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Figure 1. DRG cells respond differently following peripheral and central axon injuries. (A) Representative TEM images of a DRG section showing
neuronal cell bodies (pseudo-colored in purple) its enveloping SGC (pseudo-colored in turquoise) and other non- neuronal cells (pseudo-colored

in orange). n = 4 biologically independent animals. Scale bar:20 um (B) Actl6b®™ mice crossed with Sun1®"* show expression of GFP in all neuronal
cell somas, codabeled with the unique neuronal marker ISL1 (magenta). n = 4 biologically independent animals, Scale bar: 50 pm C) Flow cytometry
analysis of dissociated DRG cells from Actl6b®™®:Sun1°"" mice. Scatter plot of uorescence intensities of live Hoechst + cells (x axis) and GFP+ (y axis).
12.5 % of Hoechst + cells are also GFP+ positive. n = 3 biologically independent animals. (D) Diagram of mouse peripheral and central injury models.
(E) Schematic of the experimental design for scRNAseq. (F) tSNE plot of 25,154 cells from L4,L5 dissociated naive and injured mouse DRG. 9 distinct
cell clusters were assigned based on known marker genes. (G) Fraction of each cell type within naive (6343 cells), SNC (4735 cells), DRC (7199 cells) and
SCI (7063 cells) conditions. n = 2 (NAI,DRC,SCI) and n = 1 (SNC) biologically independent experimentsH) t-SNE plots of DRG cells separated by the
different injury conditions, colored by cell type. (1) Heatmap of the number of differentially regulated genes in each cell type and injury condition (FDR
0.05, fold-change 2).

The online version of this article includes the following gure supplement(s) for gure 1:
Source data 1. Source les for scRNAseq analysis; top DEG for cell clustering and cluster counts.
Source data 2. Signi cant ligand- receptor interactions (p-value < 0.05).

Figure supplement 1. scRNAseq analysis of naive and injured mouse DRG.

Results
Profiling sensory neuron microenvironment following peripheral and

central injuries

Neurons are the largest cells in the DRG but are outnumbered by many non-neuronal cells (Figure 1A).
FACS sorting analysis of dissociated DRG cells from Actl6b“® (Baf53b): Sun1° in which GFP is
expressed in the neuronal nuclei (Mo et al., 2015; Zhan et al., 2015) showed that GFP-positive
neurons represented only ~12.5 % of all cells (Figure 1B and C). To assess the DRG microenvironment
response to central and peripheral axon injury, we performed single-cell RNA sequencing (scRNAseq)
of L4, L5 mouse DRG 3 days after sciatic nerve crush injury (SNC), dorsal root crush injury (DRC), or
spinal cord injury (SCI) using the Chromium Single Cell Gene Expression Solution (10 X Genomics)

Avraham et al. eLife 2021;0:e68457. DOI: https://doi.org/10.7554/eLife.68457 3 0of 30



eLife

Neuroscience

(Figure 1D and E), as previously described (Avraham et al., 2020). Contralateral uninjured DRG were
used as control and referred thereafter to naive. The sciatic nerve is composed of axons projecting
from sensory neurons residing in multiple DRG, and SNC results in ~50 % of lumbar DRG neurons
being axotomized (Laedermann et al., 2014; Renthal et al., 2020; Rigaud et al., 2008). SNC is
followed by activation of a pro-regenerative program that allows functional recovery (He and Jin,
2016, Mahar and Cavalli, 2018). SCI injures the ascending axons of a subset of large diameter
sensory neurons, leaving the descending axon branches in the spinal cord intact (Attwell et al., 2018;
Niu et al., 2013; Zheng et al., 2019), and is not followed by regenerative outcomes. DRC damages all
centrally projecting sensory axons in the PNS, without causing an impassable glial scar, and is followed
by a slower regenerative growth compared to SNC that stops as axons reach the scar-free dorsal
root entry zone (Oblinger and Lasek, 1984; Smith et al., 2012; Wujek and Lasek, 1983), providing
an additional model to unravel the mechanisms promoting axon regeneration. The percent of DRG
neurons lesioned under the three injury paradigms and the distance of the injury to the DRG may
impact the injury responses of the microenvironment. However, all three injury paradigms are widely
used models to study the mechanisms promoting axon regeneration.

Our scRNAseq protocol achieves efficient recovery of non-neuronal cells compared to other proto-
cols that use single nuclear RNAseq to analyze neuronal responses to injury (Avraham et al., 2020;
Renthal et al., 2020). While scRNAseq captures transcriptional responses, changes in RNA stability
may also contribute to the differential profile, and the depth of sequencing obtained in scRNAseq
analyses might not allow to capture low level transcripts. The number of total sequenced cells from
all conditions was 25,154 from two biological replicates for naive, SCI and DRC conditions, and one
biological replicate for SNC (Figure 1—figure supplement 1A), with an average of 45,000 reads per
cell, 1500 genes per cell and a total of 17,879 genes detected (see filtering criteria in the methods). An
unbiased (Graph-based) clustering, using Partek flow analysis package, identified 19 distinct cell clus-
ters in the control and injured samples (Figure 1—figure supplement 1B). To identify cluster-specific
genes, we calculated the expression difference of each gene between that cluster and the average
in the rest of the clusters (ANOVA fold change threshold >1.5). Examination of the cluster-specific
marker genes revealed major cellular subtypes including neurons (Isl1), SGC (Fabp7), endothelial cells
Pecam1(Cd31), Schwann cells (Ncmap), pericytes Kcnj8(Kir6.1), smooth muscle cells (PIn), macro-
phages Alf1(lba1), and connective tissue cells (Collal) (Figure 1F, Figure 1—figure supplement
1D and Figure 1—source data 1). A t-SNE (t-distributed stochastic neighbor embedding) plot of all
25,154 cells combined from naive and injury conditions revealed that SGC and macrophages clusters
contained the largest number of cells (Figure 1F). Comparison of population distribution between the
different injury conditions revealed a reduction in the percentage of SGC after peripheral and central
injuries, with an increase in the number of macrophages compared to naive condition (Figure 1G and
Figure 1—source data 1). Separate t-SNE plots for each condition uncovers major changes in cluster
organization after SNC compared to naive, with less variations after DRC and high similarity between
naive and SCI condition (Figure 1H, Figure 1—figure supplement 1C). We then determined the
number of differentially expressed (DE) genes in endothelial cells, pericytes, Schwann cells, macro-
phages, and SGC (FDR < 0.05, FC >2). Heat map of differential gene expression in the indicated cell
types revealed that the magnitude of gene expression changes was the largest after SNC, but also
occurred after DRC and SCI (Figure 11 and Figure T—source data 1), as previously suggested (Palm-
isano et al., 2019; Stam et al., 2007).

To further investigate how the neuronal microenvironment is affected by the different injuries,
we performed cell-cell interaction analysis based on ligand-receptor expression in the different cell
types for every injury condition using CellPhoneDB repository (Figure 1—source data 2). This analysis
revealed that the cell-cell interaction network changed significantly after SNC compared to naive,
and that these changes are distinct from those elicit by DRC. SCI had limited influence on the cellular
network interaction compared to naive (Figure 1—figure supplement 1E). This analysis further high-
lights the importance of the microenvironment response and the potential extrinsic influence on axon
regeneration.
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Alterations in blood-nerve-barrier markers in response to central and
peripheral injuries

Blood-tissue barriers play an essential role in the maintenance and homeostasis of the tissue envi-
ronment. Integrity of the peripheral nervous system is maintained by the blood-nerve-barrier (BNB),
which shares many structural features with the blood brain barrier (Richner et al., 2018). An essential
component of the BNB cellular architecture is tight junctions (TJ) in the endoneurial vascular endothe-
lium or the perineurium that surrounds the nerve fascicle. Endothelial cells comprise the inner lining of
vessels, while pericytes encompass blood microvessels such as blood capillaries (Sims, 2000). Sensory
ganglia are highly vascularized (Figure 2A; Jimenez-Andrade et al., 2008), with blood vessels in
sensory ganglia being more permeable than their counterpart in the brain (Kiernan, 1996; Reinhold
and Rittner, 2017) or the nerve (Hirakawa et al., 2004, Jimenez-Andrade et al., 2008). Unlike in
the brain, pericytes do not fully cover the blood vessel in peripheral nerve (Stierli et al., 2018). We
observed a similar situation in the DRG, with the presence of blood vessel not fully covered by peri-
cytes (Figure 2B). We examined changes in gene expression that occurred in endothelial cells and
pericytes following peripheral and central injuries (FDR < 0.05, FC >2) (Figure 2—source data 1),
as the magnitude of gene expression changes was the largest in these cells after SNC (Figure 1I).
t-SNE plots of endothelial cells and pericytes demonstrated different clustering of cells after SNC or
DRC, while similar clustering in naive and after SCl were observed (Figure 2C and D). Increased BNB
permeability in the nerve is linked to changes in the expression of TJ genes, in particular a reduced
expression of ZO-1 (Tjp1) in endoneurial cells (Richner et al., 2018). We thus examined the expression
of tight junction (TJ) as well as adherens junction (AJ) genes. Heat map of TJ and AJ genes indicated
that the response of barrier components was affected by SNC differently than DRC, with numerous
junction genes being differentially expressed following SNC and DRC compared to naive and SCI
condition (Figure 2E and F). Changes in Tjp1 and Tjp2 expression suggest that the BNB may be more
permeable after SNC and DRC compared to naive and SCI. KEGG pathway analysis of DE genes in
endothelial cells and pericytes further suggest that the BNB may be differentially altered after SNC
and DRC (Figure 2G and H). The enrichment of the cell cycle pathway after SNC and DRC suggests
that endothelial cell division may regulate blood vessel angiogenesis (Zeng et al., 2007).

After nerve injury, dedifferentiation of Schwann cells into repair Schwann cells at the site of injury
as well as resident macrophages in the nerve elicits breakdown of the BNB (Mellick and Cavanagh,
1968; Napoli et al., 2012; Richner et al., 2018). Although Schwann cells in the DRG are far away
from the injury site in axons, we found that they undergo transcriptional changes that are distinct
after peripheral and central injuries. t-SNE plots demonstrated different clustering of Schwann cells
in SNC and DRC conditions, with similar clustering in naive and SCI (Figure 2I). We next examined
the expression of genes known to promote differentiation of Schwann cells into repair Schwann cells
(Jessen and Arthur-Farraj, 2019). Heat map of such genes revealed some non-overlapping changes
after all three injuries (Figure 2J and Figure 2—source data 1). Notably, Ngf, which is known to
promote myelination by Schwann cells in peripheral nerves (Chan et al., 2004) is downregulated after
all injuries. VEGF is known to increase BNB permeability (Lim et al., 2014) and Vegfb is differentially
regulated after peripheral and central injuries (Figure 2J), suggesting that Schwann cells may influ-
ence BNB permeability in the DRG. Shh is strongly upregulated after DRC. Shh signaling in Schwann
cells in the DRG after SNC and DRC may have neuroprotective functions (Hashimoto et al., 2008)
and may facilitate axon regeneration (Martinez et al., 2015). KEGG analysis also revealed that the
hedgehog signaling pathway and axon guidance is upregulated specifically after DRC (Figure 2K).
The hippo signaling pathway, which plays multiple cellular functions, such as proliferation, apoptosis,
regeneration, and organ size control (Yu and Guan, 2013; Zhao et al., 2011), is downregulated
specifically after SCI and DRC. Key transcription factors in the Hippo pathway, Yap and Bmp5 were
downregulated after DRC and SCI, and upregulated after SNC (FDR < 0.05, FC >2) (Figure 2—source
data 1). These results suggest that Schwann cell in the DRG respond differently to peripheral and
central injuries, with central injury potentially limiting their plasticity.

Macrophages proliferate in response to peripheral but not central axon
injuries

After nerve injury, breakdown of the BNB allows the influx of inflammatory cells at the site of injury in
the nerve to promote repair (Mellick and Cavanagh, 1968; Napoli et al., 2012). In addition to their
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