the regeneration of sciatic nerve.
OPCs were also involved into the regeneration process. Knockdown of Cacna2d2
in vitro and systemic blocking of Cacna2d2 in vivo improved the axon growth abil-
ity, hinting us the importance of Ca*. Ultimately, we proposed three possible
phases of motor neuron axon regeneration: preparation stage, early regenera-
tion stage, and regeneration stage. Taken together, our study provided a
resource for deciphering the underlying mechanism of motor neuron axon regen-
eration in a single cell dimension.

INTRODUCTION

Along with the developmental process, the extension ability of neuron axons will gradually recede, so after
axon injury in adult animals, the regeneration ability of neurons is typically weak, especially the central
neuron axons. The distal portion of the axon disconnects from the cell body and undergoes Wallerian
degeneration, reverse axoplasmic conduction is blocked, and associated neurons in the spinal cord degen-
erate to vary degrees after peripheral nerve injury (PNI)." If the injury is serious, irreversible events such as
death or apoptosis will occur. On the contrary, when the situation is not serious, only ultrastructural
changes will occur.? Ideally, driven by intrinsic regenerative capacity of neurons, surviving neurons can
grow a nascent axis and then reconnect and innervate their target organs, thereby restoring function.>*

Compared with the peripheral nervous system (PNS), the regeneration of the central nervous system (CNS)
is more difficult. Even if the axons belong to the dorsal root ganglia (DRG), the regeneration of the central
branch axons is much more difficult than the peripheral branches connecting the peripheral muscles.”® This
is because of the lack of intrinsic regenerative capacity in the CNS and the presence of more inhibitory mol-
ecules of regeneration than in the PNS, such as myelin-associated glycoprotein (MAG) and chondroitin sul-
fate proteoglycans (CSPGs).”

Regeneration after injury involves a series of cellular and molecular events, including calcium influx, mito-
chondrial energy transport, cytoskeleton reorganization, growth cone formation, etc., among which many
molecules are involved. The nuclear export of histone deacetylase 5 (HDAC5) caused by axonal injury ac-
tivates histone acetylation and has a positive effect on regeneration. Calcium influx after axonal injury is
deemed to be an essential event supporting axonal regeneration in various organisms.®” Calcium influx
leads to elevated cAMP levels that promote axonal fusion in C. elegans sensory neurons via downstream
dual leucine zipper kinase (DLK-1) signaling.g'wO Overexpression of doublecortin-like kinase (DCLK) can
also promote growth cone formation by maintaining microtubule homeostasis.'' Deletion of phosphatase
and tensin homolog (PTEN) antagonizes the action of PI3K and inactivates mTOR signaling, thereby pro-
moting axonal regeneration in adult retinal ganglion cells (RGCs) and adult sensory neurons.'”'® Deletion
of suppressor of cytokine signaling 3 (SOCS3) alone promotes optic nerve axon growth by inhibiting the
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Figure 1. After SNC in rats, the spinal ventral horn cells on the injured side of the L4-L5 segments exhibited heterogeneity

(A) Schematic diagram of surgical sample scheme and experimental procedure in our study. At different time points after SNC in rats, the left spinal ventral
horns of L4-L5 segments were taken out for sequencing and analysis. The groups mentioned later were named as sham, 3 h, 1 day, 3 days, 7 days, and 14 days.
(B) UMAP plot visualizing the cell types and distribution of L4-L5 segments of spinal ventral horn cells of L4-L5 segments after SNC in rats. UMAP plots of
different time points showing in Figure ST1E.

(C) River diagram showing the dynamic changes in the percentage of 10 different cell types after SNC.

(D) Violin diagram showing the gene markers specifically expressed by different cell types in (B).

JAK-STAT3 pathway.'* In addition, deletion together with PTEN further promotes axon regeneration.'” In
the adult CNS, many members of the Kripppel-like transcription factor family (KLFs) affect axon growth.
KLF4 is an inhibitor of neurite outgrowth, and hippocampal neurons overexpressing KLF4 exhibited axonal
growth retardation, as did KLF9."®"” Some members, such as KLF6/7, can promote axonal regeneration.'®
Other transcription factors such as Sox11 7 A3, Gap43,20 and Jun?' also play vital roles in axon
regeneration.

Recently, single-cell RNA sequencing, as a high-throughput and efficient technical means, can detect the
heterogeneity of samples at different developmental and pathological stages at very high resolution, and
explore the different transcriptional states of single cells. Several single cell sequencing studies have been
performed on injured nerves and DRG after sciatic nerve injury.””?* Researchers also have revealed dy-
namic changes of neural cells in human spinal cord under single cell resolution” and cellular heterogeneity
of spinal cord after spinal cord injury.”*” Significant progress has also been made in single cell spatiotem-
poral transcriptome analysis. The team of scientists analyzed and compared the process of salamander
brain development and regeneration, and constructed the first spatiotemporal map of axolotl brain
regeneration.”®

The heterogeneity in the spinal cord after sciatic nerve crush (SNC) and the cellular response to injury and
regeneration in the ventral horn are rarely mentioned. Simultaneously with this study, our team used laser
capture microscopy (LCM) combined with Smart-seq2 sequencing (LCM-seq) to construct and reveal the
first spatiotemporal profiles of individual motor neurons and their ecological niches in situ, providing ev-
idence of axon injury and the dynamic microenvironment information during the regeneration process,”’
but the cells captured by the laser are always not single cells in the full sense, so we then chose the 10X
genomics platform. We performed SNC on the left sciatic nerve of the Sprague-Dawley (SD) rats, and
then took the ventral horn of the spinal L4-L5 segments for single-nuclei RNA sequencing (snRNA-seq).
To explore the dynamic changes of gene expression patterns at different stages of SNC, 6 time points
were set up (Oh, 3h, 1d, 3d, and 7d after SNC respectively, group Oh was defined as sham). We aim to reveal
the gene expression changes and molecular expression patterns of the spinal ventral horn motor neurons,
as well as other supporting cells involved in regeneration process, then seeking new molecular targets for
axon regeneration, which provides a theoretical basis for PNS and CNS regeneration.

RESULTS
Heterogeneity of spinal cord ventral horn cells after SNC

Initially, rats were sacrificed at O h, 3 h, 1 day, 3 days, 7 days, and 14 days after SNC to obtain the left spinal
ventral horn of the L4-L5 segments (Figure 1A). Our work spanned six time points with three biological rep-
licates at each time point, and 184,772 nuclei were detected in a total of 18 samples after data quality con-
trol and efficient filtration (Figure S1A). We performed accurate and unbiased clustering results on the cell
populations of the 18 samples, and revealed 30 clusters of cell populations (cluster 0-29) via dimensionality
reduction by uniform manifold approximation and projection (UMAP) (Figures S1B and S1C). Totally, 10 cell
types, including oligodendrocyte, neurons, astrocyte, OPCs, mircoglia, fibroblasts, endo-SMC, pericytes
and ependymal cells were identified in our study based on differentially expressed genes and reported
marker genes for specific cells (Figure 1B). The UMAP plots for each of the six time points can be viewed
in supplementary materials (Figure ST1E). The corresponding cell types of the samples at different time
points were completely consistent, but the proportion of different cell types varied slightly. The most dra-
matic changes in cell numbers occurred in the microglia. Three days after SNC, the number of microglia in
the spinal ventral horn increased sharply and remained high until 7 days after SNC, and there was a slight
decrease at 14 days (Figure 1C). Neurons in SNC underwent significant gene expression changes, with the
largest number of differentially up-regulated genes, and the total number was nearly three times that of
other cell types, followed by microglia (Figure S1D). Marker genes specific to each cell type, such as
Mobp in oligodendrocyte,® Syt1 in neuron,”’ Gfap in astrocyte,”” Pcdh15 in OPCs, C1ga in microglia,
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Figure 2. After sub-clustering of neurons, MN2 cells were found to be more involved in axon regeneration and various biological processes at
different time points after SNC

(A) UMAP plot visualizing the cell types and distribution of neurons. UMAP plots of different time points showing in Figure S2A.

(B) Heatmap showing several top expressed marker genes in 4 motor neuron subtypes.

(C) Bar chart showing the changes in the proportion of cell numbers of various motor neurons at different time points after SNC.
(D) Dotplot showing the expression abundance of several regeneration-associated genes in 4 motor neuron subtypes.
(E) CytoTRACE plot and boxplot showing differentiation potential of four motor neuron suptypes.

(F) Immunofluorescence staining of L4-L5 spinal cord segments after CTB injection. Motor neurons labeled by Chat (green); MN2 labeled by Sncg (red); CTB-
positive cells (white); nuclei labeled by Dapi (blue), scale bar = 200 pm.

(G) Heatmap showing gene expression patterns of MN2 at different time points after SNC. The graph was made with the characteristic values of the module.
The abscissa was the sample, the ordinate was the module; Orange represented high expression and blue represented low expression.

(H) Bar chart showing number of Chat" cells and Sncg*/CTB*/Chat" cells after SNC.

(I) Dotplot showing GO enrichment terms of each pattern. The 6 time points corresponded to their respective modules from left to right.

Dcn in fibroblasts,® Adgr14 in endo-SMC,? Rgs5 in pericytes’’ and Dynlrb2 in ependymal cells?® were
demonstrated in a composite violin diagram. Some rarely reported genes with significantly differentially
expressed effects in our study are also shown in our diagram (Figure 1D).

Heterogeneity of neurons in spinal ventral horn and time-dependent gene expression
patterns in MN2 after SNC in rats

The sciatic nerve is the extension of the axons of sensory and motor neurons so it is conceivable that once it is
damaged, the cell bodies of neurons will react violently. Our team has previously carried out single cell
sequencing on sensory neurons after SNC, revealing the molecular regulatory mechanism of axon regeneration
in DRG neurons, so this time we concentrated on the changes in gene expression of motor neurons after SNC.
We pulled out all of the clusters of neurons that we had previously defined for sub-clustering, and then defined 4
suptypes of motor neuron with different expression patterns (named as MN1-MN4) in the total neuron popula-
tion (Figures 2A and S2A). By the way, we compared some markers of different types of motor neurons, and then
differentially expressed genes from 4 motor neuron suptypes were shown in a heatmap (Figure 2B). In the
following paragraphs, we will take these 4 suptypes as the main research objects.

The cell numbers of MN1-MN4 also varied with time after SNC. In general, the number of MN1 cells
decreased significantly at 1 day after SNC, but increased again at 3 days. The number of MN2 cells was
similar at several other time points, but there was a significant increase at 7 days after SNC. The number
of MN3 cells decreased significantly at 7 days, whereas the number of MN4 cells decreased significantly
at 3 days (Figure 2C). To investigate whether motor neurons capable of responding and regenerating after
SNC concentrated in a specific subtype, we subsequently examined the expression of regeneration-asso-
ciated genes reported such as Atf3, Sox11, KIf6, Jun, Myc, and Lin28a in our four motor neuron subtypes
(Figure 2D). In MN2, these genes showed more significant and higher expression, so we used
CytoTRACE (cellular trajectory reconstruction analysis using gene counts and expression) to characterize
the differentiation potential of these four subtypes. The results showed that MN2 and MN1 seemed to
score higher on the assessment of differentiation potential (Figure 2E). The above suggested to us that
MN2 might be a group of motor neurons more involved in axon regeneration in our SNC model.

We injected fluorescein-conjugated CTB (Cholera toxin subunit B) into the distal epineurium of the injured sciatic
nerves, so that CTB could be retrograde transported to the cell body of the neuron along the regenerated axons
after injury. Immunofluorescence staining of L4-L5 spinal cord segments showed that the number of CTB-pos-
itive motor neurons in the ventral horn of the injured side were less than Chat-positive motor neurons, that is to
say, after 14 days of SNC, some motor neuron axons still did not break through the crush wound and extended to
the proximal portion. Different from MN1, MN3 and MN4, Sncg, and Anxa2 can be used as markers for MN2 cells
in MN2. MN2 labeled with Sncg have more co-localization with CTB positive signals, further confirming that the
axons of MN2 cells underwent regeneration after SNC (Figures 2F and 2H).

To explore the different expression patterns of motor neuron genes after SNC, genes in MN2 were divided
into 7 different modules at 6 time points via weighted gene co-expression network analysis (WGCNA), and
at least one module was associated with each time point (Figures 2G and S2B). GO enrichment analysis was
performed for genes contained in different modules, and then significantly enriched GO terms were listed.
We found that in the sham group main enrichment of the module for the cellular component organization,
metabolic, and nervous system development, the organism development and other biological processes
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Figure 3. Microglia reacted violently in the spinal ventral horn after SNC and cell communication between MN2 and MG6 occurred

(A) Immunofluorescence staining of microglia in spinal L4-L5 segments. Motor neurons labeled by Chat (green); microglia labeled by Iba1 (red); nuclei
labeled by Dapi (blue), scale bar = 200 um.

(B) Immunofluorescence staining showing sciatic nerve regeneration was inhibited after microglial depletion. Crush site marked by white dashed line; axon
labeled by Tuj1 (green); regenerative axon labeled by SCG10 (red); nuclei labeled by Dapi (blue), scale bar = 500 pm.

(C) Line chart showing relative SCG10 intensity at different distances from the crush site (n = 3 independent experiments).

(D) UMAP plot visualizing the cell types and distribution of microglia by time point.

(E) River diagram showing the dynamic changes in the percentage of different clusters of microglia at different time points of SNC.

(F) Bar chart showing the top 20 significantly enriched GO terms of Mgé.

(G) Diagram showing cell interaction network between MN2 and Mgé. Bubbles represented cell types, and the size of bubbles was determined by the
number of significantly enriched ligand-receptor pairs between cell types and all their interacting types. Larger bubbles indicated stronger association of cell
types in the population. The thickness of the line was determined by the number of significantly enriched ligand-receptor pairs among cell types. Thicker
lines represented stronger communication relationship between cell types.

(H) Dotplot showing significantly enriched ligand-receptor pairs between MN2 and Mgbé. The size of the dots represented the mean of expression quantity in
2 cell types, and the color of the dots represented the significance of enrichment.

related to the normal survival and activity of motor neurons. Once the sciatic nerve was injured, these bio-
logical processes necessary for survival began to slow down, and after 7 days they seemed to slowly return
to normal state. As the time point closest to the SNC, the cell response to external stimuli has already ap-
peared 3 h after SNC. The biological processes related to neuronal ensheathment are also active. In the
navajowhite2 module, we enriched terms related to CTP biosynthesis, as it has been reported that
increased CTP synthase activity could promote neurite growth.>* Corresponding to the sample of
3 days, we captured the genes of brown module, and enriched more terms related to nervous system devel-
opment, meanwhile, immune and protein-related processes were vigorous. CNS development, microtu-
bule organization and axongenesis processes were brisk at 7 days. When it came to the 14th day, most
enriched GO terms were analogous to the sham group.

Microglia reacted violently in the spinal ventral horn after SNC and many highly abundant
ligand-receptor pairs emerged between MN2 and Mgé

Previous results showed that the cell numbers changed significantly after SNC were the microglia (Figure 1C). In
the nervous system, microglia exist as immune cells, and presumably react very violently after injury.>> We also
verified the expression of microglia in the ventral horn after SNC. We found that as time went on, the number
of microglia gradually increased on the injured side. Starting from the third day, we found that microglia increas-
ingly approached and surrounded motor neurons, and this phenomenon was still observed at 7 days and 14 days
(Figure 3A). To more clearly explore the role of microglia in our SNC model, sciatic nerve regeneration was
observed 3 days after SNC in mice depleted of microglia by PLX5622, a CSF1R antagonist. It was found that in
the absence of microglia (Figures S3A and S3B), the regenerating axons of the injured sciatic nerve were reduced
(Figures 3B and 3C). All microglia were then captured a divided into 13 subtypes (Figure 3D), and a new subtype,
named Mgb, emerged at 3 days after SNC and reached significant numbers at 7 days (Figure 3E). Top 20 GO
enrichment terms showed quite a number of terms related to immune stress (Figures 3F and S3C). Since Mgé
just appeared at 3 days and there were not many cells, we only showed the communication network of MN2
and Mgé of 7 days (Figures 3G and 3H), and the abundance of significantly enriched ligand-receptor pairs showed
after the appearance of Mgé at 3days, 7 days, and 14 days. The enrichment of Tgfb1 and its receptor expression in
3days and7 days samples suggested that Mgb may be associated with the axon regeneration of MN2 motor neu-
rons through TGF-B pathway after SNC. Gasé (growth arrest specific protein 6) is a growth factor widely expressed
inthe nervous system.36 Its putative ligands (Axl, Mertk, and Tyro3) were all observed in ligand-receptor pairs that
were highly enriched in Mgé and MN2. Axl-Gasé pairs were highly expressed at any time after the presence of
Mgé. Efnb2 regulated peripheral T cell differentiation, as well as transduction of IL-6 signaling.®” Given its superior
immune activity in other systems,* Ephb2-Efnb2, Efnb2-Epha4 expressed in MN2 and Mgé must also play impor-
tant roles in inflammation and immunity after SNC. The Notch signaling pathway has been reported to be
involved in the communication between glia and neurons.*” After SNC, the expression of the two ligand-receptor
pairs (Notch1-Jag2, Notch2-Jag2) of the Notch pathway was high at 7 days (Figure 3G).

The association of OPCs on the pseudo-time axis with motor neurons, especially MN2,
indicated possibility that OPC were involved in axon regeneration after SNC

In earlier years, studies have demonstrated that oligodendrocytes cultured in vitro can give rise to neu-
rons and astrocytes, and oligodendrocytes.’>*" In vivo, adult OPCs generate small numbers of neurons
throughout the ventral forebrain, especially in the piriform cortex.’ Cluster2 (C2) was the largest group
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Figure 4. The association of OPCs on the pseudo-time axis with motor neurons, especially MN2, indicated the possibility that OPC were involved

in axon regeneration after SNC

(A) UMAP plot showing the connection between C2 (neuron) and C19 (OPCs).

(B) Trajectory plot showing the pseudo-time trend. As the color became lighter, pseudo-time gradually marched.
(C) Trajectory plot showing location and distribution of different cell types.
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Figure 4. Continued

(D) Trajectory plot showing different states in different cell types.

(E) Heatmap showing different expression patterns based on the branch and several typical genes in cluster 1 were listed.

(F) Scatterplot showing the pseudo-time differences in gene expression, with solid lines representing state1, 2 branching direction and dashed lines
representing state1, 3 branching direction.

of neurons in the initial population, and cluster19 (C19) was defined as one of the OPCs subtypes (Fig-
ure S1C). We found some cross-linking between C2 and C19 in UMAP, suggesting whether there is a line-
age association between neurons and OPCs after SNC in spinal ventral horn (Figure 4A). We combined
MN1-4 and C19 cells for pseudo-time analysis (Figure 4B). We found that all cells have only one branch-
point in the trajectory. At this branchpoint, cells went to 2 different fates and were divided into 3 states in
the trajectory. C19 cells were mainly distributed in state 1 and state 3, and a small amount in state 2. The
4 MN subtypes have different distributions. MN1, MN3, and MN4 were all distributed in state 2 which
was at the later stage of the pseudo-time. Unlike them, a large part of MN2 cells and a part of C19 be-
longed to state 3 (Figures 4C, 4D, and S4). Gene expression differential analysis was then performed
based on the branches, and the gene expression heatmap divided gene expression into 5 different
expression patterns. We were more concerned about the gene expression of state 3, of which genes
were lowly expressed in pre-branch and state 2 and increased abruptly in state 3, so several genes of
the cluster 1 were taken out for further analysis (Figure 4E). Plp1 is highly expressed in state1 and state3,
and more abundant in state3. PLP is present in exosomes released by oligodendrocytes and can be
taken up by neurons and other glial cells.**** It is possible that elevated OPCs expression of Plp1 en-
hances communication between oligodendrocytes and neurons through these approaches, thus
ensuring the integrity of neurons and OPCs. In CNS, Gal-1(Galectin-1) promotes basal and kainate-
induced neural precursor cell proliferation in dentate gyrus of the mouse hippocampus.®® Rac1 (Rac fam-
ily small GTPase 1) controls actin dynamics and is closely related to cell proliferation and migration.*®
Krippel-like factor 2 (KIf2) was induced by Ca®* retrograde signaling in damaged axons, and can pro-
mote the transcription of Vav1 by activating Rac1 to promote axon regeneration in dorsal root ganglion
(DRG) neurons after SNC.*” Ndufa4 (NADH dehydrogenase ubiquinone 1 alpha subcomplex 4) inhibited
neuronal apoptosis by increasing the expression of Bcl-2 and reducing the expression of cytochrome
¢, and triggered the expression of neurotrophic factors to promote the growth of neurons in vitro.*®
Over-expression of Cend1 (cell-cycle exit and neuronal differentiation 1) in neural precursor cells or neu-
roblastoma cells promotes neuronal differentiation.””*° Sncg (synuclein gamma, also known as breast
cancer-specific gene 1/BCSG1), a member of the synuclein protein family, was thought to play a role
in the pathogenesis of Parkinson’s disease.”’ In the previous paragraphs, we used it to label MN2 cells
based on its specific expression in MN2 (Figure 2F). In addition to the genes discussed above, some
genes related to regeneration in the field of nerve regeneration, such as Jun,”’ Gap43,”* Atf4°*°* and
Atf3?° (Figure 4F).

Calcium pathway were involved in axonal regeneration in motor neurons and Cacna2d2
inhibited the axon outgrowth of motor neurons

We screened out the transcription factors with the highest expression in the MN2, sorted them by con-
nectivity and added the previously reported regeneration-associated genes into the IPA software to
explore the association between MN2 transcription factors and axon regeneration and predict other
key regeneration genes related to them. We found that all of these genes had surprisingly strong asso-
ciations with the calcium pathway. In the network predicted by IPA software, we focused on Cacna2d2
(Figure 5A), which is reported to be a developmental switch that limits axon growth and promotes
CNS regeneration when inhibited by systemic administration.”® We observed its expression after SNC
and found that it was expressed in motor neurons and other neurons in the spinal ventral horn. Unfortu-
nately, we did not see a significant trend of expression at different time points after SNC (Figure 5B). To
explore whether it has a function in motor neurons, we used siRNA interference fragments to knock down
its expression in cultured motor neurons and found that the axon length increased significantly after Cac-
na2d2 expression was suppressed both in cell sliders (Figures 5C and 5D) and microfluidic devices
(Figures 5E and 5F). Gabapentin preconditioning of motor neuron can inhibit calcium influx caused by
lysophosphatidic acids (LPA) (Figures S5A and S5B). Meanwhile, we also administered Gabapentin to
interfere the proper function of Cacna2d2 systemically, and after 3 days of SNC, we found that the re-
generated axons in the treatment group were more pronounced and significant than those in the control
group (Figures 5G and 5H).
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Figure 5. Calcium pathway were involved in axon regeneration in motor neurons and Cacna2d2 inhibited the axon outgrowth of motor neurons
(A) Network diagram of transcription factors and regeneration-associated genes and pathways in MN2 illustrated the key role of Ca®* pathway.

(B) Immunofluorescence staining showing the location and expression of Cacna2d2. Motor neurons labeled by Chat (green); Cacna2d2 (red); nuclei labeled
by Dapi (blue), scale bar = 200 um.

(C) Immunofluorescence staining showing grow state of cultured motor neurons on cell sliders before and after Cacna2d2 knockdown; scale bar = 10 pm.
(D) Bar chart showing the longest neurite length of single cultured motor neurons in (C); values are mean + SD (n = 100 independent cells; ***p < 0.001;
unpaired t-test).

(E) Immunofluorescence staining showing grow state of cultured motor neurons in microfluidic devices after Cacna2d2 inhibition; axon labeled by
Tujl(green), scale bar = 100 pm.

(F) Bar chart showing average neurite length of single cultured motor neurons in (E); values are mean + SD (n = 3 independent experiments; *p < 0.05;
unpaired t-test).

(G) Immunofluorescence staining showing sciatic nerve regeneration was promoted after intraperitoneal injection of Gabapentin. Crush site marked by
white dashed line; axon labeled by Tuj1(green); regenerative axon labeled by SCG10 (red); nuclei labeled by Dapi (blue), scale bar = 500 pm.

(H) Line chart showing relative SCG10 intensity at different distances from the crush site (n = 3 independent experiments).

DISCUSSION

In our study, we used snRNA-seq to comprehensively reveal the heterogeneity of spinal ventral horn cells
after SNC. The spinal ventral horn was rich in neuron types and the number of glial cells including microglia,
astrocytes, oligodendrocytes, and OPCs varied in post-injury time. Fibroblasts, endo-SMC, pericytes, and
ependymal cells were also captured in the results.

Spinal cord integrates the external stimuli received by the sensory nerves, and then the motor nerves trans-
mit motor commands to the target organs. After sciatic nerve injury, sensory neurons and motor neurons
respond strongly, and neurons that escape the fate of death still experience profound transcriptional
changes accompanied by ultrastructural changes focused on the endoplasmic reticulum and other organ-
elles.”® The temporal development of sensory neuron-based neuropathic pain has been revealed at the sin-
gle cell sight.”® Neurons are the subject of axon regeneration, and we focus more on the gene expression
patterns of axon regeneration in motor neurons. We re-clustered the neurons of ventral horn and got 4 mo-
tor neuron suptypes. The positive signal of CTB retrograde tracing produced good colocalization with
Sncg. Intrinsic capacity of axon regeneration is regulated by transcriptional changes in response to injury,”’
and by comparing the expression of differentially expressed genes (DEGs) that have been widely reported
during regeneration. MN2 was found to have more regenerative potential.’”?"***" Having determined
the regenerative capacity of MN2, we characterized the biological processes involved in MN2 at different
time points after SNC. On the first day after motor neuron axon injury, routine biological activities such as
metabolism were partially blocked. This stage is mainly responsible for the biosynthesis of energy required
forregeneration and is considered as the preparation period for regeneration. And then the early stages of
regeneration continue into the third day for the required ion exchange and protein transport, and of course
there are also signs of an immune response. Maintenance of neuronal morphology was initiated upon
injury, and axon formation continued at 7 days and 14 days. These evidences revealed the gene expression
patterns of motor neurons during different stages after SNC.

After PNI, microglia are activated and recruited to the injury, a phenomenon that correlates positively with
the severity of the injury.®>*® After SNC, the number of microglia increased sharply at 3 days, and there was
no sign of decline at 7 days and 14 days. This tight communication has also been addressed in previous
studies, including microglia activation next to the DRG.?*“** After microglia depletion, the lag of sciatic
nerve regeneration after injury also confirmed the positive role of microglia in axonal regeneration. Calcium
influx is a necessary and sufficient condition for inducing axonal degeneration after axonal injury.***’
Damaged single neurons trigger calcium elevations in adjacent microglia within a 50 um radius, mediated
by purinergic receptors and intracellular calcium storage.®® As one of the major purinergic receptors ex-
pressed by microglia, after P2ry12 mutation, the response of microglia to focal injury was attenuated, while
brain injury-induced changes in somatic connections trigger P2ry12 receptor-dependent microglia glial-
neuroprotection, regulating neuronal calcium loading and functional connectivity.®’

We found that a subset of C19 OPCs and MN2 motor neurons share the same state (state 2) on the trajec-
tory, suggesting that these cells share similar cell fate and gene expression patterns. We discussed some of
the genes that are significantly enriched for expression in state 2. During early postnatal development, both
CaV, , and CaVy 3 channels are active in OPCs, and these channels mediate multiple aspects of OPC devel-
opment, such as OPCs survival, proliferation, myelin protein expression levels, and directed migration.”%”"
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The spontaneous and transient elevation of intracellular Ca* concentration in the early stage is essential in
neuronal development and is also critical in neuronal differentiation.”” Surprisingly, there were several
genes closely linked to calcium ions. Cacna2d1 promoted synaptogenesis via postsynaptic Racl. In the
rat dorsal hippocampus, CaMKK1/CaMKla participated in actin cytoskeleton remodeling and behavioral
plasticity by activation of Rac1. The association with calcium in similar DEG in state 2 motor neurons and
OPCs after SNC suggested that the control of differentiation of OPCs and the axonal regeneration of mo-
tor neurons are both regulated by calcium channels. More boldly, now that it has been observed in the piri-
form cortex,*? is it possible that calcium may also mediate the movement of OPCs to neurons. Alternatively,
OPC:s still differentiate into oligodendrocytes as progenitors, and then participate in motor neuron axon
regeneration through the cell behavior of oligodendrocytes. The interesting mechanism behind this is
worth exploring further.

The expression of cacna2d2 was increased in corticospinal neurons after complete transection of cortico-
spinal axons in corticospinal neurons and was thought to contribute to maladaptive plasticity and impair-
ment of neuronal function.”* Overexpression of Cacna2d2 impaired axonal growth in cultured DRG neu-
rons in vitro, and Cacna2d2 inhibited axon outgrowth through calcium influx through CaV, channels.®® In
our subsequent study of transcription factors in MN2, we found that calcium-related pathways were still
in a position that cannot be ignored after the IPA interaction network was built. We verified the expression
of Cacna2d2 mentioned in the network in the ventral horn of the spinal cord after SNC and found that it is
localized in motor neurons and other neurons. We wondered whether behaviors that direct axonal regen-
eration by controlling calcium homeostasis are also present in motor neurons after SNC. However, it
seemed that the motor neurons in the SNC condition were not fatally damaged, so that the expression
of Cacna2d?2 in the motor neurons did not change significantly. Nevertheless, we still wanted to explore
the effect of Cacna2d2 on axon growth of motor neurons, inhibition of Cacna2d2 expression promoted mo-
tor neuron axon growth in vitro and interfence of Cacna2d2 function accelerated the growth of sciatic nerve
after SNC. This provides guidance for us to use Cacna2d2 as a target to regulate axon regeneration stra-
tegies of motor neurons by regulating calcium ion influx in the future.

In summary, our work revealed the heterogeneity of spinal ventral horn cells after SNC, and we identified a
regenerated MN2 motor neuron population and gene expression patterns of motor neurons after SNC.
Mgé that react violently and emerge at 3 days after injury have close cell communication with MN2, and
OPCs may be involved in axonal regeneration as the supply of motor neurons via calcium pathway (Fig-
ure 6). These findings will provide us with more theoretical basis and further research direction for axon
regeneration.

Limitations of the study

Although we have proposed three stages of motor neuron axon regeneration after SNC, the molecular
mechanism of each stage remains to be further explored in our later work. When revealing the heteroge-
neity of spinal ventral horn cells, we focused on multiple potential candidate markers (whether in motor
neurons or microglia), but we failed to identify specific molecules during experimental verification. We still
need further effort to find specific subtype markers through more experimental means to provide meager
guidance for the repair and regeneration of PNS and CNS.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
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Anti-beta IIl Tubulin antibody [2G10] Abcam Cat# ab78078

Stathmin-2/STMN2 (SCG10) Antibody NOVUS Cat# NBP1-49461

Cy3-Goat Anti-Rabbit IgG (H + L)
Goat anti-Mouse IgG (H + L), Alexa Fluor 488
Donkey Anti-Rabbit IgG, Alexa Fluor 647

Dapi-Fluoromount-G

Proteintech
Invitrogen
Abcam

SouthernBiotech

Cat# SA00009-2

Cat #A-11001; RRID: AB_2534069
Cat# ab150075

Cat# 0100-20

Biological samples

Rat spinal cord tissue

Experimental Animal Center of Nantong

University, Jiangsu, China

N/A

Chemicals, peptides, and recombinant proteins

PLX5622 MCE Cat# HY-114153
Gabapentin MCE Cat# HY-A0057
Leibovitz's L-15 Medium Gibco Cat# 11415064
Hibernate™®-E Medium Gibco Cat# A1247601
Trypsin-EDTA Gibco Cat# 25200072
Neurobasal™ Medium Gibco Cat# 21103049
Poly-L-lysine Solution Bioreagent Sigma-Aldrich Cat# P4832
LPA Sigma-Aldrich Cat# L7260
RNAI transfection reagent Invitrogen Cat# 13778150
opti-MEM Invitrogen Cat# 31985070
CTB Invitrogen Cat# C34776
Bovine Serum Albumin Biofroxx Cat# 143183
Deposited data

Raw and processed snRNA-seq data This paper GSA: CRA008582
Oligonucleotides

siRNA targeting sequence: Cacna2d2: Ribobio N/A
CTGACGCTGCAGAGAATTT

Primer for Cacna2d2: Forward: Sangon Biotech N/A
AGGACCAACCTCAGAAGTGC; Reverse:

ATGGGAGGGTGAGCGAAAAG

Software and algorithms

Cell Ranger 10X Genomics Version 3.1.0
Seurat https://satijalab.org/seurat/ version 3.1.1
CellPhoneDB https://www.cellphonedb.org Version 2.0
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Songlin Zhou (songlin.zhou@ntu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

SnRNA-seq data of this study have been deposited at GSA and are publicly available as of the date of pub-
lication. Accession numbers are listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and surgery

Male SD rats and C57BL/6 mice, 8 weeks of age, were performed SNC on the left sciatic nerves. Rats anes-
thesia was performed by isoflurane. Then the skin was disinfected and prepared, the skin was cut through
the middle thigh of the left hindlimb, the muscle and fascia were bluntly separated, and the sciatic nerve
was exposed. The 3 mm crush wound was chiseled perpendicular to the sciatic nerve using a smooth clip-
ping forceps (lasted for 30 s, with an interval of 5 s every 10 s). Mice were anesthetized by special anesthetic
(Nanjing AIBI Bio-Technology Co., Ltd, Cat# M2910) for mice and their length of crush wound were set to
2 mm. Spinal cords of L4-L5 segments, where sciatic nerves were emitted, were taken outatOh, 3 h, 1 day, 3
days, 7 days and 14 days after SNC. The removed tissue was placed in pre-cooled artificial cerebrospinal
fluid, then the vertebrae were peeled under a stereological microscope, and the ventral horn portion of the
spinal cord injury side was separated and quickly preserved in liquid nitrogen for subsequent experiments.

Animals were supplied from Experimental Animal Center of Nantong University and were carried out in
accordance with Institutional Animal Care Guidelines of Nantong University. The collection of animal tis-
sues shall be ethically approved by the Administration Committee of Experimental Animals
(S20200601-903).

Sampling and treatment of tissue

After anesthesia, animals were systemically perfused with normal saline and 4% paraformaldehyde succes-
sively via ascending aorta. Spinal cord tissues from L4-L5 segments of animals were placed in 4% parafor-
maldehyde at 4°C and fixed for 8-12 h. The spinal cord was dehydrated with sucrose solution, frozen with
embedding agent and cut into 12 um coronal sections.

METHOD DETAILS

CTB injection

Fourteen days after SNC, the rats were anesthetized and the fascia and muscle were carefully separated to
expose the sciatic nerve after a 1.5cm skin incision on the posterior side of the left femur. Then, 2 pL of 1%
CTB (Invitrogen, Cat# C3477) was slowly injected into the distal epineurium of the crush wound, and the
whole injection process lasted about 20 s. After remaining in place for 3-4 min, the tip was pulled out slowly
to prevent the tracer from being exposed. The rats were then sacrificed 3 days after injection to collected
tissues.

Drug treatments

Mice were intraperitoneally injected with PLX5622 (MCE, Cat# HY-114153) at a dose of 50 mg/kg for
14 days, and the subsequent SNC was constructed. The mice were continuously administered until they
were sacrificed. Control mice were intraperitoneally injected daily with a mixture of blank solvents from
the reagent company's official solution protocol.
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Rats were intraperitoneally injected with gabapentin (MCE, Cat# HY-A0057) at a dose of 50 mg/kg imme-
diately after SNC and then daily until sacrifice. Control rats were intraperitoneally injected with the same
volume of PBS.

Immunofluorescence staining

After the sections were thoroughly washed in PBS, they were blocked with blocking solution (5% BSA, 10%
donkey serum, 0.1% Triton X-100) for 90 min at room temperature. The primary antibodies were then incu-
bated overnight at 4°C, washed 3 times with PBS, and then incubated with the corresponding secondary
antibodies for 90 min at room temperature. After washing off excess secondary antibody with PBS, the
slides were mounted with Dapi-Fluoromount-G (SouthernBiotech, Cat# 0100-20) to simultaneously label
the nuclei.

Isolation and culture of primary motor neurons

Spinal motor neurons were obtained from rat embryos at 13.5 days of gestation. The embryos were
removed from the uterus and immediately placed in pre-cooled L15 medium. The spinal cords were care-
fully removed under anatomical microscope, dissected and meninges were carefully teared, and then fully
sheathed and digested with 0.25% trypsin at 37°C for 30 min. Filtered with a 70 pm aperture, gently added
the filtered liquid in equal volume to the upper layer of motor neuron separation solution (15%
NycoF’reP1'077 + 83% HE medium +2% B27) (non-mixing), centrifuged at 2000 RPM for 15 min, then washed
the precipitation. Relatively pure motor neurons can be obtained.

Neurite outgrowth of spinal motor neurons in vitro in microfluidic device

The sterile microfluidic devices were adhered to the PLL precoated Petri dish in advance, and 5ul suspen-
sion of spinal motor neurons (cell density of 3% 10°/mL) was added to the upper left and lower right wells of
the microfluidic device, respectively. After 4 h culture in the incubator, siRNA fragment was added, and
fluid was changed at an interval of 16 h. After the axon completely grew to the right axon chamber for
4 days, the vacuum rod was used to suction the axon chamber three times, each time lasting 1-2 min, during
which bubbles were avoided, and the suction vacuum pressure was >18 inch-Hg to ensure that the axon
was completely crosscut. Then the cells were cultured for 24 h and fixed for subsequent axon staining
and statistics.

siRNA transfection, neurite staining and length statistics of primary spinal motor neurons

The corresponding siRNA fragments (Ribobio), RNAJ transfection reagent (Invitrogen, Cat# 13778150) and
opti-MEM (Invitrogen, Cat# 13778150) were gently mixed and evenly in accordance with the proportion rec-
ommended by the instructions 15 min in advance, and the fusion was placed at room temperature. The
mixture was then added to the cell culture plate, and the primary cell suspension was added. After 14 h
culture in the incubator, the transfection system was removed and replaced with conventional neuron cul-
ture medium for about 20 h. After the cells were cleaned with PBS, they were fixed with 4% PFA at room
temperature for 30 min. After washing with PBS for 2 times, immunofluorescence blocker was used for seal-
ing for 90 min. Then Tuj1 primary antibody was added and incubated for 16 h at 4°C. After cleaning with
PBS, corresponding fluorescent secondary antibody was replaced, incubated at room temperature for 1
h. Residual antibody was washed by PBS and sealed with anti-fluorescence quenching sealing solution,
and images were taken under fluorescence microscope. For axon length statistics, ImageJ software was
used to set different data points for recording and statistics according to experimental requirements.

Calcium imaging

Gabapentin (100 pM) pretreated primary motor neurons for 36h, and calcium ion indicator (Abcam, Cat#
ab112129) would show the changes of Ca®* in neurons after axon injury caused by LPA (Sigma-Aldrich,
Cat# L7260) in the form of fluorescence. After the addition of LPA (2 uM), fluorescence imaging of living
cells was performed immediately, generating an image every 30s for 100 cycles under a confocal micro-
scope (Zeiss, LSM900).

Construction of the single cell standard library

After adjusting the number of cells to no less than 1000/pL using an automated counter, load the cell suspen-
sion on a 10X Genome Chromium single-cell instrument, add barcoded gel beads and mix reagents, and mix
components in a microfluidic “double cross” system. The crossover system is coated with oil-surfactant
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droplets to form GEMs, which flow into the reservoir to be collected, and the gel beads dissolve to release
sequences for subsequent reverse transcription. Following the traditional next-generation sequencing pro-
cess, sequencing joint P5 and sequencing primer R1 were added to the cDNA product, and a standard library
was constructed after PCR amplification and the constructed library was subjected to high-throughput
sequencing operation using the paired-end sequencing mode of the lllumina sequencing platform. High-
quality cells were filtered, canonical correspondence analysis (CCA) and Z score normalization were used to
correct the batch effect, integrate and normalize data. Principal component analysis (PCA) was used to reduce
variables and dimensionality. For intuitive analysis of the data, the cells were clustered and grouped and visu-
alized by UMAP.

Analysis of up-regulated genes

Seurat’s Bimod likelihood ratio statistical test was used to analyze the differential expression of genes in
different cell types, and to screen the up-regulated genes. Screening conditions: the gene was expressed
in more than 25% of the target cell types; p value < 0.01; gene expression fold change log, FC >0.360674.

Weighted gene co-expression network analysis (WGCNA)

WGCNA was performed using the WGCNA (v1.47) R package.”* Calculate the correlation coefficient with
the sample or sample traits through the module eigengenes, and find the significant modules. The intra-
module connectivity (K.in) and module association (MM) of each gene were calculated and correlation anal-
ysis was performed using the module characteristic genes and specific trait or phenotype data. For the
most relevant modules corresponding to each phenotype data, the Pearson correlation between each
gene and the trait data under the module is calculated, and the gene significance value is obtained.
Then we performed GO enrichment analysis on the genes in each module, and then made bubble plots
selectively for biological process GO terms.

Cell communication analysis

Cell communication analysis was performed using cellphone DB to analyze the expression abundance of
ligand-receptor interactions between two cell types based on receptor expression in one cell type and
ligand expression in another cell type. A cellular interaction network map was constructed by capturing
the number and expression of significantly enriched ligand-receptor pairs between cell types.

Cell trajectory analysis

Single cell trajectory analysis was performed using matrix of cells and gene expressions by monocle
(Version2.10.1, http://cole-trapnell-lab.github.io/monocle-release/). The gene expression matrix gener-
ated by 10x Genomics was imported into monocle, and the parameters were adjusted to reduce the dimen-
sion, and the cell differentiation trajectory was constructed. The cell trajectories were visualized for
different differentiation states, different samples and different cell subsets, and presented as a tree-like
structure containing tips and branches.””

Further gene expression differential analysis was performed on the branches (FDR<1°~7), key genes were
screened, and then the branch-dependent genes were subjected to hierarchical clustering analysis to show
the change trend of gene expression with the branch. Clade differential genes were selected according to
their significance, and the trajectories of the expression levels of the branch differential genes with the
pseudo-time line were displayed.

Ingenuity pathway analysis (IPA)

We used IPA China software for gene network construction, and the software automatically assigned
default molecular logo shapes to genes in the constructed network, and we autonomously assigned
different colors to genes with different functions, so as to finally present the network diagram.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatic analysis was described in the method details section. Statistical data analysis was performed
by Student’s t test using GraphPad Prism (Version 8.0.2), and more samples and analysis information can be
found in the corresponding figure legends.
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