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ABSTRACT Sensory neurons with cell bodies in dorsal root ganglia (DRG) represent a useful 
model to study axon regeneration. Whereas regeneration and functional recovery occurs after 
peripheral nerve injury, spinal cord injury or dorsal root injury is not followed by regenerative 
outcomes. Regeneration of sensory axons in peripheral nerves is not entirely cell autonomous. 
Whether the DRG microenvironment influences the different regenerative capacities after injury 
to peripheral or central axons remains largely unknown. To answer this question, we performed a 
single-cell transcriptional profiling of mouse DRG in response to peripheral (sciatic nerve crush) and 
central axon injuries (dorsal root crush and spinal cord injury). Each cell type responded differently to 
the three types of injuries. All injuries increased the proportion of a cell type that shares features of 
both immune cells and glial cells. A distinct subset of satellite glial cells (SGC) appeared specifically 
in response to peripheral nerve injury. Activation of the PPARα signaling pathway in SGC, which 
promotes axon regeneration after peripheral nerve injury, failed to occur after central axon injuries. 
Treatment with the FDA-approved PPARα agonist fenofibrate increased axon regeneration after 
dorsal root injury. This study provides a map of the distinct DRG microenvironment responses to 
peripheral and central injuries at the single-cell level and highlights that manipulating non-neuronal 
cells could lead to avenues to promote functional recovery after CNS injuries or disease.

Introduction
Peripheral sensory neurons activate a pro-regenerative program after nerve injury to enable axon 
regeneration and functional recovery. In contrast, axons fail to regenerate after central nervous system 
injury, leading to permanent disabilities. Sensory neurons with cell bodies in dorsal root ganglia (DRG) 
represent one of the most useful models to study axon regeneration. Sensory neurons send a single 
axon which bifurcates within the ganglion; one axon proceeds centrally along the dorsal root into the 
spinal cord and the other proceeds along peripheral nerves. Whereas regeneration and functional 
recovery can occur after peripheral nerve injury, dorsal root injury, or spinal cord injury is not followed 
by regenerative outcomes (Attwell et al., 2018; He and Jin, 2016; Mahar and Cavalli, 2018; Tran 
et al., 2018). This results in part from a failure of central injury to elicit a pro-regenerative response 
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in sensory neurons (Attwell et al., 2018; Fagoe et al., 2014; Mahar and Cavalli, 2018; Tran et al., 
2018).

The dorsal root injury is a useful model to understand how to promote axon growth into the 
central nervous system (Smith et al., 2012). Dorsal root disruption can occur in brachial plexus inju-
ries, leading to paralysis of the affected arm (Smith et al., 2012). Regeneration following dorsal root 
crush can occur along the growth-supportive environment of Schwann cells, but stops as the axons 
reach the transition between the peripheral nervous system and the central nervous system, termed 
the dorsal root entry zone, where a variety of inhibitory factors block further growth (Smith et al., 
2012). However dorsal root axonal growth occurs only at half the rate of peripheral axons (Oblinger 
and Lasek, 1984; Wujek and Lasek, 1983). The histological difference between dorsal roots and 
peripheral nerve is not sufficient to alter the rate of axonal regeneration (Wujek and Lasek, 1983). 
Rather, the availability of trophic factors and other target derived influences via the peripheral axon 
were suggested to prevent the upregulation of pro-regenerative genes such as Jun (Broude et al., 
1997) or Gap43 (Schreyer and Skene, 1993). Interestingly, dorsal root injury causes up-regulation 
of the pro-regenerative gene Atf3 (Huang et al., 2006), but only in large diameter neurons, whereas 
Atf3 and Jun are upregulated in a majority of neurons after peripheral nerve injury (Chandran et al., 
2016; Renthal et al., 2020; Seijffers et al., 2007; Tsujino et al., 2000). Spinal cord injury also leads to 
activation of Atf3 in large diameter neurons, but this is not sufficient to promote regenerative growth 
(Ewan et al., 2021). Another possibility explaining the slow growth capacity of axons in the injured 
dorsal root is the contribution of non-neuronal cells.

Regeneration of axons in peripheral nerves is not cell autonomous. At the site of injury in the 
nerve, Schwann cells (Jessen and Mirsky, 2016) and macrophages (Zigmond and Echevarria, 
2019) contribute to promote axon regeneration. In the DRG, macrophages are involved in eliciting 
a pro-regenerative response after peripheral but not central injury (Kwon et  al., 2013; Niemi 
et al., 2016; Niemi et al., 2013; Zigmond and Echevarria, 2019), with anti-inflammatory macro-
phages believed to be more involved in the regenerative process than pro-inflammatory macro-
phages (Zigmond and Echevarria, 2019). We recently revealed that satellite glial cells (SGC), 
which completely surround sensory neuron soma, also contribute to promote axon regeneration 
(Avraham et al., 2020). PPARα signaling downstream of fatty acid synthase (FASN) in SGC promote 
axon regeneration in peripheral nerves, in part via regulating the expression of pro-regenerative 
genes in neurons, such as Atf3 (Avraham et al., 2020). Whether the different regenerative capaci-
ties after peripheral or central axon injury result, at least in part from a lack or an altered response 
of macrophages, SGC or other non-neuronal cells in the DRG microenvironment remains largely 
unknown.

To answer this question, we performed a comprehensive single-cell transcriptional profiling of 
DRG cells after peripheral injury (sciatic nerve crush) and central injuries (dorsal root crush and spinal 
cord injury). Sciatic nerve crush injures approximately half the axons projecting into the periph-
eral nerves (Laedermann et al., 2014; Rigaud et al., 2008) and dorsal root crush injures all axons 
projecting into the dorsal root. Dorsal column lesion of the spinal cord damages the ascending axon 
branches of most large diameter neurons and leaves the descending axon branches in the spinal cord 
intact (Attwell et al., 2018; Niu et al., 2013; Zheng et al., 2019). We found that gene expression 
changes occurred in endothelial cells, pericytes, Schwann cells, macrophages and SGC after periph-
eral nerve injury, but also occurred after dorsal root crush and spinal cord injury. However, each cell 
type responded differently to each injury. We show that SGC fail to activate the PPARα signaling 
pathway in response to dorsal root crush and downregulate this pathway in response to SCI. Using 
the PPARα agonist fenofibrate, an FDA-approved compound used to treat dyslipidemia (Rosenson, 
2008), axon regeneration after dorsal root crush was increased. These results indicate that the DRG 
microenvironment respond differently to central and peripheral axon injuries and that manipulating 
non-neuronal cells could lead to avenues to promote functional recovery after CNS injuries. Our 
study establishes a resource for understanding the functions of non-neuronal cells in the dorsal root 
ganglia across different types of injuries. Our data is available on a web-based resource for exploring 
changes in gene expression in DRG cells after central and peripheral injuries (https://​mouse-​drg-​
injury.​cells.​ucsc.​edu/), which will aid the field to study the role of the DRG microenvironment in 
functional recovery after injury.

https://doi.org/10.7554/eLife.68457
https://mouse-drg-injury.cells.ucsc.edu/
https://mouse-drg-injury.cells.ucsc.edu/


 Tools and resources﻿﻿﻿﻿﻿ Neuroscience

Avraham et al. eLife 2021;0:e68457. DOI: https://​doi.​org/​10.​7554/​eLife.​68457 � 3 of 30

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 Actl6bCre (Baf53bCre): Sun1GFP 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) 

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 µm (B) Actl6bCre mice crossed with Sun1GFP show expression of GFP in all neuronal 
cell somas, co-labeled with the unique neuronal marker ISL1 (magenta). n = 4 biologically independent animals, Scale bar: 50 µm (C) Flow cytometry 
analysis of dissociated DRG cells from Actl6b Cre:Sun1GFP mice. Scatter plot of fluorescence 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) t-SNE plot of 25,154 cells from L4,L5 dissociated naïve 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 experiments. (H) t-SNE plots of DRG cells separated by the 
different injury conditions, colored by cell type. (I) 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 figure supplement(s) for figure 1:

Source data 1. Source files for scRNAseq analysis; top DEG for cell clustering and cluster counts.

Source data 2. Significant ligand-receptor interactions (p-value < 0.05).

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

https://doi.org/10.7554/eLife.68457
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(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 (Pln), macro-
phages Alf1(Iba1), and connective tissue cells (Col1a1) (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 1I and Figure 1—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 naïve, 
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.

https://doi.org/10.7554/eLife.68457
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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 naïve and after SCI 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 naïve 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 

https://doi.org/10.7554/eLife.68457
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Figure 2. Molecular changes in non-neuronal cells in response to central and peripheral injuries. (A) Representative images of mouse DRG sections 
injected with Lycopersicon esculentum (Tomato) Lectin (magenta), labeling blood vessels and immunostained with FABP7 (green) labeling SGC. Scale 
bar: 50 µm. (B) Representative TEM images of DRG sections focusing on blood vessels with the surrounding endothelial (pseudo-colored in purple) and 
pericytes (pseudo-colored in turquoise) n = 4 biologically independent animals. Scale bar:2 µm (C) t-SNE plot of DRG endothelial cells colored by injury 

Figure 2 continued on next page
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role at the site of injury in the nerve, macrophages regulate axon regeneration and pain responses 
acting at the level of the ganglia (Kwon et al., 2013; Niemi et al., 2013; Yu et al., 2020). Both resi-
dent and infiltrating macrophages were found in the DRG (Zigmond and Echevarria, 2019). To under-
stand if macrophages in the DRG include the two major macrophages subsets found in the nerve, 
snMac1 that reside in the endoneurium or snMac2 that reside in the connective tissue surrounding 
nerve fascicles (Ydens et al., 2020), we analyzed the percent of DRG macrophages expressing marker 
genes for these two subtypes. This analysis revealed that most DRG macrophages express the snMac1 
genes (Cbrr2, Mgl2) (Figure  3A, light blue), whereas few DRG macrophages express the snMac2 
genes (Retnnla, Clecl10a, Folr2) (Figure 3A, blue). The DRG macrophages, similarly to nerve macro-
phages (Wang et al., 2020; Ydens et al., 2020), also express CNS associated microglia genes such 
as Tmem119, P2ry12, and Trem2 (Figure  3A, pink) and common microglia/macrophages markers 
Ccl12,Gpr34, Gpr183, Hexb, Mef2c, St3gal6, and Tagap (Figure 3A, green). The common macro-
phages markers Cd68, Emr1 and Aif1 were expressed in >80% of cells in the macrophage cluster 
(Figure 3A, orange and Figure 3—source data 1). These results suggest that DRG macrophages 
share similar properties to snMac1 residing in the nerve endoneurium and with CNS microglia.

We next examined the injury responses of DRG macrophages. The number of macrophages 
increased after SNC compared to naïve and also increased to a lesser extent after DRC and SCI 
(Figure 1G). Macrophages displayed a similar gene expression profile in naive and SCI condition, but 
SNC and DRC elicited large changes in genes expression (Figure 3B). KEGG pathway analysis of DE 
genes (FDR ≤ 0.05, FC ≥2) (Figure 3—source data 1) revealed upregulation of cell cycle and DNA 
replication after SNC, while DRC and SCI macrophages mainly showed upregulation of metabolic 
pathways such as steroid biosynthesis and glycolysis/gluconeogenesis pathways (Figure 3C). Inter-
estingly, macrophages from all injury conditions down regulated genes related to antigen processing 
and presentation as well as genes involved in phagosome activity (Figure 3C). We further validated 
the down regulation of genes involved in antigen processing and presentation associated with class 
II major histocompatibility complex (MHC II) Cd74, H2-Aa and Ctss in qPCR experiments (Figure 3D 
and Figure 3—source data 1). Several studies suggested a predominant anti-inflammatory macro-
phage phenotype in the DRG following sciatic nerve injury (Komori et al., 2011; Kwon et al., 2013; 
Lindborg et al., 2018; Niemi et al., 2013). Heat map of cytokines and other macrophages polar-
ization markers suggest that macrophages responses to injury in the DRG are complex and may not 
easily follow the classical pro-inflammatory and anti-inflammatory polarization scheme (Figure 3E and 
Figure 3—source data 1). Furthermore, expression of the anti-inflammatory marker gene Arg1 was 
only detected after DRC and the pro-inflammatory marker Nos2 was not detected in any conditions 
(Figure 3E). Among the significant down regulated genes after SNC, we found the cytokines Ccl2, 
Il1b and Tnf, which we validated for their downregulation by qPCR experiments (Figure  3D and 
Figure 3—source data 1). Hematopoietic cell lineage pathway, which is involved in the formation of 
macrophages from myeloid cells, was down regulated specifically after DRC and SCI, but not after 
SNC (Figure 3C). We next explored cell division in the macrophage cluster. The cell cycle and DNA 
replication pathways were upregulated only after SNC (Figure 3C). Heatmap analysis of the prolifer-
ation markers Mki67, Cdk1 and Top2a further demonstrated higher expression of proliferation genes 
after SNC compared to naive macrophages and following central injuries (Figure 3E). qPCR analysis 
of DRG cells after SNC showed increase in Mki67 expression compared to naive (Figure 4D). t-SNE 

condition. (D) t-SNE plot of DRG pericytes colored by injury condition. (E) Heatmap of Adherens junction (AJ) and Tight Junction (TJ) genes expression 
in endothelial cells by z-score for all injury conditions. (F) Heatmap of Adherens junction (AJ) and Tight Junction (TJ) genes expression in pericytes by 
z-score for all injury conditions. (G) Pathway analysis (KEGG 2019) of differentially upregulated (red) and downregulated (blue) genes in the endothelial 
cell cluster. n = 2 biologically independent experiments. (FDR ≤ 0.05, fold-change ≥2). (H) Pathway analysis (KEGG 2019) of differentially upregulated 
(red) and downregulated (blue) genes in the pericyte cluster. n = 2 biologically independent experiments. (FDR ≤ 0.05, fold-change ≥ 2). (I) t-SNE plot of 
DRG Schwann cells colored by injury condition. (J) Heatmap of fold change expression for selected repair Schwann cell genes after SNC, DRC and SCI 
compared to naïve. (K) Pathway analysis (KEGG 2019) of differentially upregulated (red) and downregulated (blue) genes in the Schwann cell cluster. n = 
2 biologically independent experiments (FDR ≤ 0.05, fold-change ≥ 2).

The online version of this article includes the following figure supplement(s) for figure 2:

Source data 1. Source files for scRNAseq analysis; DEG in endothelial cells, pericytes and Schwann cells in response to peripheral and central injuries 
(FDR ≤ 0.05, fold-change ≥ 2), repair Schwann cell genes expression across injuries.

Figure 2 continued

https://doi.org/10.7554/eLife.68457
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Figure 3. Macrophages undergo distinct transcriptional changes in response to central and peripheral injuries. (A) Fraction of uninjured cells expressing 
selected genes in the macrophage cluster. snMac2 (blue), snMac1 (light blue), specific microglia genes (pink), CNS microglia/macrophages (green) 
and common macrophage markers (orange). (B) Heatmap of gene expression profile in macrophages by z-score for all injury conditions. (C) Pathway 
analysis (KEGG 2019) of differentially upregulated (red) and downregulated (blue) genes in the Macrophage cell cluster. n = 2 biologically independent 

Figure 3 continued on next page

https://doi.org/10.7554/eLife.68457
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plots overlaid with the proliferation marker genes Mki67, Cdk1 and Top2a revealed expression mainly 
in one macrophage subtypes following SNC (~60%) and smaller clusters of proliferating cells after 
DRC (~20%), SCI (~14%) and in naive condition (~6%) (Figure 3F). Validation of the scRNAseq data 
by immunostaining of DRG sections with the macrophage-specific marker CD68 and the proliferation 
marker MKI67 further revealed a higher number of CD68 and MKI67-positive cells after SNC and a 
trend toward an increase after DRC (Figure 3G–I and Figure 3—source data 1). Higher magnification 
in sections demonstrates co-expression of MKI67 in CD68-positive cells (Figure 3G). Image quanti-
fication across all conditions demonstrated that 80 % of the MKI67 positive cells were also positive 
for CD68 (Figure 3J). Analysis of Mki67 expressing cells in the scRNAseq data revealed a majority of 
cells in the macrophage cluster, with highest abundance after SNC (82 % of cells), DRC and SCI (67 % 
of cells) (Figure 3K and L and Figure 3—source data 1). These results suggest that macrophages 
represent a large proportion of proliferating cells in the DRG after nerve injury. This is consistent 
with the recent observation that macrophage expansion after nerve injury in the DRG involves prolif-
eration (Yu et al., 2020). However, whether the proliferating macrophages originate from resident 
macrophages or from the infiltration of monocytes-derived macrophages remains to be determined. 
These results highlight that central and peripheral nerve injury differently affect gene expression in 
macrophages and that a better understanding of these responses may highlight their role in pain and 
nerve regeneration.

A subset of macrophages expressing glial markers is increased by 
injury
The macrophage cluster was classified in our scRNAseq analysis by differential expression of macro-
phage specific markers such as Cd68 and Aif1 (Figure  1—figure supplement 1D). However, a 
subcluster with 484  cells was classified as cluster 13 in an unbiased clustering (Figure  1—figure 
supplement 1B). Examination of expression of top marker genes in macrophage (Cd68) and SGC 
(Fabp7) revealed co-expression of both markers in cluster 13 (Figure 4A, red circle). Macrophages 
(orange cells) and SGC (green cells) clusters were then specifically plotted for expression of Cd68 and 
Fabp7, demonstrating that a subset of cells co-express macrophage and SGC markers (Figure 4B). 
This agrees with other studies reporting that SGC can express immune markers (Donegan et  al., 
2013; Huang et al., 2021; Jasmin et al., 2010; Mapps et al., 2021; van Velzen et al., 2009; van 
Weperen et al., 2021). Violin plots for Cd68 and Fabp7 expression across all cell types in the DRG 
further demonstrate that Cd68 and Fabp7 are highly expressed in cluster 13, which we named the 
‘Imoonglia’ cluster (Figure 4—figure supplement 1A). Violin plot of total counts in all cell clusters 
excluded the possibility that this cluster represents doublets or SGC phagocytosed by macrophages 
(Figure 4—figure supplement 1B). Dot plot analysis for expression of the macrophage marker genes 
Aif1, Cd68 and Cx3cr1 and the glia marker genes Fabp7, Cadh19, and Plp1, further support co-ex-
pression of both macrophage and SGC markers in the Imoonglia cluster (Figure 4C and Figure 4—
source data 1). A trajectory analysis further demonstrates that Imoonglia express a transcriptome 
that position them between SGC and macrophages (Figure 4D). To validate the scRNAseq results, 
which showed expression of macrophage/myeloid markers in the Imoonglia cells (Figure 4—figure 

experiments. (FDR ≤ 0.05, fold-change ≥ 2). (D) DRG qPCR analysis of DEG in macrophages after SNC compared to Naive. (E) Heatmap of M1, M2 
macrophage markers, selected cytokines and proliferation marker gene expression by z- score for all injury conditions. (F) t-SNE plots of mouse DRG 
macrophages colored by injury condition and t-SNE overlay for expression of proliferation marker genes in pooled macrophage cluster from all injury 
conditions. (G) Representative images of immunofluorescence staining of DRG sections labeled with CD68 (green), MKI67 (white) and TUJ1 (red) from 
naïve mice, SNC, DRC and SCI injuries n = 5 biologically independent animals. Scale bar: 50 µm. (H) Quantification of area with CD68 expressing cells. 
(I) Quantification of MKI67 expressing cells normalized to DAPI. (J) Quantification of the percentage of cells expressing both MKI67 and CD68 out of all 
MKI67 positive cells. n = 5 (NAI,SNC,DRC) and n = 4 (SCI) biologically independent animals. (H-J) One-way analysis of variance (ANOVA) followed by 
Bonferroni’s multiple comparisons test. Data are presented as mean values ± SD. (K) Plot of cells expressing Mki67, colored by cell type, for all injury 
conditions. Every dot represents one cell. (6< log gene counts). (L) Quantification of the percentage of cells expressing Mki67, colored by cell type, in all 
injury conditions.

The online version of this article includes the following figure supplement(s) for figure 3:

Source data 1. Source files for scRNAseq analysis; Macrophage markers in the macrophage cluster, DEG in macrophages (FDR ≤ 0.05, fold-change ≥ 2) 
and MkKi67 expression.

Figure 3 continued

https://doi.org/10.7554/eLife.68457
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Figure 4. A subset of macrophages expressing glial markers is increased by injury. (A) t-SNE plot of cells from all injury conditions overlay for expression 
of Cd68 (red) and Fabp7 (green). (B) Plotting cells in the macrophage (orange) and SGC (green) clusters for expression of Cd68 (y-axis) and Fabp7 (x-
axis). (C) Dot plot of macrophage, glial and progenitor marker genes expression in the macrophage, SGC and Imoonglia clusters. The percentage of 
cell expressing the gene is calculated as the number of cells in each cluster express the gene ( > 0 counts) divided by the total number of cells in the 
respective cluster. Expression in each cluster is calculated as mean expression of the gene relative to the highest mean expression of that gene across 
all clusters. (D) Trajectory analysis of macrophage, SGC and Imoonglia cell clusters. (E) Flow cytometry analysis of DRG cells from Fabp7creER:Sun1GFP 
mice, stained with the macrophage marker genes CD45, CD11b and F4/80 n = 2 (F4/80) n = 1 (CD45,CD11b,F4/80) biologically independent animals. 
(F) Representative confocal images of immunofluorescence staining of DRG sections labeled with CD68 (green) and FABP7 (magenta). Fluorescence 
intensity for CD68 and FABP7 was measured along the arrow line. Scale bar: 50 µm (G) Fraction of cells in the Imoonglia cluster by injury condition. n 
= 2 biologically independent experiments. (H) Venn diagram of differentially expressed genes in the Imoonglia cluster (1,097 genes) was compared to 

Figure 4 continued on next page

https://doi.org/10.7554/eLife.68457
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supplement 1E), we performed a flow cytometry experiment. We found that a subset of genet-
ically labeled SGC (Fabp7creER:Sun1GFP) (Avraham et  al., 2020) express the specific macrophage/
myeloid markers CD11B, F4/80 and CD45 (Figure  4E and Figure  4—source data 1). To further 
confirm the presence of this cell population, we performed co-immunostaining of DRG sections with 
CD68 and FABP7. We observed co-expression of both markers in a small population of cells with 
SGC morphology surrounding sensory neurons (Figure 4F upper, Video 1). Macrophages can also 
be located in close proximity to SGC (Figure 4F bottom), suggesting that their localization around 
sensory neurons can resemble SGC (Avraham et al., 2020; Hanani, 2005). Examination of the extent 
of the Imoonglia population in the DRG revealed that this is a rare population, representing ~1 % 
of all DRG cells (Figure  4G). Interestingly, the representation of Imoonglia in the DRG increased 
to ~2.5 % after both peripheral and central injuries (Figure 4G). t-SNE plot of Imoonglia cells revealed 
similar clustering across all conditions, suggesting similar gene expression that is not affected by injury 
(Figure 4—figure supplement 1C). We then pooled the Imoonglia cluster from all conditions and 
calculated the expression difference of each gene between that cluster and the average in the rest 
of the clusters ( > 1.5 -fold change p-value < 0.05). We then compared the genes uniquely expressed 
in Imoonglia (1097 genes) to macrophages (2469 genes) and SGC (2331 genes) (Figure 4—source 
data 1). This analysis revealed a higher similarity of Imoonglia cluster to macrophages (863 shared 
genes) than SGC (61 shared genes) (Figure 4H, Figure 4—source data 1). Imoonglia cells express 
many of the known macrophage/myeloid markers, Cd45, Cd206, Cd163, Cd14, Cd209, and Cd38 
(Figure 4—figure supplement 1E and Figure 4—source data 1), and, interestingly, also some of the 
glial linage progenitor markers Sox2, Dhh, and Foxd3 (Figure 4C). KEGG pathway analysis of unique 
Imoonglia genes (168) and macrophage genes (1600) reveals similarity in immune-related pathways 
such as antigen processing and presentation, phagosome and hematopoietic cell lineage, while the 
top expressed pathways in SGC (2265 genes) relate to steroid biosynthesis, peroxisome and fatty 
acid metabolism (Figure 4I). KEGG analysis of the shared Imoonglia/Macrophage genes (863) mainly 
represented immune pathways while the shared Imoonglia/SGC genes (61) was enriched for meta-
bolic pathways and cell adhesion (Figure 4—figure supplement 1D and Figure 4—source data 1). 
Together, our analysis supports the existence of cells with SGC morphology that express immune 
markers and provides a comprehensive characterization of this rare Imoonglia cell type.

SGC represent a diverse cell population
We next determined if SGC represent a diverse glial population in the DRG in naive conditions. 
We previously described that Fabp7 is a specific marker gene for SGC in DRG and that the FABP7 
protein is expressed in all SGC in the DRG (Figure 5A; Avraham et al., 2020). The DRG encom-
passes different types of sensory neurons such as nociceptors, mechanoreceptors, and proprioceptors 

(Renthal et al., 2020; Usoskin et al., 2015), with 
each type controlling a different sensory func-
tion. To determine if SGC also exist as different 
subtypes in DRG, we examined the expression of 
other known SGC markers, Cadh19, Kcnj10 and 
Glul (GS) in addition to Fabp7, by pooling naive 
SGC from our scRNAseq analysis. Fabp7 was 
expressed in over 90 % of SGC, whereas Cadh19, 
Kcnj10 and Glul expressed only in ~50 % of SGC 
(Figure 5B and C and Figure 5—source data 1). 
An unbiased clustering of SGC from naive DRG 
revealed four different subtypes with distribution 

top differentially expressed genes in the macrophage cluster (2,469 genes) and the SGC (2,331 genes) (FDR ≤ 0.05, fold-change ≥ 2). (I) Pathway analysis 
(KEGG 2019) of differentially expressed genes in Macrophages, Imoonglia and SGC.

The online version of this article includes the following figure supplement(s) for figure 4:

Source data 1. Source files for scRNAseq analysis, flow cytometry additional experiments.

Figure supplement 1. Imoonglia- a subset of macrophage expressing glia markers.

Figure 4 continued

Video 1. 3D video of Imoonglia Glia.

https://elifesciences.org/articles/68457/figures#video1

https://doi.org/10.7554/eLife.68457
https://elifesciences.org/articles/68457/figures#video1
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Figure 5. SGC represent a diverse cell population. (A) Representative images of immunofluorescence staining of DRG sections labeled with FABP7 
(green) and TUJ1 (magenta). n = 4 biologically independent animals. Scale bar: 100 µm, zoomed image: 50 µm (B) t-SNE overlay for expression of 
SGC marker genes in pooled SGC cluster from naïve mice. (C) Fraction of cells in the SGC cluster expressing the SGC marker genes Fabp7, Cadh19, 
Kcnj10, and Glul. (6< log gene counts). (D) t-SNE plot of SGC cluster colored by subclusters (unbiased, Graph based clustering) with quantification 

Figure 5 continued on next page

https://doi.org/10.7554/eLife.68457
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between 15% and 30% for each subcluster that are represented by unique sets of gene expression 
(Figure 5D and Figure 5—source data 1). Trajectory analysis of SGC subtypes indicates a path starting 
from cluster 3, to cluster 2, then cluster 1 and finally cluster 4, with the same transcriptional state in all 
subtypes (Figure 5E). Overlay of Pouf3f1, Gm13889, Aldh1l1, and Scn7a in t-SNE plots demonstrated 
cluster specific expression (Figure 5F). KEGG pathway analysis of each sub-cluster highlights distinct 
functions, with cluster 1 enriched for glycan biosynthesis and MAPK signaling, cluster 2 enriched 
for cytokine and IL-17 signaling, cluster 3 enriched for steroid biosynthesis and terpenoid backbone 
biosynthesis and cluster 4 enriched for ECM and cell adhesion pathways (Figure 5—figure supple-
ment 1).

To determine if a given subtype is associated with a specific neuronal subtype, we examined expres-
sion of cluster 3 specific gene Aldh1l1 using the Aldh1l1::Rpl10a-Egfp reporter mouse (Doyle et al., 
2008). Although Scn7a appeared to be the most cluster-specific gene marker, it is also expressed 
in neurons, impairing the precise examination of its cellular localization. Aldh1l1 is typically used to 
label all astrocytes in the CNS and we found that Aldh1l1 drove expression of Rpl10a-Egfp in a subset 
of SGC, consistent with the single cell data (Figure 5G). Rpl10a-Egfp expression was detected in 
SGC surrounding both TRKA positive nociceptor neurons and TRKA negative neurons (Figure 5G), 
suggesting that cluster 3 SGC are not specifically associated to a given neuronal subtype. Our results 
are also consistent with the recent finding that Aldh1l1::Rpl10a-Egfp mice express Egfp in a subset 
of SGC (Rabah et al., 2020). We next compared each SGC subcluster with astrocytes (Zhang et al., 
2014), myelinating Schwann cells and non-myelinating Schwann cells (Wolbert et al., 2020). Cluster 
3, which expresses the astrocyte marker Aldh1l1 shares the most genes with astrocytes such as Glul, 
Kcnj10, and Slc1a3 (Glast) (Figure 5H, Figure 5—figure supplement 1). Cluster 4, which is highly 
enriched for Scn7a (Figure 5F), shares more similarities with myelinated Schwann cells, consistent 
with the expression of Scn7a in myelinating Schwann cells (Watanabe et al., 2002; Figure 5I). Clus-
ters 1 and 2 represent the most unique SGC subtypes (Figure 5H,I). Interestingly, some SGC express 
the proliferation marker Mki67 in naive DRGs (Figure 3K and L and Figure 3—source data 1), with 
specific enrichment in cluster 4 (Figure 5J). Whether the SGC subtypes represent functionally distinct 
populations remains to be determined.

A distinct SGC cluster appears in response to peripheral nerve injury
We previously revealed the contribution of SGC to axon regeneration (Avraham et al., 2020). To 
determine if the different regenerative capacities after peripheral or central injury result in part from 
different responses in SGC, we examined the SGC responses to SCI and DRC compared to SNC. Sepa-
rate clusters emerged in SGC after SNC and DRC injuries but were similar in naïve and SCI conditions 
(Figure 6A). We next determined if the four sub clusters identified in naive conditions (Figure 5D) are 
changing following the different injuries. An unbiased clustering of SGC in all conditions recognized 
seven different sub clusters, in which clusters 1–4 represent the four clusters found in naive condi-
tions (Figure 6B, Figure 6—source data 1 and Figure 5—source data 1). The percentage of cells in 
clusters 2 and 5 remained largely unchanged after the different injuries, whereas the percentage of 
cells in cluster 1, 4, 6, and 7 were up regulated by injury conditions (Figure 6C). After SNC, cluster 
1 (blue) decreased, whereas cluster 6 (light blue) emerged and accounted for 40 % of all SGC. In 
contrast, SGC after SCI showed a decrease in cluster 4 (green), with cluster 7 appearing specifically 
after SCI (pink). Dot plot analysis further supports sub-cluster changes in SGC following different 
injuries, revealing the percentage of cells in each cluster together with the level of expression of 

of the fraction of cells in the different SGC subclusters out of total number of naïve SGC. (E) Trajectory analysis of SGC subclusters. (F) t-SNE overlay 
for expression of top differentially expressed genes in SGC subclusters. (G) Representative images of immunofluorescence staining of DRG sections 
from Aldh1l1::Rpl10a-Egfp mice (green) labeled with TUJ1 (magenta) and TRKA (cyan). n = 4 biologically independent animals. Scale bar 50 µm (H) 
Venn diagram comparing signature genes in SGC subclusters and astrocytes. (I) Venn diagrams comparing signature genes in SGC subclusters with 
myelinating (mySC) and non-myelinating (nmSC) Schwann cells markers. (J) Violin plot for expression of Mki67 across SGC subclusters.

The online version of this article includes the following figure supplement(s) for figure 5:

Source data 1. Source files for scRNAseq analysis; SGC marker genes expression, DEG in SGC subclusters (FDR ≤ 0.05, fold-change ≥2), Astrocytes and 
Schwann cells.

Figure supplement 1. Unique enriched pathways of SGC subclusters.

Figure 5 continued

https://doi.org/10.7554/eLife.68457
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Figure 6. A distinct SGC cluster appears in response to peripheral nerve injury. (A) t-SNE plot of pooled SGC from naïve and injured mice, colored 
by injury condition. (B) t-SNE plot of pooled SGC from naïve and injured mice, colored by unbiased clustering. (C) Quantification of the fraction of 
cells for each subcluster in the different injury conditions. (D) Dot plot of SGC subclusters representation in the different injury conditions by z-score. 
The percentage of cells in a subcluster is divided by the total number of cells in the respective condition. (E) Heatmap of the number of differentially 
regulated genes in each SGC subcluster and injury condition (FDR ≤ 0.05, fold-change ≥ 2). (F) t-SNE plots of pooled SGC colored by unbiased 
clustering, separated by injury condition. (G) t-SNE plots overlay for Gfap expression (blue), separated by injury condition. (H) Representative images 

Figure 6 continued on next page

https://doi.org/10.7554/eLife.68457
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cluster-specific genes (Figure 6D). Analysis of DE genes for every subcluster in each injury condition 
revealed that the majority of gene expression changes occurred following SNC in all subclusters, 
with the highest changes in subcluster 4 (FDR ≤ 0.05, fold-change ≥2) (Figure 6E, Figure 6—source 
data 1). GFAP is a known marker of injured SGC (Christie et al., 2015; Woodham et al., 1989; Xie 
et al., 2009) and GFAP expression was observed in cluster 6 after SNC, but also after DRC in clusters 
2, 3, and 4 (Figure 6F and G). Immunostaining in DRG sections confirmed that ~ 25 % of neurons in 
both SNC and DRC conditions were surrounded by GFAP expressing SGC, with no changes after SCI 
(Figure 6H,I and Figure 6—source data 1). These results suggest that GFAP expression is a marker 
for SGC injury but does not entirely relate to the different axon regenerative capabilities in periph-
eral nerve and dorsal root. We next performed GO and KEGG pathway analysis of cluster six marker 
genes, which revealed enrichment for pathways involved in axon regeneration, calcium signaling 
pathway, and mineral absorption (Figure 6J and Figure 6—source data 1). To further characterize 
the unique cluster 6 marker genes induced by SNC, we performed a transcription factor binding site 
analysis, which revealed enrichment for Rest, Trp53, Rad21, Ctcf, and Zeb1 (Figure 6K). We next 
used STRING to determine the functional protein interaction of these transcription factors and found 
that the transcription repressor CTCF was highly associated with RAD21 and p53, less with ZEB1 and 
not at all with REST (Figure 6L). Zeb1 is known to control epithelial to mesenchymal transition (EMT) 
leading to a more plastic state (Zhang et al., 2015), while Rest is involved in the signaling pathways 
regulating pluripotency (Singh et al., 2008), suggesting that cluster 6 adopts a more plastic state after 
SNC that might play a role in nerve regeneration.

Activation of PPARα with fenofibrate increases axon regeneration after 
dorsal root crush
We recently revealed that PPARα signaling downstream of FASN in SGC promotes axon regeneration 
after peripheral neve injury (Avraham et al., 2020). To determine the overall biological differences 
in SGC responses to peripheral and central injuries we examined the up and downregulated biolog-
ical processes and signaling pathways enriched in pooled SGC in each injury condition (Figure 7A, 
Figure 7—figure supplement 1A and Figure 7—source data 1). Following nerve crush, SGC upregu-
late processes involving macrophage chemotaxis and migration, with upregulation of the genes Ccl5, 
Dock8, Cmklr1 and Lbp, that might assist in the macrophage expansion in the DRG (Figure 7—figure 
supplement 1A,B and Figure  7—source data 1). In contrast, after DRC, SGC upregulate genes 
involve in negative regulation of axon extension and guidance and negative regulation of chemotaxis 
(Figure 7—figure supplement 1A and Figure 7—source data 1), which might relate, in part, to the 
slow axonal regeneration following DRC. After SCI, SGC upregulate genes involved in ECM assembly, 
myelination and chemical synaptic transmission (Figure  7—figure supplement 1A). In agreement 
with our recent studies (Avraham et al., 2020), KEGG pathway analysis indicate that SGC upregu-
late fatty acid biosynthesis and PPARα signaling pathway after SNC, with upregulation of the PPARα 
target genes Hmgcs2 and Scd1 (Figure 7A and B). However, none of these pathways were enriched 
after DRC and PPARα signaling was downregulated after SCI (Figure 7A). Plotting all cells expressing 
PPARα revealed enriched expression in the SGC cluster across all injury conditions, with the highest 
distribution in SGC subclusters 2 , 3 and 6 (Figure 7C and D and Figure 7—source data 1). Addition-
ally, PPARα target genes were also enriched in the SGC cluster (Avraham et al., 2020 and Figure 7—
figure supplement 1C).

of immunofluorescence staining of DRG sections labeled for GFAP (green) and TUJ1 (magenta) from naïve, SNC, DRC, and SCI conditions. n = 3 
biologically independent animals. Scale bar: 100 µm (I) Quantification of the percentage of neurons with GFAP (green) positive SGC around them 
out of all TUJ1-positive neurons (magenta). n = 3 biologically independent animals. One-way analysis of variance (ANOVA) followed by Bonferroni’s 
multiple comparisons test. Data are presented as mean values ± SEM (J) Enriched signaling pathways (GO Molecular Function and KEGG 2019) for top 
differentially expressed genes in subcluster 6. (K) Enriched TF (ENCODE and ChEA) in top differentially expressed genes in subcluster 6. (L) Protein-
protein interaction of top TF expressed in subcluster 6 (STRING).

The online version of this article includes the following figure supplement(s) for figure 6:

Source data 1. Source files for scRNAseq analysis; SGC subtypes injury marker genes, DEG in SGC subclusters in all injuries (FDR ≤ 0.05, fold-
change ≥2), cluster distribution.

Figure 6 continued

https://doi.org/10.7554/eLife.68457
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Figure 7. Activation of PPARα with fenofibrate increases axon regeneration after dorsal root crush. (A) Enriched signaling pathways (KEGG 2019) of 
differentially upregulated (red) and downregulated (blue) genes in the SGC cluster. n = 2 biologically independent experiments. (FDR ≤ 0.05, fold-
change ≥ 2). (B) Violin plots for expression of PPARα target genes Hmgcs2 and Scd1 across all injuries. (C) Plot of Pparα expressing cells across all injury 
conditions. (D) Plot of Pparα expressing cells in SGC subclusters across all injury conditions. (E) Representative longitudinal sections of dorsal roots 
3 days after injury from mice fed with fenofibrate or control diet, stained for SCG10. Arrows indicate the crush site, Scale Bar: 100 µm. (F) Length of the 
longest 10 axons was measured in 10 sections for each nerve. Unpaired t-test. n = 10 (control diet) and n = 8 (Fenofibrate diet) biologically independent 
animals. Data are presented as mean values ± SD (G) Regeneration index was measured as SGC10 intensity normalized to the crush site. Two-way 
ANOVA followed by Bonferroni’s multiple comparisons test. n = 10 (control diet) and n = 8 (Fenofibrate diet) biologically independent animals. Data are 
presented as mean values ± SEM.

The online version of this article includes the following figure supplement(s) for figure 7:

Source data 1. Source files for scRNAseq analysis; DEG in SGC (FDR ≤ 0.05, fold-change ≥ 2), PPARαexpression in all cell types.

Figure supplement 1. Distinct response of SGC to peripheral vs. central injuries.

https://doi.org/10.7554/eLife.68457
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We previously showed that the specific PPARα agonist fenofibrate, an FDA-approved drug used to 
treat dyslipidemia with minimal activity toward PPARγ (Kim et al., 2016; Rosenson, 2008), upregu-
lated PPARα target genes in the DRG and rescued the impaired axon growth in mice lacking fatty acid 
synthase in SGC (Avraham et al., 2020). Since SGC do not activate PPARα after DRC (Figure 7A), a 
model in which axonal growth occurs at about half the rate of peripheral axons (Oblinger and Lasek, 
1984; Wujek and Lasek, 1983), we tested if fenofibrate treatment improved axon regeneration after 
DRC. Mice were fed with fenofibrate or control diet for 2 weeks as described (Avraham et al., 2020) 
and then underwent DRC injury. We measured the extent of axon regeneration past the injury site 
three days later by labeling dorsal root sections with SCG10, a marker for regenerating axons (Shin 
et al., 2014; Figure 7E). The crush site was determined according to highest SCG10 intensity along 
the nerve. First, we measured the length of the 10 longest axons, which reflect the extent of axon 
elongation, regardless of the number of axons that regenerate (Figure 7F). Second, we measured a 
regeneration index by normalizing the average SCG10 intensity at distances away from the crush site 
to the SCG10 intensity at the crush site (Figure 7G). This measure takes into accounts both the length 
and the number of regenerating axons past the crush site. Both measurement methods revealed 
improved regeneration in mice treated with fenofibrate compared to control diet (Figure 7F and G 
and Figure 7—source data 1). These results indicate that the lack of PPARα signaling in SGC after 
central axon injury contributes to the decreased regenerative ability. Whether PPARα activation could 
also promote axon entry passed the dorsal root entry zone and improve axon regeneration of dorsal 
column axons after SCI remains to be determined. This study provides a map of the distinct DRG 
microenvironment responses to peripheral and central injuries at the single-cell level and highlights 
that manipulating SGC in the DRG could lead to avenues to promote functional recovery after CNS 
injuries.

Discussion
Our unbiased single-cell approach fills a critical gap in knowledge for the field and enables in depth 
characterization of the molecular profile of cells comprising the neuronal microenvironment in the 
DRG following acute peripheral and central injuries. Our analysis demonstrates major, yet distinct 
molecular changes in non-neuronal cells in response to peripheral nerve injury and dorsal root injury, 
with more limited responses after SCI. It is possible that the percent of DRG neurons lesioned under 
any injury paradigms may impact the injury response of the microenvironment. Nonetheless, all three 
injury paradigms are widely used models to study the mechanisms promoting axon regeneration. Our 
study highlights that manipulating non-neuronal cells could lead to avenues to promote functional 
recovery after CNS injuries or disease.

In endothelial cells, pericytes, Schwann cells, macrophages and SGC, gene expression changes 
were the largest after peripheral injury, but also occurred after dorsal root crush and spinal cord 
injury. How non-neuronal cells in the DRG sense a distant axon injury remains poorly understood. 
The mechanisms underlying SGC responses to nerve injury were proposed to depend on early spon-
taneous activity in injured neurons as well as retrograde signaling and direct bidirectional communi-
cation (Christie et al., 2015; Xie et al., 2009). DLK was shown to be important for retrograde injury 
signaling in sensory neurons (Shin et al., 2019), but whether DLK also regulate SGC response to injury 
remains to be determined. Macrophages have been proposed to respond to chemokines expressed 
by injured neurons such as CCL2 for their recruitment to the DRG after nerve injury (Niemi et al., 
2016; Niemi et al., 2013) and DLK was shown to regulate the expression of cytokines such as CCL2 
in neurons (Hu et al., 2019). Injured sensory neurons also express colony-stimulating factor 1 (CSF1) 
in a DLK-dependent manner (Guan et al., 2016; Wlaschin et al., 2018), which could contribute to 
recruit CSF1R expressing macrophages to the DRG. Whether DLK activity in neurons regulate commu-
nication to immune cells directly or via SGC will require further investigations. Our observation that 
SGC express CCL5 after nerve injury suggests that SGC may contribute to recruit macrophages to 
the DRG.

The breakdown of the BNB in response to nerve damage can lead to neuronal dysfunction and 
contribute to the development of neuropathy (Richner et al., 2018). While the impact of physical 
nerve damage or disease state such as diabetic neuropathy on the BNB are being studied (Richner 
et al., 2018), whether and how nerve injury affect the BNB in the sensory ganglion is not known. BNB 
leakage can give blood derived molecules direct access to sensory neurons and promote infiltration of 
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inflammatory cells to engage inflammatory responses. Our results suggest that endothelial cells and 
pericytes respond differently to peripheral and central injuries, with alteration in expression of tight 
junction related genes, potentially underlying changes in BNB permeability. Similar to the situation 
in the nerve, Schwann cells and potentially macrophages may secrete factors such as VEGF and cyto-
kines, altering endothelial cell function. Sympathetic innervation of blood vessels in the DRG following 
nerve injury, which depends in part on IL-6 signaling, may also underlie the changes observed in endo-
thelial cells (Ramer and Bisby, 1998a; Ramer et al., 1998c).

In the injured nerve, Schwann cells guide regenerating axons to support distal innervation (Gomez-
Sanchez et  al., 2017; Jessen and Mirsky, 2016). To accomplish these regenerative functions, 
Schwann cells are reprogrammed to a repair state, which relies in part on the transition from an 
epithelial fate to a more plastic mesenchymal fate (Arthur-Farraj et al., 2017; Clements et al., 2017). 
Our studies highlight that away from the injury site in the DRG, Schwann cells respond to injury in part 
by regulating the hippo pathway, a central pathway in cellular growth and plasticity (Yu and Guan, 
2013; Zhao et al., 2011). The transcription factor Yap, which is regulated by the hippo pathway, is 
upregulated after nerve injury but downregulated after both central injuries. The Nf2-Yap signaling 
was shown to play important roles in controlling the expansion of DRG progenitors and glia during 
DRG development (Serinagaoglu et al., 2015). These results suggest that Schwann cells in the DRG 
respond differently to distant peripheral and central axon injuries, and that central axon injury may 
limit their plasticity. Prior studies demonstrated that glial overexpression of NGF enhances neuro-
pathic pain and adrenergic sprouting into DRG following chronic sciatic constriction in mice (Ramer 
et al., 1998b). Since Ngf is downregulated in Schwann cell after all injuries, Schwann cells in the DRG 
may regulate pain and adrenergic sprouting after injury.

Macrophages are known to regulate regenerative responses. In the nerve, macrophages function 
primarily to assist Schwann cells for debris clearance. Nerve resident macrophages in naive conditions 
share features with CNS microglia (Wang et al., 2020; Ydens et al., 2020). In the injured nerve, resi-
dent macrophages represent only a small subset that secretes chemoattractants to recruit circulating 
monocytes-derived macrophages (Ydens et al., 2020). These recruited monocytes-derived macro-
phages express Arg1 and represent the main macrophage population guiding nerve repair (Ydens 
et al., 2020). In the naive DRG, we found that resident macrophages share similar properties with 
endoneurial macrophages in the nerve. However, Arg1 expression is only observed after dorsal root 
crush and not after peripheral nerve injury or SCI. The increase in cell cycle marker after nerve injury 
suggest that the increase in macrophage numbers in the DRG results largely from macrophage prolif-
eration. The increase in IL-6, which has been associated with nerve regeneration (Cafferty et  al., 
2004; Cao et al., 2006), is associated only with nerve injury and not central injuries. Immune cells in 
the DRG may thus not follow a strict classification and complex subtypes exist in naive conditions that 
are differentially regulated by peripheral and central axon injury.

Our data also unravels the existence of a small proportion of cells that share expression of macro-
phage and glial genes, which we named Imoonglia. These cells increase in number after all injuries. 
Previous studies suggested that after injury some macrophages penetrate into the space between 
SGC and neurons (Hu and McLachlan, 2002). Several other studies interpreted the co-localization 
of SGC and immune markers as evidence that a subset of SGC express an immune cell character 
in human (van Velzen et al., 2009), rat (Donegan et al., 2013; Jasmin et al., 2010), mice (Huang 
et al., 2021), and canine ganglion (Huang et al., 2021). Interestingly, rat SGC express CD45, but 
unlike in humans, the CD45-positive cells were only present after nerve injury (Jasmin et al., 2010). 
Recent scRNAseq studies further support the presence of a populations of SGC enriched in immune-
response genes (Mapps et al., 2021; van Weperen et al., 2021). Whether immune cells move to a 
peri-neuronal position and become Imoonglia or whether SGCs transition from a progenitor state to 
acquire an immune signature in stressful condition such as after nerve injury remains to be tested. Our 
single-cell profiling, flow cytometry, and immunofluorescence data suggest that Imoonglia represent 
a specific cell type that is increased after injury and share the spatial arrangement of SGC surrounding 
sensory neurons. This may be similar to astrocytes in the CNS, which in addition to their homeostatic 
functions can undergo an inflammatory transcriptional transition following inflammation after acute 
insults like stroke (Zamanian et al., 2012), spinal cord injury (Karimi-Abdolrezaee and Billakanti, 
2012), and systemic inflammation (Hasel et al., 2021). It is tempting to speculate that Imoonglia may 
function in immune surveillance in the DRG and specifically in the case of viral infection. Indeed, SGC 
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were suggested to restrict the local diffusion of viruses such as herpes simplex virus, varicella zoster 
virus, HIV-1 and haemagglutinating encephalomyelitis virus, which belongs to the coronavirus family 
(Hanani and Spray, 2020).

SGC have been previously characterized as a neural crest derived uniform glial population that 
plays a major role in pain (Hanani and Spray, 2020). Our single cell analysis reveals that SGC do not 
represent a uniform population but that several subtypes exist. In addition to the Imoonglia discussed 
above, we identified four SGC clusters in naive conditions and up to seven clusters after injury. The 
enrichment of different biological pathways in each cluster suggest that they each have a specialized 
function. Cluster 3 shares the most similarities with astrocytes and is enriched for PPARα signaling and 
fatty acid biosynthesis. Cluster 1 and 2 represent the most unique SGC subtypes. Interestingly, cluster 
1 is enriched for calcium signaling pathway, which in SGC is known to play a role in pain (Hanani 
and Spray, 2020). It will be important to determine in future studies whether the most unique SGC 
subtypes (cluster 1 and 2) surround specific neuronal subtypes, or if a mosaic organization exists, with 
different SGC surrounding the same neuron. The appearance of a specific cluster (cluster 6) after 
nerve injury suggest that this cluster plays an essential role in nerve injury responses. Cluster six is also 
enriched for the transcription factor REST, which in astrocyte regulates gliosecretion (Prada et al., 
2011). Transcription factor binding site analysis of genes in cluster 6 revealed enrichment for the EMT 
gene Zeb1. EMT is often linked to increased plasticity and stem cell activation during tissue regener-
ation, suggesting that cluster 6 is related to plasticity of SGC.

In neurons, axonal PPARγ contributes to the pro-regenerative response after axon injury (Lezana 
et al., 2016) and our recent study suggest that FASN may generate ligands for PPARγ in neurons 
(Ewan et al., 2021). We recently demonstrated that in SGC, FASN is required for the activation of 
PPARα and that PPARα signaling promote axon regeneration in adult peripheral nerves (Avraham 
et al., 2020). Here, we showed that this PPARα signaling pathway is not activated in SGC after injury 
to centrally projecting axons (SCI and DRC). Further, we demonstrate that the FDA approved PPARα 
agonist fenofibrate increased axon regeneration in the dorsal root, a model of poor sensory axon 
regeneration. In our previous study, we showed that removing the enzyme FASN, which is upstream 
of PPARα activation, specifically in SGC, decreases axon growth in the sciatic nerve (Avraham et al., 
2020). Altogether, these findings suggest that the lack of PPARα activation after DRC contributes to 
the low regeneration rates of axons in the dorsal root and provide insights into the translational poten-
tial of fenofibrate. Indeed, fenofibrate is used clinically to treat lipid disorders, and has unexpect-
edly been shown in clinical trials to have neuroprotective effects in diabetic retinopathy (Bogdanov 
et al., 2015; Moreno and Cerù, 2015) and in traumatic brain injury (Chen et al., 2007). In mice, 
fenofibrate was shown to modestly increase tissue sparing following spinal contusion injury (Almad 
et al., 2011). The neuroprotective role of fenofibrate was also recently observed in a mouse model 
of paclitaxel chemotherapy-induced peripheral neuropathy (Caillaud et al., 2021). The enrichment 
of biological pathways related to PPARα signaling are largely conserved between rodent and human 
SGC (Avraham et al., 2021). Together, these findings support the notion that PPARα activation is 
a promising therapeutics for neurologic disease and CNS injury (Mandrekar-Colucci et al., 2013). 
The transcriptional profiling of SGC in response to peripheral and central axon injury highlights that 
manipulating non-neuronal cells could lead to avenues to treat CNS injuries.

Materials and methods

 Continued on next page

Key resources table 

Reagent type (species) 
or resource Designation

Source or 
reference Identifiers Additional information

Strain, strain background 
(mice, C57Bl/6) Sun1-sfGFP-myc Mo et al., 2015

R26-CAG-LSL-Sun1-sfGFP-
myc from Dr. Harrison Gabel

Strain, strain background 
(M. musculus, C57Bl/6) Actl6bCre

Zhan et al., 
2015 from Dr. Harrison Gabel

Strain, strain background 
(M. musculus, C57Bl/6) Fabp7creER

Maruoka et al., 
2011 from Dr. Toshihiko Hosoya
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Reagent type (species) 
or resource Designation

Source or 
reference Identifiers Additional information

Strain, strain background 
(M. musculus, C57Bl/6) Aldh1l1::Rpl10a-Egfp

Doyle et al., 
2008

B6;FVB-Tg(Aldh1l1-EGFP/
Rpl10a) JD130Htz/J from Dr. Joseph Dougherty.

Antibody
Rabbit polyclonal anti Glial 
Fibrillary Acidic Protein Agilent Cat# Z033429-2 IF (1:500)

Antibody
Rabbit polyclonal anti Fatty 
acid binding protein 7

Thermo Fisher 
Scientific

Cat# PA5-24949, 
RRID:AB_2542449 IF (1:1000)

Antibody
Rabbit polyclonal anti 
STMN2/ SCG10 Novus

Cat# NBP1-49461, 
RRID:AB_10011569 IF (1:1000)

Antibody
Mouse monoclonal anti 
Tubulin beta-3 chain BioLegend

Cat# 802001, 
RRID:AB_291637 IF (1:1000)

Antibody Rabbit polyclonal anti MKI67 Abcam cat# ab15580 IF (1:500)

Antibody Mouse monoclonal anti CD68 Bio-Rad
Cat# MCA1957 
clone;FA-11 IF (1:1000)

Antibody
Rat monoclonal anti EMR1/
F4/80-PE eBioscience Cat# 5010786 FC (1:1000)

Antibody
Mouse Recombinant anti 
CD16/CD32 Biolegend

Cat# 158,302 Clone 
QA17A34 FC (1:50)

Antibody
Rat monoclonal anti EMR1/ 
F4/80-BV605 Biolegend Cat# 123,133 Clone BM8 FC (1:200)

Antibody
Rat monoclonal anti CD11b/
ITGAM-PerCP-Cy5.5 Biolegend Cat# 101,228 Clone M1/70 FC (1:200)

Antibody
Rat monoclonal anti CD45-
BV750 BD Biosciences Cat# 746,947 Clone 30-F11 FC (1:200)

Sequence-based reagent Rpl13a Forward PrimerBank
PCR primer ID 
334688867c2 ​AGCC​TACC​AGAA​AGTT​TGCTTAC

Sequence-based reagent
Rpl13a
Reverse PrimerBank

PCR primer ID 
334688867c2 ​GCTT​CTTC​TTCC​GATA​GTGCATC

Sequence-based reagent
Cd74
Forward PrimerBank PCR primer ID 13097486a1 ​AGTGCGACGAGAACGGTAAC

Sequence-based reagent
Cd74
Reverse PrimerBank PCR primer ID 13097486a1 CGTTGGGGAACACACACCA

Sequence-based reagent
H2-Aa
Forward PrimerBank PCR primer ID 31981716a1 ​TCAG​TCGC​AGAC​GGTG​TTTAT

Sequence-based reagent
H2-Aa
Reverse PrimerBank PCR primer ID 31981716a1 GGGGGCTGGAATCTCAGGT

Sequence-based reagent
Ctss
Forward PrimerBank PCR primer ID 10946582a1 ​CCAT​TGGG​ATCT​CTGG​AAGAAAA

Sequence-based reagent
Ctss
Reverse PrimerBank PCR primer ID 10946582a1 ​TCAT​GCCC​ACTT​GGTA​GGTAT

Sequence-based reagent Ccl2 Forward PrimerBank PCR primer ID 6755430a1 ​TTAA​AAAC​CTGG​ATCG​GAACCAA

Sequence-based reagent Ccl2 Reverse PrimerBank PCR primer ID 6755430a1 ​GCAT​TAGC​TTCA​GATT​TACGGGT

Sequence-based reagent Il1b Forward PrimerBank PCR primer ID 6680415a1 ​GCAA​CTGT​TCCT​GAAC​TCAACT

Sequence-based reagent Il1b Reverse PrimerBank PCR primer ID 6680415a1 ​ATCT​TTTG​GGGT​CCGT​CAACT

Sequence-based reagent Tnf Forward PrimerBank PCR primer ID 7305585a1 ​CCCT​CACA​CTCA​GATC​ATCTTCT

Sequence-based reagent Tnf Reverse PrimerBank PCR primer ID 7305585a1 GCTACGACGTGGGCTACAG

Sequence-based reagent Mki67 Forward PrimerBank PCR primer ID 1177528a1 ​ATCA​TTGA​CCGC​TCCT​TTAGGT

 Continued

 Continued on next page
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Reagent type (species) 
or resource Designation

Source or 
reference Identifiers Additional information

Sequence-based reagent Mki67 Reverse PrimerBank PCR primer ID 1177528a1 GCTCGCCTTGATGGTTCCT

Commercial assay or kit
High Capacity cDNA Reverse 
Transcription kit

Applied 
Biosystems Cat# 4368814

Commercial assay or kit Gel Bead and Library Kit 10 x Genomics GemCode Single-Cell 3′

Chemical compound, drug
Lycopersicon esculentum 
(tomato) lectin Vector lab Cat# DL-1178–1 100 ul

Chemical compound, drug Trizol Thermo Fisher Cat #15596026

Chemical compound, drug Tamoxifen Envigo Teklad TD.130858 Chow pellet 500 mg per kg

Chemical compound, drug Fenofibrate Envigo Teklad Sigma Cat# F6020 Chow pellet 0.2%

Chemical compound, drug
PowerUp SYBR Green master 
mix Thermo Fisher Cat #a25742

Software, algorithm Partek Flow Partek Build version 9.0.20.0417

Software, algorithm Nikon-NIS Elements Nikon Version 4.60

Software, algorithm Prism GraphPad Prism8

Software, algorithm Fiji ImageJ

Software, algorithm FlowJo Tree Star

 Continued

Animals and procedures
All animals were approved by the Washington University School of Medicine Institutional Animal Care 
and Use Committee (IACUC) under protocol A3381-01. All experiments were performed in accor-
dance with the relevant guidelines and regulations. All experimental protocols involving mice were 
approved by Washington University School of Medicine (protocol #20180128). Mice were housed and 
cared for in the Washington University School of Medicine animal care facility. This facility is accredited 
by the Association for Assessment & Accreditation of Laboratory Animal Care (AALAC) and conforms 
to the PHS guidelines for Animal Care. Accreditation - 7/18/97, USDA Accreditation: Registration # 
43 R-008.

During surgery, 8- to 12  -week-old female C57Bl/6  mice were anesthetized using 2  % inhaled 
isoflurane. Sciatic nerve injuries were performed as previously described (Avraham et al., 2020; Cho 
et al., 2015; Cho et al., 2013). Briefly, the sciatic nerve was exposed with a small skin incision (~1 cm) 
and crushed for 5 s using #55 forceps. The wound was closed using wound clips and injured L4 and 
L5 dorsal root ganglia were dissected at the indicated time post-surgery. Contralateral DRG served 
as uninjured control. For spinal cord injury (SCI), a small midline skin incision (~1 cm) was made over 
the thoracic vertebrae at T9−T10, the paraspinal muscles freed, and the vertebral column stabilized 
with metal clamps placed under the T9/10 transverse processes. Dorsal laminectomy at T9/10 was 
performed with laminectomy forceps, the dura removed with fine forceps, and the dorsal column 
transversely cut using fine iridectomy scissors. Dorsal root injury was performed similarly as SCI, 
except that procedures were performed at the L2-L3 vertebral level, and fine forceps used to crush 
the right L4 and L5 dorsal roots for 5 s.

L4 and L5 roots are in close proximity anatomically hence both roots were crushed simultaneously 
where the distance from the crush site to L4 DRG is 4–5 mm and 7–8 mm to L5 DRG. During dorsal 
root crush, the roots are forcefully squeezed causing the disruption of nerve fibers without inter-
rupting the endoneurial tube.

Mouse strains
Eight- to 12 -week-old male and female mice were used for all experiments, except for scRNAseq 
experiment, where only C57Bl/6 females were used. The Sun1-sfGFP-myc (INTACT mice: R26-CAG-
LSL-Sun1-sfGFP-myc) (Mo et al., 2015), and Actl6bCre (Baf53b) (Zhan et al., 2015) was a generous gift 
from Dr. Harrison Gabel. The Aldh1l1::Rpl10a-Egfp transgenic line (B6;FVB-Tg(Aldh1l1-EGFP/Rpl10a)
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JD130Htz/J) (Doyle et al., 2008) was a generous gift from Dr. Joseph Dougherty. The Fabp7creER trans-
genic line (Maruoka et al., 2011) was a generous gift from Dr. Toshihiko Hosoya.

Single-cell RNAseq
L4 and L5 DRG’s from mice 8–12 weeks old were collected into cold Hank’s balanced salt solution 
(HBSS) with 5 % Hepes, then transferred to warm Papain solution and incubated for 20 min in 37 °C. 
DRG’s were washed in HBSS and incubated with Collagenase for 20  min in 37  °C. Ganglia were 
then mechanically dissociated to a single-cell suspension by triturating in culture medium (Neurobasal 
medium), with Glutamax, PenStrep and B-27. Cells were washed in HBSS+ Hepes + 0.1% BSA solu-
tion, passed through a 70 micron cell strainer. Hoechst dye was added to distinguish live cells from 
debris and cells were FACS sorted using MoFlo HTS with Cyclone (Beckman Coulter, Indianapolis, 
IN). Sorted cells were washed in HBSS+ Hepes + 0.1% BSA solution and manually counted using a 
hemocytometer. Solution was adjusted to a concentration of 500 cell/microliter and loaded on the 
10  X Chromium system. Single-cell RNA-Seq libraries were prepared using GemCode Single-Cell 
3′ Gel Bead and Library Kit (10 x Genomics). A digital expression matrix was obtained using 10 X’s 
CellRanger pipeline (Washington University Genome Technology Access Center). Quantification and 
statistical analysis were done with the Partek Flow package (Build version 9.0.20.0417).

Filtering criteria: Low-quality cells and potential doublets were filtered out from analysis using the 
following parameters; total reads per cell: 600–15,000, expressed genes per cell: 500–4000, mito-
chondrial reads <10%. A noise reduction was applied to remove low expressing genes ≤ 1 count. 
Counts were normalized and presented in logarithmic scale in CPM (count per million) approach. 
An unbiased clustering (graph-based clustering) was done and presented as t-SNE (t-distributed 
stochastic neighbor embedding) plot, using a dimensional reduction algorithm that shows groups 
of similar cells as clusters on a scatter plot. Differential gene expression analysis performed using an 
ANOVA model; a gene is considered differentially-expressed (DE) if it has an FDR ≤ 0.05 and a fold-
change ≥2. The data was subsequently analyzed for enrichment of GO terms and the KEGG pathways 
using Partek flow pathway analysis.

A differential trajectory map of single cells was performed using ‘Monocle2’ with standard setting. 
The algorithm orders a set of individual cells along a path / trajectory / lineage and assign a pseudo-
time value to each cell that represents where the cell is along that path. This method facilitates the 
discovery of genes that identify certain subtypes of cells, or that mark intermediate states during a 
biological process as well as bifurcate between two alternative cellular fates. Partek was also used to 
generate figures for t-SNE, scatter plot and trajectory analysis representing gene expression.

Cell-cell interaction analysis was performed based on CellPhoneDB repository (v2.1.6),which was 
developed for human, the mouse genes were converted to human genes first. Statistical iterations 
were set at 1,000 and gene expressed by less than 10 % of cells in the cluster were removed. Network 
visualization was performed with Cytoscape (v3.8.2) using the identified significant interactions 
between the clusters.

Flow cytometry
Ganglia were enzymatically and mechanically dissociated to a single-cell suspension as described 
above. For neuronal detection, hoechst dye was added to distinguish live cells from debris. Cells were 
analyzed on a Attune NxT flow cytometer (ThermoFisher Scientific). For Imoonglia detection, single 
cell suspensions were incubated for 15 min at 4 °C in Zombie NIR Fixable viability dye (Biolegend) 
diluted 1:500 in PBS, centrifuged at 420 x g for 5 min and resuspended in anti-CD16/CD32 (Fc Block; 
Biolegend) diluted 1:50 in FACS buffer (PBS with 2 % BSA and 1 mM EDTA) for five minutes at 4 °C 
to block Fc receptors. Cells were then incubated with F4/80-BV605, CD11b-PerCP-Cy5.5, and CD45-
BV750 antibodies (all 1:200 dilution) for 10 min at room temperature in FACS buffer, centrifuged at 
420 x g for 5 min and resuspended in FACS buffer. Samples were run on a Cytek Aurora spectral 
cytometer (Cytek). Data was analyzed using FlowJo software (Tree Star).

TEM
Mice were perfused with 2.5 % glutaraldehyde with 4 % paraformaldehyde in 0.1 M Cacodylate buffer, 
followed by post fix. A secondary fix was done with 1 % osmium tetroxide. For Transmission electron 
microscopy (TEM), tissue was dehydrated with ethanol and embedded with spurr’s resin. Thin sections 
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(70 nm) were mounted on mesh grids and stained with 8 % uranyl acetate followed by Sato’s lead 
stain. Sections were imaged on a Jeol (JEM-1400) electron microscope and acquired with an AMT 
V601 digital camera. (Washington University Center for Cellular Imaging).

RNA isolation and quantitative PCR
DRG and nerves were lysed and total RNA was extracted using Trizol reagent (Thermo Fisher, Cat 
#15596026). Next, RNA concentration was determined using a NanoDrop 2000 (Thermo Fisher Scien-
tific). First strand synthesis was then performed using the High Capacity cDNA Reverse Transcription 
kit (Applied Biosystems). Quantitative PCR was performed using PowerUp SYBR Green master mix 
(Thermo Fisher, Cat #a25742) using 5 ng of cDNA per reaction. Plates were run on a QuantStudio 6 
Flex and analyzed in Microsoft Excel. The average Ct value from three technical replicates was aver-
aged normalized to the internal control Rpl13a. All primer sequences were obtained from PrimerBank 
(Harvard) and product size validated using agarose gel electrophoresis.

Tissue preparation and immunohistochemistry
After isolation of either dorsal root or DRG, tissue was fixed using 4 % paraformaldehyde for 1 hr at 
room temperature. Tissue was then washed in PBS and cryoprotected using 30 % sucrose solution at 
4 C overnight. Next, the tissue was embedded in O.C.T., frozen, and mounted for cryosectioning. All 
frozen sections were cut to a width of 10 µm for subsequent staining. For immunostaining of DRG and 
nerve sections, slides were washed 3 x in PBS and then blocked in solution containing 10 % goat serum 
in 0.2 % Triton-PBS for 1 hr. Next, sections were incubated overnight in blocking solution containing 
primary antibody. The next day, sections were washed 3 x with PBS and then incubated in a blocking 
solution containing a secondary antibody for 1 hr at room temperature. Finally, sections were washed 
3  x with PBS and mounted using ProLong Gold antifade (Thermo Fisher Scientific). Images were 
acquired at 10 x or 20 x using a Nikon TE2000E inverted microscope and images were analyzed using 
Nikon Elements. Antibodies were as follow: SCG10/Stmn2 (1:1000; Novus catalog #NBP1-49461, 
RRID:AB_10011569), Tubb3/βIII tubulin antibody (BioLegend catalog #802001, RRID:AB_291637), 
Fabp7 (Thermo Fisher Scientific Cat# PA5-24949, RRID:AB_2542449), MKI67 (Abcam cat# ab15580), 
CD68 (Bio-Rad Cat# MCA1957 clone;FA-11), GFAP (Agilent, Cat# Z033429-2). Stained sections with 
only secondary antibodies were used as controls. For Lectin injection, mice were deeply anesthetized 
by 1.5 % isoflurane. A total of 100 µl of Lycopersicon esculentum (tomato) lectin (vector lab; Cata-
log#DL-1178–1) was used per mouse by injection into the tail vein. Mice were sacrificed after 20 min 
of injection. Samples were collected following the procedure described above.  m thickness of DRG 
cryosections were used for immunofluorescence staining and image was captured under LSM880 
confocal microscope.

Data collection and analyses
Data collection and analyses were performed blind to the conditions of the experiments. Single-cell 
RNAseq analysis was performed in an unbiased manner using established algorithms.

Quantification and statistical analysis
Quantifications were performed by a blinded experimenter to injury type and treatment. Fiji (ImageJ) 
analysis software was used for immunohistochemistry images quantifications. Nikon Elements analysis 
software was used to trace regenerating axons in the dorsal root sections. Statistics was performed 
using GraphPad (Prism8) for t-test and one/two-way ANOVA followed by Bonferroni’s multiple 
comparisons test. Error bars indicate the standard error of the mean (SEM). Heatmaps were calculated 
as fold change of normalized counts compared to naive or as z-scores. The formula for calculating 
z-score used z = (x-μ)/σ, where x is the expression of the gene in all cells for each condition, μ is the 
sample mean of the gene in all conditions, and σ is the sample standard deviation in all conditions. 
Sample was calculated as the average expression of cells in each condition.

Acknowledgements
We thank members of the Cavalli lab for valuable discussions. We thank Mayssa Mokalled for helpful 
discussion and comments on glial cells and spinal cord injury. We thank Jonathan Kipnis for construc-
tive discussions and precious help with flow cytometry. We thank Harrison Gabel for his generous gift 

https://doi.org/10.7554/eLife.68457
https://identifiers.org/RRID/RRID:AB_10011569
https://identifiers.org/RRID/RRID:AB_291637
https://identifiers.org/RRID/RRID:AB_2542449


 Tools and resources﻿﻿﻿﻿﻿ Neuroscience

Avraham et al. eLife 2021;0:e68457. DOI: https://​doi.​org/​10.​7554/​eLife.​68457 � 24 of 30

of the Baf53b-cre mouse line and Joseph Dougherty for providing the Aldh1l1::Rpl10a-Egfp trans-
genic line. We gratefully acknowledge Greg Strout, Ross Kossina and Dr. James Fitzpatrick from the 
Washington University Center for Cellular Imaging (WUCCI), which is supported in part by Wash-
ington University School of Medicine, The Children’s Discovery Institute of Washington University, and 
St. Louis Children’s Hospital (CDI-CORE-2015–505 and CDI-CORE-2019–813) and the Foundation 
for Barnes-Jewish Hospital (3770) for assistance in acquiring and interpreting Transmission Electron 
Microscopy (TEM) data. We thank the Bioinformatics Research Core for CellPhone DB analysis. We 
also thank Anushree Seth and Madison Mack in association with InPrint for illustration in Figure 1d. 
This work was funded in part by a post-doctoral fellowship from The McDonnell Center for Cellular 
and Molecular Neurobiology to OA, by The McDonnell Center for Cellular and Molecular Neurobi-
ology, NIH grant R35 NS122260, R01 NS111719 and R21 NS115492 to V.C.

Additional information

Funding

Funder Grant reference number Author

National Institute of 
Neurological Disorders 
and Stroke

NS111719 Valeria Cavalli

National Institute of 
Neurological Disorders 
and Stroke

NS115492 Valeria Cavalli

National Institute of 
Neurological Disorders 
and Stroke

NS122260 Valeria Cavalli

The McDonnell Center 
for Cellular and Molecular 
Neurobiology

Valeria Cavalli
Oshri Avraham

The funders had no role in study design, data collection and interpretation, or the 
decision to submit the work for publication.

Author contributions
Oshri Avraham, Conceptualization, Data curation, Formal analysis, Methodology, Validation, Writing 
– original draft, Writing – review and editing, Investigation; Rui Feng, Formal analysis, Methodology, 
Software, Validation, Visualization, Conceptualization, Investigation; Eric Edward Ewan, Concep-
tualization, Investigation, Methodology; Justin Rustenhoven, Conceptualization, Formal analysis, 
Methodology; Guoyan Zhao, Data curation, Methodology, Resources, Software; Valeria Cavalli, 
Conceptualization, Funding acquisition, Project administration, Supervision, Writing – original draft, 
Writing – review and editing

Author ORCIDs
Guoyan Zhao ‍ ‍ http://​orcid.​org/​0000-​0001-​5615-​6774
Valeria Cavalli ‍ ‍ http://​orcid.​org/​0000-​0001-​9978-​050X

Ethics
All animals were approved by the Washington University School of Medicine Institutional Animal Care 
and Use Committee (IACUC) under protocol A3381-01. All experiments were performed in accor-
dance with the relevant guidelines and regulations. All experimental protocols involving mice were 
approved by Washington University School of Medicine (protocol #20180128). Mice were housed and 
cared for in the Washington University School of Medicine animal care facility. This facility is accredited 
by the Association for Assessment & Accreditation of Laboratory Animal Care (AALAC) and conforms 
to the PHS guidelines for Animal Care. Accreditation - 7/18/97, USDA Accreditation: Registration # 
43-R-008.

https://doi.org/10.7554/eLife.68457
http://orcid.org/0000-0001-5615-6774
http://orcid.org/0000-0001-9978-050X


 Tools and resources﻿﻿﻿﻿﻿ Neuroscience

Avraham et al. eLife 2021;0:e68457. DOI: https://​doi.​org/​10.​7554/​eLife.​68457 � 25 of 30

Decision letter and Author response
Decision letter https://​doi.​org/​10.​7554/​68457.​sa1
Author response https://​doi.​org/​10.​7554/​68457.​sa2

Additional files
Supplementary files
•  Transparent reporting form 

Data availability
The raw Fastq files and the processed filtered count matrix for scRNA sequencing were deposited 
at the NCBI GEO database under the accession number GSE158892. Processed data are also avail-
able for visualization and download at https://​mouse-​drg-​injury.​cells.​ucsc.​edu/. Data analysis and 
processing was performed using commercial code from Partek Flow package at https://www.​partek.​
com/​partek-​flow/.

References
Almad A, Lash AT, Wei P, Lovett-Racke AE, McTigue DM. 2011. The PPAR alpha agonist gemfibrozil is an 

ineffective treatment for spinal cord injured mice. Experimental Neurology 232: 309–317. DOI: https://​doi.​org/​
10.​1016/​j.​expneurol.​2011.​09.​023, PMID: 21963672

Arthur-Farraj PJ, Morgan CC, Adamowicz M, Gomez-Sanchez JA, Fazal SV, Beucher A, Razzaghi B, Mirsky R, 
Jessen KR, Aitman TJ. 2017. Changes in the Coding and Non-coding Transcriptome and DNA Methylome that 
Define the Schwann Cell Repair Phenotype after Nerve Injury. Cell Reports 20: 2719–2734. DOI: https://​doi.​
org/​10.​1016/​j.​celrep.​2017.​08.​064, PMID: 28903050

Attwell CL, van Zwieten M, Verhaagen J, Mason MRJ. 2018. The dorsal column lesion model of spinal cord injury 
and its use in deciphering the neuron-intrinsic injury response. Developmental Neurobiology 78: 926–951. DOI: 
https://​doi.​org/​10.​1002/​dneu.​22601, PMID: 29717546

Avraham O, Deng P-Y, Jones S, Kuruvilla R, Semenkovich CF, Klyachko VA, Cavalli V. 2020. Satellite glial cells 
promote regenerative growth in sensory neurons. Nature Communications 11: 4891. DOI: https://​doi.​org/​10.​
1038/​s41467-​020-​18642-​y, PMID: 32994417

Avraham O, Chamessian A, Feng R, Halevi AE, Moore AM, Gereau RW, Cavalli V. 2021. Profiling the molecular 
signature of satellite glial cells at the single cell level reveals high similarities between rodent and human. 
bioRxiv. DOI: https://​doi.​org/​10.​1101/​2021.​04.​17.​440274

Bogdanov P, Hernández C, Corraliza L, Carvalho AR, Simó R. 2015. Effect of fenofibrate on retinal 
neurodegeneration in an experimental model of type 2 diabetes. Acta Diabetologica 52: 113–122. DOI: 
https://​doi.​org/​10.​1007/​s00592-​014-​0610-​2, PMID: 25029994

Broude E, McAtee M, Kelley MS, Bregman BS. 1997. C-jun expression in adult rat dorsal root ganglion neurons: 
Differential response after central or peripheral axotomy. Experimental Neurology 148: 367–377. DOI: https://​
doi.​org/​10.​1006/​exnr.​1997.​6665, PMID: 9398479

Cafferty WBJ, Gardiner NJ, Das P, Qiu J, McMahon SB, Thompson SWN. 2004. Conditioning injury-induced 
spinal axon regeneration fails in interleukin-6 knock-out mice. The Journal of Neuroscience 24: 4432–4443. 
DOI: https://​doi.​org/​10.​1523/​JNEUROSCI.​2245-​02.​2004, PMID: 15128857

Caillaud M, Patel NH, White A, Wood M, Contreras KM, Toma W, Alkhlaif Y, Roberts JL, Tran TH, Jackson AB, 
Poklis J, Gewirtz DA, Damaj MI. 2021. Targeting Peroxisome Proliferator-Activated Receptor-α (PPAR- α) to 
reduce paclitaxel-induced peripheral neuropathy. Brain, Behavior, and Immunity 93: 172–185. DOI: https://​doi.​
org/​10.​1016/​j.​bbi.​2021.​01.​004, PMID: 33434562

Cao Z, Gao Y, Bryson JB, Hou J, Chaudhry N, Siddiq M, Martinez J, Spencer T, Carmel J, Hart RB, Filbin MT. 
2006. The cytokine interleukin-6 is sufficient but not necessary to mimic the peripheral conditioning lesion 
effect on axonal growth. The Journal of Neuroscience 26: 5565–5573. DOI: https://​doi.​org/​10.​1523/​
JNEUROSCI.​0815-​06.​2006, PMID: 16707807

Chan JR, Watkins TA, Cosgaya JM, Zhang C, Chen L, Reichardt LF, Shooter EM, Barres BA. 2004. NGF controls 
axonal receptivity to myelination by schwann cells or oligodendrocytes. Neuron 43: 183–191. DOI: https://​doi.​
org/​10.​1016/​j.​neuron.​2004.​06.​024, PMID: 15260955

Chandran V, Coppola G, Nawabi H, Omura T, Versano R, Huebner EA, Zhang A, Costigan M, Yekkirala A, 
Barrett L, Blesch A, Michaelevski I, Davis-Turak J, Gao F, Langfelder P, Horvath S, He Z, Benowitz L, 
Fainzilber M, Tuszynski M, et al. 2016. A systems-level analysis of the peripheral nerve intrinsic axonal growth 
program. Neuron 89: 956–970. DOI: https://​doi.​org/​10.​1016/​j.​neuron.​2016.​01.​034, PMID: 26898779

Chen XR, Besson VC, Palmier B, Garcia Y, Plotkine M, Marchand-Leroux C. 2007. Neurological recovery-
promoting, anti-inflammatory, and anti-oxidative effects afforded by fenofibrate, a PPAR alpha agonist, in 
traumatic brain injury. Journal of Neurotrauma 24: 1119–1131. DOI: https://​doi.​org/​10.​1089/​neu.​2006.​0216, 
PMID: 17610352

https://doi.org/10.7554/eLife.68457
https://doi.org/10.7554/68457.sa1
https://doi.org/10.7554/68457.sa2
https://mouse-drg-injury.cells.ucsc.edu/
https://www.partek.com/partek-flow/
https://www.partek.com/partek-flow/
https://doi.org/10.1016/j.expneurol.2011.09.023
https://doi.org/10.1016/j.expneurol.2011.09.023
http://www.ncbi.nlm.nih.gov/pubmed/21963672
https://doi.org/10.1016/j.celrep.2017.08.064
https://doi.org/10.1016/j.celrep.2017.08.064
http://www.ncbi.nlm.nih.gov/pubmed/28903050
https://doi.org/10.1002/dneu.22601
http://www.ncbi.nlm.nih.gov/pubmed/29717546
https://doi.org/10.1038/s41467-020-18642-y
https://doi.org/10.1038/s41467-020-18642-y
http://www.ncbi.nlm.nih.gov/pubmed/32994417
https://doi.org/10.1101/2021.04.17.440274
https://doi.org/10.1007/s00592-014-0610-2
http://www.ncbi.nlm.nih.gov/pubmed/25029994
https://doi.org/10.1006/exnr.1997.6665
https://doi.org/10.1006/exnr.1997.6665
http://www.ncbi.nlm.nih.gov/pubmed/9398479
https://doi.org/10.1523/JNEUROSCI.2245-02.2004
http://www.ncbi.nlm.nih.gov/pubmed/15128857
https://doi.org/10.1016/j.bbi.2021.01.004
https://doi.org/10.1016/j.bbi.2021.01.004
http://www.ncbi.nlm.nih.gov/pubmed/33434562
https://doi.org/10.1523/JNEUROSCI.0815-06.2006
https://doi.org/10.1523/JNEUROSCI.0815-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16707807
https://doi.org/10.1016/j.neuron.2004.06.024
https://doi.org/10.1016/j.neuron.2004.06.024
http://www.ncbi.nlm.nih.gov/pubmed/15260955
https://doi.org/10.1016/j.neuron.2016.01.034
http://www.ncbi.nlm.nih.gov/pubmed/26898779
https://doi.org/10.1089/neu.2006.0216
http://www.ncbi.nlm.nih.gov/pubmed/17610352


 Tools and resources﻿﻿﻿﻿﻿ Neuroscience

Avraham et al. eLife 2021;0:e68457. DOI: https://​doi.​org/​10.​7554/​eLife.​68457 � 26 of 30

Cho Y, Sloutsky R, Naegle KM, Cavalli V. 2013. Injury-induced HDAC5 nuclear export is essential for axon 
regeneration. Cell 155: 894–908. DOI: https://​doi.​org/​10.​1016/​j.​cell.​2013.​10.​004, PMID: 24209626

Cho Y, Shin JE, Ewan EE, Oh YM, Pita-Thomas W, Cavalli V. 2015. Activating Injury-Responsive Genes with 
Hypoxia Enhances Axon Regeneration through Neuronal HIF-1α. Neuron 88: 720–734. DOI: https://​doi.​org/​10.​
1016/​j.​neuron.​2015.​09.​050, PMID: 26526390

Christie K, Koshy D, Cheng C, Guo G, Martinez JA, Duraikannu A, Zochodne DW. 2015. Intraganglionic 
interactions between satellite cells and adult sensory neurons. Molecular and Cellular Neurosciences 67: 1–12. 
DOI: https://​doi.​org/​10.​1016/​j.​mcn.​2015.​05.​001, PMID: 25979201

Clements MP, Byrne E, Camarillo Guerrero LF, Cattin AL, Zakka L, Ashraf A, Burden JJ, Khadayate S, Lloyd AC, 
Marguerat S, Parrinello S. 2017. The wound microenvironment reprograms Schwann cells to invasive 
mesenchymal-like cells to drive peripheral nerve regeneration. Neuron 96: 98–114. DOI: https://​doi.​org/​10.​
1016/​j.​neuron.​2017.​09.​008, PMID: 28957681

Donegan M, Kernisant M, Cua C, Jasmin L, Ohara PT. 2013. Satellite glial cell proliferation in the trigeminal 
ganglia after chronic constriction injury of the infraorbital nerve. Glia 61: 2000–2008. DOI: https://​doi.​org/​10.​
1002/​glia.​22571, PMID: 24123473

Doyle JP, Dougherty JD, Heiman M, Schmidt EF, Stevens TR, Ma G, Bupp S, Shrestha P, Shah RD, Doughty ML, 
Gong S, Greengard P, Heintz N. 2008. Application of a translational profiling approach for the comparative 
analysis of CNS cell types. Cell 135: 749–762. DOI: https://​doi.​org/​10.​1016/​j.​cell.​2008.​10.​029, PMID: 19013282

Ewan EE, Avraham O, Carlin D, Gonçalves TM, Zhao G, Cavalli V. 2021. Ascending dorsal column sensory 
neurons respond to spinal cord injury and downregulate genes related to lipid metabolism. Scientific Reports 
11: 374. DOI: https://​doi.​org/​10.​1038/​s41598-​020-​79624-​0, PMID: 33431991

Fagoe ND, van Heest J, Verhaagen J. 2014. Spinal cord injury and the neuron-intrinsic regeneration-associated 
gene program. Neuromolecular Medicine 16: 799–813. DOI: https://​doi.​org/​10.​1007/​s12017-​014-​8329-​3, 
PMID: 25269879

Gomez-Sanchez JA, Pilch KS, van der Lans M, Fazal SV, Benito C, Wagstaff LJ, Mirsky R, Jessen KR. 2017. After 
nerve injury, lineage tracing shows that myelin and Remak Schwann cells elongate extensively and branch to 
form repair Schwann cells, which shorten radically on remyelination. The Journal of Neuroscience 37: 9086–
9099. DOI: https://​doi.​org/​10.​1523/​JNEUROSCI.​1453-​17.​2017, PMID: 28904214

Guan Z, Kuhn JA, Wang X, Colquitt B, Solorzano C, Vaman S, Guan AK, Evans-Reinsch Z, Braz J, Devor M, 
Abboud-Werner SL, Lanier LL, Lomvardas S, Basbaum AI. 2016. Injured sensory neuron-derived csf1 induces 
microglial proliferation and dap12-dependent pain. Nature Neuroscience 19: 94–101. DOI: https://​doi.​org/​10.​
1038/​nn.​4189, PMID: 26642091

Hanani M. 2005. Satellite glial cells in sensory ganglia: From form to function. Brain Research. Brain Research 
Reviews 48: 457–476. DOI: https://​doi.​org/​10.​1016/​j.​brainresrev.​2004.​09.​001, PMID: 15914252

Hanani M, Spray DC. 2020. Emerging importance of satellite glia in nervous system function and dysfunction. 
Nature Reviews. Neuroscience 21: 485–498. DOI: https://​doi.​org/​10.​1038/​s41583-​020-​0333-​z, PMID: 
32699292

Hasel P, Rose IVL, Sadick JS, Kim RD, Liddelow SA. 2021. Neuroinflammatory astrocyte subtypes in the mouse 
brain. Nature Neuroscience 1: 6. DOI: https://​doi.​org/​10.​1038/​s41593-​021-​00905-​6, PMID: 34413515

Hashimoto M, Ishii K, Nakamura Y, Watabe K, Kohsaka S, Akazawa C. 2008. Neuroprotective effect of sonic 
hedgehog up-regulated in Schwann cells following sciatic nerve injury. Journal of Neurochemistry 107: 
918–927. DOI: https://​doi.​org/​10.​1111/​j.​1471-​4159.​2008.​05666.​x, PMID: 18786173

He Z, Jin Y. 2016. Intrinsic control of axon regeneration. Neuron 90: 437–451. DOI: https://​doi.​org/​10.​1016/​j.​
neuron.​2016.​04.​022, PMID: 27151637

Hirakawa H, Okajima S, Nagaoka T, Kubo T, Takamatsu T, Oyamada M. 2004. Regional differences in blood-
nerve barrier function and tight-junction protein expression within the rat dorsal root ganglion. Neuroreport 
15: 405–408. DOI: https://​doi.​org/​10.​1097/​00001756-​200403010-​00004, PMID: 15094492

Hu P, McLachlan EM. 2002. Macrophage and lymphocyte invasion of dorsal root ganglia after peripheral nerve 
lesions in the rat. Neuroscience 112: 23–38. DOI: https://​doi.​org/​10.​1016/​s0306-​4522(​02)​00065-​9, PMID: 
12044469

Hu Z, Deng N, Liu K, Zeng W. 2019. DLK mediates the neuronal intrinsic immune response and regulates glial 
reaction and neuropathic pain. Experimental Neurology 322: e113056. DOI: https://​doi.​org/​10.​1016/​j.​
expneurol.​2019.​113056, PMID: 31494101

Huang WL, Robson D, Liu MC, King VR, Averill S, Shortland PJ, Priestley JV. 2006. Spinal cord compression and 
dorsal root injury cause up-regulation of activating transcription factor-3 in large-diameter dorsal root ganglion 
neurons. The European Journal of Neuroscience 23: 273–278. DOI: https://​doi.​org/​10.​1111/​j.​1460-​9568.​2005.​
04530.​x, PMID: 16420436

Huang B, Zdora I, de Buhr N, Lehmbecker A, Baumgärtner W, Leitzen E. 2021. Phenotypical peculiarities and 
species-specific differences of canine and murine satellite glial cells of spinal ganglia. Journal of Cellular and 
Molecular Medicine 25: 6909–6924. DOI: https://​doi.​org/​10.​1111/​jcmm.​16701, PMID: 34096171

Jasmin L, Vit JP, Bhargava A, Ohara PT. 2010. Can satellite glial cells be therapeutic targets for pain control? 
Neuron Glia Biology 6: 63–71. DOI: https://​doi.​org/​10.​1017/​S1740925X10000098, PMID: 20566001

Jessen KR, Mirsky R. 2016. The repair Schwann cell and its function in regenerating nerves. The Journal of 
Physiology 594: 3521–3531. DOI: https://​doi.​org/​10.​1113/​JP270874, PMID: 26864683

Jessen KR, Arthur-Farraj P. 2019. Repair schwann cell update: Adaptive reprogramming, EMT, and stemness in 
regenerating nerves. Glia 67: 421–437. DOI: https://​doi.​org/​10.​1002/​glia.​23532, PMID: 30632639

https://doi.org/10.7554/eLife.68457
https://doi.org/10.1016/j.cell.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24209626
https://doi.org/10.1016/j.neuron.2015.09.050
https://doi.org/10.1016/j.neuron.2015.09.050
http://www.ncbi.nlm.nih.gov/pubmed/26526390
https://doi.org/10.1016/j.mcn.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/25979201
https://doi.org/10.1016/j.neuron.2017.09.008
https://doi.org/10.1016/j.neuron.2017.09.008
http://www.ncbi.nlm.nih.gov/pubmed/28957681
https://doi.org/10.1002/glia.22571
https://doi.org/10.1002/glia.22571
http://www.ncbi.nlm.nih.gov/pubmed/24123473
https://doi.org/10.1016/j.cell.2008.10.029
http://www.ncbi.nlm.nih.gov/pubmed/19013282
https://doi.org/10.1038/s41598-020-79624-0
http://www.ncbi.nlm.nih.gov/pubmed/33431991
https://doi.org/10.1007/s12017-014-8329-3
http://www.ncbi.nlm.nih.gov/pubmed/25269879
https://doi.org/10.1523/JNEUROSCI.1453-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/28904214
https://doi.org/10.1038/nn.4189
https://doi.org/10.1038/nn.4189
http://www.ncbi.nlm.nih.gov/pubmed/26642091
https://doi.org/10.1016/j.brainresrev.2004.09.001
http://www.ncbi.nlm.nih.gov/pubmed/15914252
https://doi.org/10.1038/s41583-020-0333-z
http://www.ncbi.nlm.nih.gov/pubmed/32699292
https://doi.org/10.1038/s41593-021-00905-6
http://www.ncbi.nlm.nih.gov/pubmed/34413515
https://doi.org/10.1111/j.1471-4159.2008.05666.x
http://www.ncbi.nlm.nih.gov/pubmed/18786173
https://doi.org/10.1016/j.neuron.2016.04.022
https://doi.org/10.1016/j.neuron.2016.04.022
http://www.ncbi.nlm.nih.gov/pubmed/27151637
https://doi.org/10.1097/00001756-200403010-00004
http://www.ncbi.nlm.nih.gov/pubmed/15094492
https://doi.org/10.1016/s0306-4522(02)00065-9
http://www.ncbi.nlm.nih.gov/pubmed/12044469
https://doi.org/10.1016/j.expneurol.2019.113056
https://doi.org/10.1016/j.expneurol.2019.113056
http://www.ncbi.nlm.nih.gov/pubmed/31494101
https://doi.org/10.1111/j.1460-9568.2005.04530.x
https://doi.org/10.1111/j.1460-9568.2005.04530.x
http://www.ncbi.nlm.nih.gov/pubmed/16420436
https://doi.org/10.1111/jcmm.16701
http://www.ncbi.nlm.nih.gov/pubmed/34096171
https://doi.org/10.1017/S1740925X10000098
http://www.ncbi.nlm.nih.gov/pubmed/20566001
https://doi.org/10.1113/JP270874
http://www.ncbi.nlm.nih.gov/pubmed/26864683
https://doi.org/10.1002/glia.23532
http://www.ncbi.nlm.nih.gov/pubmed/30632639


 Tools and resources﻿﻿﻿﻿﻿ Neuroscience

Avraham et al. eLife 2021;0:e68457. DOI: https://​doi.​org/​10.​7554/​eLife.​68457 � 27 of 30

Jimenez-Andrade JM, Herrera MB, Ghilardi JR, Vardanyan M, Melemedjian OK, Mantyh PW. 2008. 
Vascularization of the dorsal root ganglia and peripheral nerve of the mouse: Implications for chemical-induced 
peripheral sensory neuropathies. Molecular Pain 4: 10. DOI: https://​doi.​org/​10.​1186/​1744-​8069-​4-​10, PMID: 
18353190

Karimi-Abdolrezaee S, Billakanti R. 2012. Reactive astrogliosis after spinal cord injury-beneficial and detrimental 
effects. Molecular Neurobiology 46: 251–264. DOI: https://​doi.​org/​10.​1007/​s12035-​012-​8287-​4, PMID: 
22684804

Kiernan JA. 1996. Vascular permeability in the peripheral autonomic and somatic nervous systems: Controversial 
aspects and comparisons with the blood-brain barrier. Microscopy Research and Technique 35: 122–136. DOI: 
https://​doi.​org/​10.​1002/(​SICI)​1097-​0029(​19961001)​35:2<122::AID-JEMT3>3.0.CO;2-S, PMID: 8923447

Kim EN, Lim JH, Kim MY, Kim HW, Park CW, Chang YS, Choi BS. 2016. PPARα agonist, fenofibrate, ameliorates 
age-related renal injury. Experimental Gerontology 81: 42–50. DOI: https://​doi.​org/​10.​1016/​j.​exger.​2016.​04.​
021, PMID: 27130813

Komori T, Morikawa Y, Inada T, Hisaoka T, Senba E. 2011. Site-specific subtypes of macrophages recruited after 
peripheral nerve injury. Neuroreport 22: 911–917. DOI: https://​doi.​org/​10.​1097/​WNR.​0b013e32834cd76a, 
PMID: 21979425

Kwon MJ, Kim J, Shin H, Jeong SR, Kang YM, Choi JY, Hwang DH, Kim BG. 2013. Contribution of macrophages 
to enhanced regenerative capacity of dorsal root ganglia sensory neurons by conditioning injury. The Journal of 
Neuroscience 33: 15095–15108. DOI: https://​doi.​org/​10.​1523/​JNEUROSCI.​0278-​13.​2013, PMID: 24048840

Laedermann CJ, Pertin M, Suter MR, Decosterd I. 2014. Voltage-gated sodium channel expression in mouse 
DRG after SNI leads to re-evaluation of projections of injured fibers. Molecular Pain 10: 19. DOI: https://​doi.​
org/​10.​1186/​1744-​8069-​10-​19, PMID: 24618114

Lezana JP, Dagan SY, Robinson A, Goldstein RS, Fainzilber M, Bronfman FC, Bronfman M. 2016. Axonal PPARγ 
promotes neuronal regeneration after injury. Developmental Neurobiology 76: 688–701. DOI: https://​doi.​org/​
10.​1002/​dneu.​22353, PMID: 26446277

Lim TKY, Shi XQ, Martin HC, Huang H, Luheshi G, Rivest S, Zhang J. 2014. Blood-nerve barrier dysfunction 
contributes to the generation of neuropathic pain and allows targeting of injured nerves for pain relief. Pain 
155: 954–967. DOI: https://​doi.​org/​10.​1016/​j.​pain.​2014.​01.​026, PMID: 24502843

Lindborg JA, Niemi JP, Howarth MA, Liu KW, Moore CZ, Mahajan D, Zigmond RE. 2018. Molecular and cellular 
identification of the immune response in peripheral ganglia following nerve injury. Journal of 
Neuroinflammation 15: 192. DOI: https://​doi.​org/​10.​1186/​s12974-​018-​1222-​5, PMID: 29945607

Mahar M, Cavalli V. 2018. Intrinsic mechanisms of neuronal axon regeneration. Nature Reviews. Neuroscience 
19: 323–337. DOI: https://​doi.​org/​10.​1038/​s41583-​018-​0001-​8, PMID: 29666508

Mandrekar-Colucci S, Sauerbeck A, Popovich PG, McTigue DM. 2013. PPAR agonists as therapeutics for cns 
trauma and neurological diseases. ASN Neuro 5: e00129. DOI: https://​doi.​org/​10.​1042/​AN20130030, PMID: 
24215544

Mapps A, Thomsen M, Boehm E, Zhao H, Hattar S, Kuruvilla R. 2021. Diversity of Satellite Glia in Sympathetic 
and Sensory Ganglia. bioRxiv. DOI: https://​doi.​org/​10.​1101/​2021.​05.​25.​445647

Martinez JA, Kobayashi M, Krishnan A, Webber C, Christie K, Guo G, Singh V, Zochodne DW. 2015. Intrinsic 
facilitation of adult peripheral nerve regeneration by the Sonic Hedgehog morphogen. Experimental 
Neurology 271: 493–505. DOI: https://​doi.​org/​10.​1016/​j.​expneurol.​2015.​07.​018, PMID: 26210874

Maruoka H, Kubota K, Kurokawa R, Tsuruno S, Hosoya T. 2011. Periodic organization of a major subtype of 
pyramidal neurons in neocortical layer v. The Journal of Neuroscience 31: 18522–18542. DOI: https://​doi.​org/​
10.​1523/​JNEUROSCI.​3117-​11.​2011, PMID: 22171052

Mellick RS, Cavanagh JB. 1968. Changes in blood vessel permeability during degeneration and regeneration in 
peripheral nerves. Brain 91: 141–160. DOI: https://​doi.​org/​10.​1093/​brain/​91.​1.​141, PMID: 4296122

Mo A, Mukamel EA, Davis FP, Luo C, Henry GL, Picard S, Urich MA, Nery JR, Sejnowski TJ, Lister R, Eddy SR, 
Ecker JR, Nathans J. 2015. Epigenomic signatures of neuronal diversity in the mammalian brain. Neuron 86: 
1369–1384. DOI: https://​doi.​org/​10.​1016/​j.​neuron.​2015.​05.​018, PMID: 26087164

Moreno S, Cerù MP. 2015. In search for novel strategies towards neuroprotection and neuroregeneration: is 
PPARα a promising therapeutic target? Neural Regeneration Research 10: 1409–1412. DOI: https://​doi.​org/​10.​
4103/​1673-​5374.​165313, PMID: 26604898

Napoli I, Noon LA, Ribeiro S, Kerai AP, Parrinello S, Rosenberg LH, Collins MJ, Harrisingh MC, White IJ, 
Woodhoo A, Lloyd AC. 2012. A central role for the erk-signaling pathway in controlling schwann cell plasticity 
and peripheral nerve regeneration in vivo. Neuron 73: 729–742. DOI: https://​doi.​org/​10.​1016/​j.​neuron.​2011.​
11.​031, PMID: 22365547

Niemi JP, DeFrancesco-Lisowitz A, Roldán-Hernández L, Lindborg JA, Mandell D, Zigmond RE. 2013. A critical 
role for macrophages near axotomized neuronal cell bodies in stimulating nerve regeneration. The Journal of 
Neuroscience 33: 16236-48. DOI: https://​doi.​org/​10.​1523/​JNEUROSCI.​3319-​12.​2013, PMID: 24107955

Niemi JP, DeFrancesco-Lisowitz A, Cregg JM, Howarth M, Zigmond RE. 2016. Overexpression of the monocyte 
chemokine ccl2 in dorsal root ganglion neurons causes a conditioning-like increase in neurite outgrowth and 
does so via a stat3 dependent mechanism. Experimental Neurology 275 Pt 1: 25–37. DOI: https://​doi.​org/​10.​
1016/​j.​expneurol.​2015.​09.​018, PMID: 26431741

Niu J, Ding L, Li JJ, Kim H, Liu J, Li H, Moberly A, Badea TC, Duncan ID, Son Y-J, Scherer SS, Luo W. 2013. 
Modality-based organization of ascending somatosensory axons in the direct dorsal column pathway. The 
Journal of Neuroscience 33: 17691–17709. DOI: https://​doi.​org/​10.​1523/​JNEUROSCI.​3429-​13.​2013, PMID: 
24198362

https://doi.org/10.7554/eLife.68457
https://doi.org/10.1186/1744-8069-4-10
http://www.ncbi.nlm.nih.gov/pubmed/18353190
https://doi.org/10.1007/s12035-012-8287-4
http://www.ncbi.nlm.nih.gov/pubmed/22684804
https://doi.org/10.1002/(SICI)1097-0029(19961001)35:2<122::AID-JEMT3>3.0.CO;2-S
http://www.ncbi.nlm.nih.gov/pubmed/8923447
https://doi.org/10.1016/j.exger.2016.04.021
https://doi.org/10.1016/j.exger.2016.04.021
http://www.ncbi.nlm.nih.gov/pubmed/27130813
https://doi.org/10.1097/WNR.0b013e32834cd76a
http://www.ncbi.nlm.nih.gov/pubmed/21979425
https://doi.org/10.1523/JNEUROSCI.0278-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24048840
https://doi.org/10.1186/1744-8069-10-19
https://doi.org/10.1186/1744-8069-10-19
http://www.ncbi.nlm.nih.gov/pubmed/24618114
https://doi.org/10.1002/dneu.22353
https://doi.org/10.1002/dneu.22353
http://www.ncbi.nlm.nih.gov/pubmed/26446277
https://doi.org/10.1016/j.pain.2014.01.026
http://www.ncbi.nlm.nih.gov/pubmed/24502843
https://doi.org/10.1186/s12974-018-1222-5
http://www.ncbi.nlm.nih.gov/pubmed/29945607
https://doi.org/10.1038/s41583-018-0001-8
http://www.ncbi.nlm.nih.gov/pubmed/29666508
https://doi.org/10.1042/AN20130030
http://www.ncbi.nlm.nih.gov/pubmed/24215544
https://doi.org/10.1101/2021.05.25.445647
https://doi.org/10.1016/j.expneurol.2015.07.018
http://www.ncbi.nlm.nih.gov/pubmed/26210874
https://doi.org/10.1523/JNEUROSCI.3117-11.2011
https://doi.org/10.1523/JNEUROSCI.3117-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22171052
https://doi.org/10.1093/brain/91.1.141
http://www.ncbi.nlm.nih.gov/pubmed/4296122
https://doi.org/10.1016/j.neuron.2015.05.018
http://www.ncbi.nlm.nih.gov/pubmed/26087164
https://doi.org/10.4103/1673-5374.165313
https://doi.org/10.4103/1673-5374.165313
http://www.ncbi.nlm.nih.gov/pubmed/26604898
https://doi.org/10.1016/j.neuron.2011.11.031
https://doi.org/10.1016/j.neuron.2011.11.031
http://www.ncbi.nlm.nih.gov/pubmed/22365547
https://doi.org/10.1523/JNEUROSCI.3319-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/24107955
https://doi.org/10.1016/j.expneurol.2015.09.018
https://doi.org/10.1016/j.expneurol.2015.09.018
http://www.ncbi.nlm.nih.gov/pubmed/26431741
https://doi.org/10.1523/JNEUROSCI.3429-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24198362


 Tools and resources﻿﻿﻿﻿﻿ Neuroscience

Avraham et al. eLife 2021;0:e68457. DOI: https://​doi.​org/​10.​7554/​eLife.​68457 � 28 of 30

Oblinger MM, Lasek RJ. 1984. A conditioning lesion of the peripheral axons of dorsal root ganglion cells 
accelerates regeneration of only their peripheral axons. The Journal of Neuroscience 4: 1736–1744. DOI: 
https://​doi.​org/​10.​1523/​JNEUROSCI.​04-​07-​01736.​1984, PMID: 6204020

Palmisano I, Danzi MC, Hutson TH, Zhou L, McLachlan E, Serger E, Shkura K, Srivastava PK, Hervera A, Neill NO, 
Liu T, Dhrif H, Wang Z, Kubat M, Wuchty S, Merkenschlager M, Levi L, Elliott E, Bixby JL, Lemmon VP, et al. 
2019. Epigenomic signatures underpin the axonal regenerative ability of dorsal root ganglia sensory neurons. 
Nature Neuroscience 22: 1913–1924. DOI: https://​doi.​org/​10.​1038/​s41593-​019-​0490-​4, PMID: 31591560

Prada I, Marchaland J, Podini P, Magrassi L, D’Alessandro R, Bezzi P, Meldolesi J. 2011. Rest/nrsf governs the 
expression of dense-core vesicle gliosecretion in astrocytes. The Journal of Cell Biology 193: 537–549. DOI: 
https://​doi.​org/​10.​1083/​jcb.​201010126, PMID: 21536750

Rabah Y, Rubino B, Moukarzel E, Agulhon C. 2020. Characterization of transgenic mouse lines for selectively 
targeting satellite glial cells and macrophages in dorsal root ganglia. PLOS ONE 15: e0229475. DOI: https://​
doi.​org/​10.​1371/​journal.​pone.​0229475, PMID: 32915783

Ramer MS, Bisby MA. 1998a. Differences in sympathetic innervation of mouse DRG following proximal or distal 
nerve lesions. Experimental Neurology 152: 197–207. DOI: https://​doi.​org/​10.​1006/​exnr.​1998.​6855, PMID: 
9710518

Ramer MS, Kawaja MD, Henderson JT, Roder JC, Bisby MA. 1998b. Glial overexpression of NGF enhances 
neuropathic pain and adrenergic sprouting into DRG following chronic sciatic constriction in mice. 
Neuroscience Letters 251: 53–56. DOI: https://​doi.​org/​10.​1016/​S0304-​3940(​98)​00493-​5, PMID: 9714463

Ramer MS, Murphy PG, Richardson PM, Bisby MA. 1998c. Spinal nerve lesion-induced mechanoallodynia and 
adrenergic sprouting in sensory ganglia are attenuated in interleukin-6 knockout mice. Pain 78: 115–121. DOI: 
https://​doi.​org/​10.​1016/​S0304-​3959(​98)​00121-3

Reinhold AK, Rittner HL. 2017. Barrier function in the peripheral and central nervous system-a review. Pflugers 
Archiv 469: 123–134. DOI: https://​doi.​org/​10.​1007/​s00424-​016-​1920-​8, PMID: 27957611

Renthal W, Tochitsky I, Yang L, Cheng YC, Li E, Kawaguchi R, Geschwind DH, Woolf CJ. 2020. Transcriptional 
reprogramming of distinct peripheral sensory neuron subtypes after axonal injury. Neuron 108: 128–144. DOI: 
https://​doi.​org/​10.​1016/​j.​neuron.​2020.​07.​026, PMID: 32810432

Richner M, Ferreira N, Dudele A, Jensen TS, Vaegter CB, Gonçalves NP. 2018. Functional and structural changes 
of the blood-nerve-barrier in diabetic neuropathy. Frontiers in Neuroscience 12: 1038. DOI: https://​doi.​org/​10.​
3389/​fnins.​2018.​01038, PMID: 30692907

Rigaud M, Gemes G, Barabas ME, Chernoff DI, Abram SE, Stucky CL, Hogan QH. 2008. Species and strain 
differences in rodent sciatic nerve anatomy: Implications for studies of neuropathic pain. Pain 136: 188–201. 
DOI: https://​doi.​org/​10.​1016/​j.​pain.​2008.​01.​016, PMID: 18316160

Rosenson RS. 2008. Fenofibrate: Treatment of hyperlipidemia and beyond. Expert Review of Cardiovascular 
Therapy 6: 1319–1330. DOI: https://​doi.​org/​10.​1586/​14779072.​6.​10.​1319, PMID: 19018684

Schreyer DJ, Skene JH. 1993. Injury-associated induction of gap-43 expression displays axon branch specificity 
in rat dorsal root ganglion neurons. Journal of Neurobiology 24: 959–970. DOI: https://​doi.​org/​10.​1002/​neu.​
480240709, PMID: 8228973

Seijffers R, Mills CD, Woolf CJ. 2007. ATF3 increases the intrinsic growth state of DRG neurons to enhance 
peripheral nerve regeneration. The Journal of Neuroscience 27: 7911–7920. DOI: https://​doi.​org/​10.​1523/​
JNEUROSCI.​5313-​06.​2007, PMID: 17652582

Serinagaoglu Y, Paré J, Giovannini M, Cao X. 2015. Nf2-yap signaling controls the expansion of DRG 
progenitors and glia during DRG development. Developmental Biology 398: 97–109. DOI: https://​doi.​org/​10.​
1016/​j.​ydbio.​2014.​11.​017, PMID: 25433207

Shin JE, Geisler S, DiAntonio A. 2014. Dynamic regulation of scg10 in regenerating axons after injury. 
Experimental Neurology 252: 1–11. DOI: https://​doi.​org/​10.​1016/​j.​expneurol.​2013.​11.​007, PMID: 24246279

Shin JE, Ha H, Kim YK, Cho Y, DiAntonio A. 2019. DLK regulates a distinctive transcriptional regeneration 
program after peripheral nerve injury. Neurobiology of Disease 127: 178–192. DOI: https://​doi.​org/​10.​1016/​j.​
nbd.​2019.​02.​001, PMID: 30735704

Sims DE. 2000. Diversity within pericytes. Clinical and Experimental Pharmacology & Physiology 27: 842–846. 
DOI: https://​doi.​org/​10.​1046/​j.​1440-​1681.​2000.​03343.​x, PMID: 11022980

Singh SK, Kagalwala MN, Parker-Thornburg J, Adams H, Majumder S. 2008. Rest maintains self-renewal and 
pluripotency of embryonic stem cells. Nature 453: 223–227. DOI: https://​doi.​org/​10.​1038/​nature06863, PMID: 
18362916

Smith GM, Falone AE, Frank E. 2012. Sensory axon regeneration: Rebuilding functional connections in the spinal 
cord. Trends in Neurosciences 35: 156–163. DOI: https://​doi.​org/​10.​1016/​j.​tins.​2011.​10.​006, PMID: 22137336

Stam FJ, MacGillavry HD, Armstrong NJ, de Gunst MCM, Zhang Y, van Kesteren RE, Smit AB, Verhaagen J. 
2007. Identification of candidate transcriptional modulators involved in successful regeneration after nerve 
injury. The European Journal of Neuroscience 25: 3629–3637. DOI: https://​doi.​org/​10.​1111/​j.​1460-​9568.​2007.​
05597.​x, PMID: 17610582

Stierli S, Napoli I, White IJ, Cattin A-L, Monteza Cabrejos A, Garcia Calavia N, Malong L, Ribeiro S, Nihouarn J, 
Williams R, Young KM, Richardson WD, Lloyd AC. 2018. The regulation of the homeostasis and regeneration of 
peripheral nerve is distinct from the CNS and independent of a stem cell population. Development 145: 
dev170316. DOI: https://​doi.​org/​10.​1242/​dev.​170316, PMID: 30413560

Tran AP, Warren PM, Silver J. 2018. The biology of regeneration failure and success after spinal cord injury. 
Physiological Reviews 98: 881–917. DOI: https://​doi.​org/​10.​1152/​physrev.​00017.​2017, PMID: 29513146

https://doi.org/10.7554/eLife.68457
https://doi.org/10.1523/JNEUROSCI.04-07-01736.1984
http://www.ncbi.nlm.nih.gov/pubmed/6204020
https://doi.org/10.1038/s41593-019-0490-4
http://www.ncbi.nlm.nih.gov/pubmed/31591560
https://doi.org/10.1083/jcb.201010126
http://www.ncbi.nlm.nih.gov/pubmed/21536750
https://doi.org/10.1371/journal.pone.0229475
https://doi.org/10.1371/journal.pone.0229475
http://www.ncbi.nlm.nih.gov/pubmed/32915783
https://doi.org/10.1006/exnr.1998.6855
http://www.ncbi.nlm.nih.gov/pubmed/9710518
https://doi.org/10.1016/S0304-3940(98)00493-5
http://www.ncbi.nlm.nih.gov/pubmed/9714463
https://doi.org/10.1016/S0304-3959(98)00121-3
https://doi.org/10.1007/s00424-016-1920-8
http://www.ncbi.nlm.nih.gov/pubmed/27957611
https://doi.org/10.1016/j.neuron.2020.07.026
http://www.ncbi.nlm.nih.gov/pubmed/32810432
https://doi.org/10.3389/fnins.2018.01038
https://doi.org/10.3389/fnins.2018.01038
http://www.ncbi.nlm.nih.gov/pubmed/30692907
https://doi.org/10.1016/j.pain.2008.01.016
http://www.ncbi.nlm.nih.gov/pubmed/18316160
https://doi.org/10.1586/14779072.6.10.1319
http://www.ncbi.nlm.nih.gov/pubmed/19018684
https://doi.org/10.1002/neu.480240709
https://doi.org/10.1002/neu.480240709
http://www.ncbi.nlm.nih.gov/pubmed/8228973
https://doi.org/10.1523/JNEUROSCI.5313-06.2007
https://doi.org/10.1523/JNEUROSCI.5313-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17652582
https://doi.org/10.1016/j.ydbio.2014.11.017
https://doi.org/10.1016/j.ydbio.2014.11.017
http://www.ncbi.nlm.nih.gov/pubmed/25433207
https://doi.org/10.1016/j.expneurol.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24246279
https://doi.org/10.1016/j.nbd.2019.02.001
https://doi.org/10.1016/j.nbd.2019.02.001
http://www.ncbi.nlm.nih.gov/pubmed/30735704
https://doi.org/10.1046/j.1440-1681.2000.03343.x
http://www.ncbi.nlm.nih.gov/pubmed/11022980
https://doi.org/10.1038/nature06863
http://www.ncbi.nlm.nih.gov/pubmed/18362916
https://doi.org/10.1016/j.tins.2011.10.006
http://www.ncbi.nlm.nih.gov/pubmed/22137336
https://doi.org/10.1111/j.1460-9568.2007.05597.x
https://doi.org/10.1111/j.1460-9568.2007.05597.x
http://www.ncbi.nlm.nih.gov/pubmed/17610582
https://doi.org/10.1242/dev.170316
http://www.ncbi.nlm.nih.gov/pubmed/30413560
https://doi.org/10.1152/physrev.00017.2017
http://www.ncbi.nlm.nih.gov/pubmed/29513146


 Tools and resources﻿﻿﻿﻿﻿ Neuroscience

Avraham et al. eLife 2021;0:e68457. DOI: https://​doi.​org/​10.​7554/​eLife.​68457 � 29 of 30

Tsujino H, Kondo E, Fukuoka T, Dai Y, Tokunaga A, Miki K, Yonenobu K, Ochi T, Noguchi K. 2000. Activating 
transcription factor 3 (atf3) induction by axotomy in sensory and motoneurons: A novel neuronal marker of 
nerve injury. Molecular and Cellular Neurosciences 15: 170–182. DOI: https://​doi.​org/​10.​1006/​mcne.​1999.​
0814, PMID: 10673325

Usoskin D, Furlan A, Islam S, Abdo H, Lönnerberg P, Lou D, Hjerling-Leffler J, Haeggström J, Kharchenko O, 
Kharchenko PV, Linnarsson S, Ernfors P. 2015. Unbiased classification of sensory neuron types by large-scale 
single-cell RNA sequencing. Nature Neuroscience 18: 145–153. DOI: https://​doi.​org/​10.​1038/​nn.​3881, PMID: 
25420068

van Velzen M, Laman JD, Kleinjan A, Poot A, Osterhaus ADME, Verjans GMGM. 2009. Neuron-interacting 
satellite glial cells in human trigeminal ganglia have an APC phenotype. Journal of Immunology 183: 2456–
2461. DOI: https://​doi.​org/​10.​4049/​jimmunol.​0900890, PMID: 19635905

van Weperen VYH, Littman RJ, Arneson DV, Contreras J, Yang X, Ajijola OA. 2021. Single-cell transcriptomic 
profiling of satellite glial cells in stellate ganglia reveals developmental and functional axial dynamics. Glia 69: 
1281–1291. DOI: https://​doi.​org/​10.​1002/​glia.​23965, PMID: 33432730

Wang PL, Yim AKY, Kim KW, Avey D, Czepielewski RS, Colonna M, Milbrandt J, Randolph GJ. 2020. 
Peripheral nerve resident macrophages share tissue-specific programming and features of activated 
microglia. Nature Communications 11: 2552. DOI: https://​doi.​org/​10.​1038/​s41467-​020-​16355-​w, PMID: 
32439942

Watanabe E, Hiyama TY, Kodama R, Noda M. 2002. NAX sodium channel is expressed in non-myelinating 
schwann cells and alveolar type II cells in mice. Neuroscience Letters 330: 109–113. DOI: https://​doi.​org/​10.​
1016/​s0304-​3940(​02)​00708-​5, PMID: 12213645

Wlaschin JJ, Gluski JM, Nguyen E, Silberberg H, Thompson JH, Chesler AT, Le Pichon CE. 2018. Dual leucine 
zipper kinase is required for mechanical allodynia and microgliosis after nerve injury. eLife 7: e33910. DOI: 
https://​doi.​org/​10.​7554/​eLife.​33910, PMID: 29968565

Wolbert J, Li X, Heming M, Mausberg AK, Akkermann D, Frydrychowicz C, Fledrich R, Groeneweg L, Schulz C, 
Stettner M, Alonso Gonzalez N, Wiendl H, Stassart R, Meyer Zu Hörste G. 2020. Redefining the heterogeneity 
of peripheral nerve cells in health and autoimmunity. PNAS 117: 9466–9476. DOI: https://​doi.​org/​10.​1073/​
pnas.​1912139117, PMID: 32295886

Woodham P, Anderson PN, Nadim W, Turmaine M. 1989. Satellite cells surrounding axotomised rat dorsal root 
ganglion cells increase expression of a gfap-like protein. Neuroscience Letters 98: 8–12. DOI: https://​doi.​org/​
10.​1016/​0304-​3940(​89)​90364-​9, PMID: 2710403

Wujek JR, Lasek RJ. 1983. Correlation of axonal regeneration and slow component B in two branches of a single 
axon. The Journal of Neuroscience 3: 243–251. DOI: https://​doi.​org/​10.​1523/​JNEUROSCI.​03-​02-​00243.​1983, 
PMID: 6185656

Xie W, Strong JA, Zhang JM. 2009. Early blockade of injured primary sensory afferents reduces glial cell 
activation in two rat neuropathic pain models. Neuroscience 160: 847–857. DOI: https://​doi.​org/​10.​1016/​j.​
neuroscience.​2009.​03.​016, PMID: 19303429

Ydens E, Amann L, Asselbergh B, Scott CL, Martens L, Sichien D, Mossad O, Blank T, De Prijck S, Low D, 
Masuda T, Saeys Y, Timmerman V, Stumm R, Ginhoux F, Prinz M, Janssens S, Guilliams M. 2020. Profiling 
peripheral nerve macrophages reveals two macrophage subsets with distinct localization, transcriptome and 
response to injury. Nature Neuroscience 23: 676–689. DOI: https://​doi.​org/​10.​1038/​s41593-​020-​0618-​6, PMID: 
32284604

Yu FX, Guan KL. 2013. The hippo pathway: Regulators and regulations. Genes & Development 27: 355–371. 
DOI: https://​doi.​org/​10.​1101/​gad.​210773.​112, PMID: 23431053

Yu X, Liu H, Hamel KA, Morvan MG, Yu S, Leff J, Guan Z, Braz JM, Basbaum AI. 2020. Dorsal root ganglion 
macrophages contribute to both the initiation and persistence of neuropathic pain. Nature Communications 
11: 264. DOI: https://​doi.​org/​10.​1038/​s41467-​019-​13839-​2, PMID: 31937758

Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, Barres BA. 2012. Genomic analysis of reactive 
astrogliosis. The Journal of Neuroscience 32: 6391–6410. DOI: https://​doi.​org/​10.​1523/​JNEUROSCI.​6221-​11.​
2012, PMID: 22553043

Zeng G, Taylor SM, McColm JR, Kappas NC, Kearney JB, Williams LH, Hartnett ME, Bautch VL. 2007. Orientation 
of endothelial cell division is regulated by VEGF signaling during blood vessel formation. Blood 109: 1345–
1352. DOI: https://​doi.​org/​10.​1182/​blood-​2006-​07-​037952, PMID: 17068148

Zhan X, Cao M, Yoo AS, Zhang Z, Chen L, Crabtree GR, Wu JI. 2015. Generation of Baf53b-cre transgenic mice 
with pan-neuronal CRE activities. Genesis 53: 440–448. DOI: https://​doi.​org/​10.​1002/​dvg.​22866, PMID: 
26077106

Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe S, Phatnani HP, Guarnieri P, Caneda C, 
Ruderisch N, Deng S, Liddelow SA, Zhang C, Daneman R, Maniatis T, Barres BA, Wu JQ. 2014. An RNA-
sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral cortex. The 
Journal of Neuroscience 34: 11929–11947. DOI: https://​doi.​org/​10.​1523/​JNEUROSCI.​1860-​14.​2014, PMID: 
25186741

Zhang P, Sun Y, Ma L. 2015. Zeb1: At the crossroads of epithelial-mesenchymal transition, metastasis and 
therapy resistance. Cell Cycle 14: 481–487. DOI: https://​doi.​org/​10.​1080/​15384101.​2015.​1006048, PMID: 
25607528

Zhao B, Tumaneng K, Guan KL. 2011. The hippo pathway in organ size control, tissue regeneration and stem cell 
self-renewal. Nature Cell Biology 13: 877–883. DOI: https://​doi.​org/​10.​1038/​ncb2303, PMID: 21808241

https://doi.org/10.7554/eLife.68457
https://doi.org/10.1006/mcne.1999.0814
https://doi.org/10.1006/mcne.1999.0814
http://www.ncbi.nlm.nih.gov/pubmed/10673325
https://doi.org/10.1038/nn.3881
http://www.ncbi.nlm.nih.gov/pubmed/25420068
https://doi.org/10.4049/jimmunol.0900890
http://www.ncbi.nlm.nih.gov/pubmed/19635905
https://doi.org/10.1002/glia.23965
http://www.ncbi.nlm.nih.gov/pubmed/33432730
https://doi.org/10.1038/s41467-020-16355-w
http://www.ncbi.nlm.nih.gov/pubmed/32439942
https://doi.org/10.1016/s0304-3940(02)00708-5
https://doi.org/10.1016/s0304-3940(02)00708-5
http://www.ncbi.nlm.nih.gov/pubmed/12213645
https://doi.org/10.7554/eLife.33910
http://www.ncbi.nlm.nih.gov/pubmed/29968565
https://doi.org/10.1073/pnas.1912139117
https://doi.org/10.1073/pnas.1912139117
http://www.ncbi.nlm.nih.gov/pubmed/32295886
https://doi.org/10.1016/0304-3940(89)90364-9
https://doi.org/10.1016/0304-3940(89)90364-9
http://www.ncbi.nlm.nih.gov/pubmed/2710403
https://doi.org/10.1523/JNEUROSCI.03-02-00243.1983
http://www.ncbi.nlm.nih.gov/pubmed/6185656
https://doi.org/10.1016/j.neuroscience.2009.03.016
https://doi.org/10.1016/j.neuroscience.2009.03.016
http://www.ncbi.nlm.nih.gov/pubmed/19303429
https://doi.org/10.1038/s41593-020-0618-6
http://www.ncbi.nlm.nih.gov/pubmed/32284604
https://doi.org/10.1101/gad.210773.112
http://www.ncbi.nlm.nih.gov/pubmed/23431053
https://doi.org/10.1038/s41467-019-13839-2
http://www.ncbi.nlm.nih.gov/pubmed/31937758
https://doi.org/10.1523/JNEUROSCI.6221-11.2012
https://doi.org/10.1523/JNEUROSCI.6221-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22553043
https://doi.org/10.1182/blood-2006-07-037952
http://www.ncbi.nlm.nih.gov/pubmed/17068148
https://doi.org/10.1002/dvg.22866
http://www.ncbi.nlm.nih.gov/pubmed/26077106
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25186741
https://doi.org/10.1080/15384101.2015.1006048
http://www.ncbi.nlm.nih.gov/pubmed/25607528
https://doi.org/10.1038/ncb2303
http://www.ncbi.nlm.nih.gov/pubmed/21808241


 Tools and resources﻿﻿﻿﻿﻿ Neuroscience

Avraham et al. eLife 2021;0:e68457. DOI: https://​doi.​org/​10.​7554/​eLife.​68457 � 30 of 30

Zheng B, Lorenzana AO, Ma L. 2019. Understanding the axonal response to injury by in vivo imaging in the 
mouse spinal cord: A tale of two branches. Experimental Neurology 318: 277–285. DOI: https://​doi.​org/​10.​
1016/​j.​expneurol.​2019.​04.​008, PMID: 30986398

Zigmond RE, Echevarria FD. 2019. Macrophage biology in the peripheral nervous system after injury. Progress in 
Neurobiology 173: 102–121. DOI: https://​doi.​org/​10.​1016/​j.​pneurobio.​2018.​12.​001, PMID: 30579784

https://doi.org/10.7554/eLife.68457
https://doi.org/10.1016/j.expneurol.2019.04.008
https://doi.org/10.1016/j.expneurol.2019.04.008
http://www.ncbi.nlm.nih.gov/pubmed/30986398
https://doi.org/10.1016/j.pneurobio.2018.12.001
http://www.ncbi.nlm.nih.gov/pubmed/30579784

	Profiling sensory neuron microenvironment after peripheral and central axon injury reveals key pathways for neural repair
	Authors

	Profiling sensory neuron microenvironment after peripheral and central axon injury reveals key pathways for neural repair
	Introduction
	Results
	Profiling sensory neuron microenvironment following peripheral and central injuries
	Alterations in blood-nerve-barrier markers in response to central and peripheral injuries
	Macrophages proliferate in response to peripheral but not central axon injuries
	A subset of macrophages expressing glial markers is increased by injury
	SGC represent a diverse cell population
	A distinct SGC cluster appears in response to peripheral nerve injury
	Activation of PPARα with fenofibrate increases axon regeneration after dorsal root crush

	Discussion
	Materials and methods
	Animals and procedures
	Mouse strains
	Single-cell RNAseq
	Flow cytometry
	TEM
	RNA isolation and quantitative PCR
	Tissue preparation and immunohistochemistry
	Data collection and analyses
	Quantification and statistical analysis

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


