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Significance

Peripheral sensory neurons 
situated in dorsal root ganglia 
(DRG) switch to a regenerative 
state after nerve injury to enable 
nerve repair. Axon regeneration 
is not cell autonomous and is 
highly influenced by nonneuronal 
cells. Immune cells such as 
macrophages are believed to 
contribute to both nerve repair 
and neuropathic pain. 
Macrophages in injured 
peripheral nerves are well 
studied, but the origin and 
function of macrophages in the 
DRG (DRGMacs) remain unclear. 
We report the existence of four 
different populations of 
DRGMacs after nerve injury, with 
the largest having the capacity to 
self-renew and contributing to 
promote axon regeneration. The 
heterogeneity of DRGMacs may 
pave the way to better 
understand the immune 
mechanisms governing pain and 
nerve repair.
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Sensory neurons located in dorsal root ganglia (DRG) convey sensory information from 
peripheral tissue to the brain. After peripheral nerve injury, sensory neurons switch to 
a regenerative state to enable axon regeneration and functional recovery. This process 
is not cell autonomous and requires glial and immune cells. Macrophages in the DRG 
(DRGMacs) accumulate in response to nerve injury, but their origin and function remain 
unclear. Here, we mapped the fate and response of DRGMacs to nerve injury using 
macrophage depletion, fate-mapping, and single-cell transcriptomics. We identified three 
subtypes of DRGMacs after nerve injury in addition to a small population of circulat-
ing bone-marrow–derived precursors. Self-renewing macrophages, which proliferate 
from local resident macrophages, represent the largest population of DRGMacs. The 
other two subtypes include microglia-like cells and macrophage-like satellite glial cells 
(SGCs) (Imoonglia). We show that self-renewing DRGMacs contribute to promote 
axon regeneration. Using single-cell transcriptomics data and CellChat to simulate 
intercellular communication, we reveal that macrophages express the neuroprotective 
and glioprotective ligand prosaposin and communicate with SGCs via the prosaposin 
receptor GPR37L1. These data highlight that DRGMacs have the capacity to self-re-
new, similarly to microglia in the Central nervous system (CNS) and contribute to 
promote axon regeneration. These data also reveal the heterogeneity of DRGMacs and 
their potential neuro- and glioprotective roles, which may inform future therapeutic 
approaches to treat nerve injury.

dorsal root ganglion (DRG) | macrophages | satellite glial cells (SGCs) | axon regeneration |  
peripheral nerve injury

Primary sensory neurons with cell soma in dorsal root ganglia (DRG) convey sensory infor-
mation from peripheral tissue to the brain. These neurons have a unique pseudounipolar 
morphology with a single axon, which bifurcates within the ganglion. One axon proceeds 
along peripheral nerves, and the other proceeds centrally along the dorsal root into the spinal 
cord. Lesion of the peripheral axon is followed by successful axon regeneration, whereas 
outgrowth of the centrally projecting axons is weak and does not lead to functional recovery, 
providing an opportunity to identify the mechanisms that promote axon regeneration.

Multiple studies have utilized this differential response to gain insight into the mech-
anisms that control the axon regeneration program, revealing that transcriptional and 
epigenetics events are associated with successful regeneration (1–6). Recent time course 
studies at the single-cell level revealed that sensory neurons respond to nerve injury by 
eliciting a transcriptional response that suppresses their cell identity and promotes neuronal 
regeneration (7). However, regulation of sensory neuron regeneration is not cell autono-
mous. Peripheral sensory neurons benefit from a supportive environment. Nerve injury 
initiates transcriptional changes in satellite glial cells (SGCs) surrounding the cell soma 
(8, 9) and Schwann cells surrounding the axon (10), resulting in a new transcriptional 
state in each cell type that promotes nerve regeneration. In addition, macrophages in the 
nerve, which mainly derive from circulating bone-marrow–derived precursors after injury 
(11–14), contribute to axon regeneration by clearing debris (11), polarizing the vascular-
ization of the lesion (15), and regulating Schwann cell function (16).

Macrophages in the DRG (DRGMacs) also contribute to the regenerative capabilities 
of sensory neurons (17–21). In addition, DRGMacs contribute to the initiation and per-
sistence of neuropathic pain after nerve injury (22) and chemotherapy-induced neuropathy 
(23–25). However, unlike macrophages in the nerve, circulating bone-marrow–derived 
precursors represent only a very small proportion of DRGMacs after nerve injury (26). The 
traditional view that tissue-resident macrophages derive from the bone marrow through 
circulating monocyte intermediates has dramatically shifted with the observation that mac-
rophages can self-renew by local proliferation (27). However, the source and function of 
macrophage accumulation in the DRG after peripheral nerve injury remains unclear and 
whether DRGMacs have the capacity to self-renew has not been clearly established.
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To address this gap in knowledge, we first determined the source 
of DRGMacs after nerve injury. We established a depletion and 
repopulation model of DRGMacs using PLX73086, a selective 
inhibitor of colony-stimulating factor 1 receptor (CSF1R), which 
does not deplete CNS microglia because of its low blood–brain bar-
rier (BBB) penetration (28). We then used lineage tracing to map 
the source of DRGMacs in response to nerve injury. We observed 
three sources of DRGMacs after nerve injury, in addition to the small 
population of circulating bone-marrow–derived precursors previ-
ously described (26). The largest population of DRGMacs derived 
from self-renewal by local proliferation of residual macrophages, 
promotes axon regeneration in vivo and contributes to the condi-
tioning injury effect. Microglia-like cells and macrophage-like SGCs 
(Imoonglia) represented two other small populations. Using sin-
gle-cell transcriptomics data and CellChat to simulate intercellular 
communication, we reveal that macrophages express the neuropro-
tective and glioprotective ligand prosaposin and communicate with 
SGCs via the prosaposin receptor GPR37L1. These data highlight 
that DRGMacs have the capacity to self-renew, similarly to microglia 
in the CNS, and contribute to promote nerve repair. These data also 
reveal the heterogeneity of DRGMacs and a potential neuro- and 
glioprotective role of macrophage-SGC communication, which may 
inform future therapeutic approaches to treat nerve injury.

Results

DRG Macrophages Are Depleted by Systemic PLX73086 
Administration. The number of DRGMacs increases after nerve 
injury but circulating bone-marrow–derived precursors only 
account for a very small proportion of all macrophages (26). We 
and others previously showed that after nerve injury, the number 
of DRGMacs doubles and they are enriched with genes related to 
cell cycle (9, 22, 29). While these studies suggest that macrophage 
expansion originates from DRGMac proliferation, whether 
resident DRGMacs have the capacity to locally proliferate after 
nerve injury has not been clearly demonstrated. To answer this 
question, we sought to establish a model of DRGMac depletion 
and repopulation 3 d after sciatic nerve injury.

Colony-stimulating factor 1 (CSF1) binding to its receptor CSF1R 
regulates the survival of cells in the monocyte/macrophage lineage 
(30). Blocking CSF1R has been shown to deplete microglia and 
macrophages (28). We compared the CSF1R inhibitor PLX73086, 
which has low blood–brain barrier penetration, to PLX5622 (28) for 
their efficiency to deplete peripheral macrophages without affecting 
microglia in the central nervous system. Six-week-old wild-type mice 
were fed with PLX73086 or PLX5622-formulated diet for 21 d or 
control diet (referred hereafter to as CD). We quantified the number 
of macrophages using the Ionized calcium-binding adaptor molecule 
1 (IBA1), a microglia/macrophage-specific calcium-binding protein. 
Less than 10% IBA1-labeled macrophages remained in the DRG 
and sciatic nerve after 21 d of PLX73086 or PLX5622 treatment 
(Fig. 1 A–C and SI Appendix, Fig. S1 B–E). However, unlike 
PLX5622, PLX73086 treatment did not affect IBA1-labeled mac-
rophages/microglia in the lumbar spinal cord, consistent with its low 
blood–brain barrier permeability (SI Appendix, Fig. S1 F and G). 
These results indicate that PLX73086 has similar specificity for 
CSF1R as PLX5622 and can be used to target macrophage in DRG 
and sciatic nerve without affecting microglia in the CNS. We thus 
selected PLX73086 (hereafter referred to as PLX) for our studies.

We next performed a time course analysis (Fig. 1A). We 
observed that the number of IBA1-labeled DRGMacs decreased 
starting 1 d after PLX treatment and reached a plateau at day 14 
(Fig. 1 B and C). During the 21 d of treatment, we did not 
observe body weight differences between the CD and PLX groups, 

suggesting that the treatment was well tolerated (SI Appendix, 
Fig. S1A). We next examined if PLX treatment causes stress in 
neurons by staining for activating transcription factor 3 (ATF3), 
an established neuronal injury marker (7, 31, 32). The percentage 
of neurons expressing ATF3 increased after nerve injury as 
expected, but ATF3 levels 14 d after PLX treatment were similar 
to uninjured CD control (SI Appendix, Fig. S1 H and I), suggest-
ing that PLX does not cause neuronal stress. Atf3 levels measured 
by qPCR further indicated that PLX treatment did not affect 
injury responses in DRG (SI Appendix, Fig. S2D). We then deter-
mined if DRGMacs could repopulate the DRG 3 d after removing 
PLX treatment. We found that the number of DRGMacs 
increased 3 d after switching from PLX to CD and reached levels 
similar to control mice (SI Appendix, Fig. S1 J–M). Together, 
these results indicate that PLX treatment depletes most mac-
rophages, with only 10% of resident DRGMacs remaining after 
14 d, allowing us to trace the repopulating macrophages after 
nerve injury.

Repopulated DRG Macrophages after Injury Derive in Part From 
Proliferation of Residual Macrophage. To trace repopulating DRG 
macrophages after nerve injury, we used the well-characterized 
Cx3cr1CreER::Ai14 mouse model, in which tamoxifen treatment 
leads to tdTomato expression in macrophages and microglia (33), 
but not monocytes (34). Cx3cr1CreER::Ai14 mice were treated with 
tamoxifen for 5 d, and then treated with either PLX or CD for 
14 d (Fig. 1D). Immediately after sciatic nerve crush injury (SNC), 
PLX treatment was removed to study repopulating DRGMacs 
(PLX+CD) (Fig.  1D). Control mice received CD before and 
after SNC (CD+CD). Three days after SNC, the number of 
macrophages (labeled by IBA1) or traced macrophages (labeled 
by tdTomato) were similar in both PLX-treated and control 
groups, indicating that macrophages repopulated the DRG after 
injury and removal of the PLX diet (Fig.  1 E–G). More than 
95% of DRG macrophages were colabeled with IBA1 and another 
macrophage marker, CD68, in both treatments (SI  Appendix, 
Fig. S2 A–C). qPCR analysis indicated that Aif1 levels increased 
similarly in control mice (CD+CD) and in mice treated with 
PLX+CD, further indicating that macrophages repopulate to levels 
similar to CD group after nerve injury (SI Appendix, Fig. S2D). We 
found that over 90% of the IBA1-labeled macrophages expressed 
tdTomato in the repopulated DRGMacs group (PLX+CD) and 
the control group (CD+CD) (Fig. 1 E and H), suggesting that less 
than 10% of the IBA1-labeled macrophages represent the small 
population of circulating bone-marrow–derived precursors that 
were identified using parabiosis (26).

We next tested if the repopulated DRGMacs after nerve injury 
result from proliferation of residual macrophages by injecting 
Bromodeoxyuridine (BrdU) once for three consecutive days, start-
ing immediately after SNC (Fig. 1D). We found that ~70% of 
tdTomato+IBA1+ cells were labeled with BrdU in the repopulated 
DRGMac group (PLX+CD) (Fig. 1 E and I), whereas this number 
was lower (~40%) in the CD+CD group (Fig. 1 E and I). Less 
than 0.5% of IBA1-labeled macrophages that were not expressing 
tdTomato were labeled by BrdU after injury (Fig. 1 E and J), 
indicating that DRGMac proliferation is largely independent of 
circulating bone-marrow–derived precursors. Similar results were 
observed in female and male mice (SI Appendix, Fig. S2 E and F), 
suggesting that the self-renewal properties of DRGmacs after nerve 
injury is not gender dependent. These results suggest that mac-
rophage depletion prior to nerve injury stimulates macrophage 
proliferation after injury to repopulate the DRG and indicate that 
DRGMac accumulation after nerve injury depends on the self-
renewal properties of resident macrophages.
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Fig. 1. A large population of DRG macrophage after injury derive from proliferation of resident macrophages. (A) Scheme of DRG macrophage depletion protocol 
and time points for examination. (B) Representative images showing macrophage numbers in the DRG at the indicated time after PLX administration. IBA1(red), 
TUJ1(blue). (Scale bars, 50 μm.) (C) Quantification of macrophage density (IBA1+ cells/mm2) in DRG in CD treatment and at the indicated time after PLX treatment. 
N = 5(CD), 3(D1), 3(D3), 4(D7), 7(D14) and 6(D21). (D) Scheme of genetically inducible fate mapping for DRG macrophages using the Cx3cr1CreER::Ai14 mouse and 
nerve injury model. (E) Representative immunostaining images showing BrdU (yellow), tdTomato (magenta), IBA1 (green) and DAPI (blue) of L4 ipsilateral DRGs 
from the indicated treatment groups 3 d after SNC. (Scale bars, 50 μm.) (F–K) Quantification of the percentage of the indicated cells 3 d after nerve injury in the 
DRGs of mice treated with CD or PLX as indicated. IBA1+ to DAPI+ cells (F), tdTomato+ cells to DAPI+ cells (G), IBA1+tdTomato+ cells to IBA1+cells (H), BrdU-labeled 
IBA1+tdTomato+ cells in IBA1+tdTomato+ cells (I), BrdU-labeled IBA1+tdTomato- cells in IBA1+ cells (J) BrdU-unlabeled IBA1+tdTomato+ cells in IBA1+tdTomato+ 
cells (K). N = 6 (CD+CD) and 7 (PLX+CD), respectively. (L) Representative immunostaining images of DRG 3 d after SNC showing IBA1 (green), tdTomato (magenta), 
and DAPI (blue). (Scale bars, 10 μm.) (M) Quantification of the percentage of the indicated cells in the DRG 3 d after nerve injury. N = 6. The data are presented 
as mean ± SD. N presented as mouse number.



4 of 12   https://doi.org/10.1073/pnas.2215906120� pnas.org

To get further insights into the source of DRGMacs that do 
not result from self-renewal, we examined the DRGMac morphol-
ogy after nerve injury (Fig.1 L and M). We observed that tdTo-
mato-IBA1–positive cells displayed a morphology that is typical 
of DRGMacs (9, 22, 26) (Fig. 1 L, Top). IBA1-positive cells that 
were tdTomato negative displayed either a typical macrophage 
morphology (Fig. 1 L, Middle), or a ring-like morphology 
(Fig. 1 L, Bottom). The ring-like morphology is reminiscent of the 
Imoonglia we previously characterized (9) and consistent with 
other studies highlighting that SGCs are enriched in genes related 
to the immune system (35, 36). These results suggest that in addi-
tion to self-renewing macrophages and the small proportion of 
bone-marrow–derived precursors, DRGMacs include populations 
of different origin after nerve injury.

Microglia-Like Cells and Imoonglia Populate the DRG after 
Nerve Injury. A subset of macrophages in mouse peripheral 
nerves share features of activated microglia (12) and microglia 
have been reported to exit the CNS in a spinal root avulsion 
model in zebrafish (37). We thus hypothesized that the tdTomato 
cells that do not proliferate after nerve injury in the DRG may 
represent microglia-like cells. To test this hypothesis, we used 
the Tmem119GFP/+ mice, which drives GFP expression under 
the Tmem119 promoter. This mouse line specifically labels 
microglia, but does not label meningeal, perivascular, and choroid 
plexus macrophages in homeostatic state (38). As expected, 
GFP-labeled cells were not detected in the DRG of naive mice 
(Fig.  2A). However, a small number of GFP-labeled cells that 
were also IBA1-positive was observed on the ipsilateral side of 
DRGs after nerve injury (Fig. 2 A–D). These cells may represent 
resident DRG macrophages expressing Tmem119 in response to 
injury, or microglia-like cells. To differentiate between these two 
possibilities, we used a method to trace microglia specifically in 
the CNS but not in the PNS. Microglia are known to derive from 
a pure early embryonic origin (39). Early embryonic precursors 
that give rise to yolk-sac–derived macrophages seed the brain 
at around embryonic day 9.5 (E9.5) (40–42), and subsequent 
waves of precursors, including embryonic fetal liver monocytes 
and hematopoietic stem cell-derived monocytes, do not engraft in 
the microglia pool. Therefore, to label early embryonic yolk-sac–
derived macrophages, we treated Cx3cr1CreER::Ai14 pregnant mice 
at E9.5 with tamoxifen (E9.5 TAM) (13, 33). Six-week-old mice 
were then treated with PLX for 14 d before nerve injury (Fig. 2E). 
Immediately after SNC, PLX treatment was removed, and BrdU 
was injected to label proliferating cells (Fig.  2E). tdTomato-
positive cells were present in the spinal cord (SI Appendix, Fig. S3 
A and B), indicating that the E9.5 TAM tracing method for CNS 
microglia was effective. Consistent with our results in adult TAM 
treatment, PLX administration reduced IBA1-positive cells to less 
than 10% in E9.5 TAM-treated mice before injury (Fig. 2 F and 
G) and nerve injury increased the number of IBA1-positive cells 
in the DRG (Fig. 2 F and G). tdTomato–positive cells in the DRG 
were only detected in the DRG after, but not prior, to nerve injury 
(Fig. 2 F and H). These cells were also labeled by IBA1, but not 
with BrdU (Fig. 2 F and I), suggesting that they originate from the 
spinal cord and do not proliferate. Together these results suggest 
that tdTomato-positive cells labeled by E9.5 TAM may represent 
microglia-like cells populating the DRG after nerve injury.

Our recent study uncovered a cell type in adult DRG, which 
displays the spatial arrangement of SGCs surrounding sensory neu-
rons and express both macrophage and glial genes and increase in 
number after nerve injury (9). We called these cells Imoonglia. To 
test if a portion of the repopulated macrophages represents 
Imoonglia, we crossed the BlbpCreER mice (43) (hereafter referred to 

as Fabp7 CreER) with Ai14 mice (Fig. 2J) (9). Proliferating cells were 
labeled by injection of BrdU once daily for 3 d, starting immediately 
after SNC (Fig. 2J). We first examined whether PLX administration 
affected the SGC population (SI Appendix, Fig. S3C). tdToma-
to-positive cells were labeled with anti-FABP7 antibodies, as 
expected (SI Appendix, Fig. S3 D and E) and PLX treatment 
depleted IBA1-labeled macrophages but did not affect the number 
of SGCs (SI Appendix, Fig. S3 D–F). We observed a small propor-
tion of tdTomato-positive cells that were colabeled with IBA1, but 
not BrdU after nerve injury (Fig. 2 K and M), indicating that a small 
proportion of SGC express IBA1 after injury and do not proliferate, 
consistent with our previous identification of Imoonglia (9) and 
other studies reporting that SGCs express immune markers (44–48). 
Together, these results indicate that in addition to a very small num-
ber of circulating bone-marrow–derived precursors (26), three other 
DRGMacs populate the DRG after nerve injury, and include self-
renewing macrophages, microglia-like cells, and Imoonglia.

Locally Proliferating DRG Macrophages Contribute to Promote 
Axon Regeneration. To determine which type of DRGMacs 
contribute to regulate axon regeneration, we first determined 
if continuous PLX treatment (14 d before injury and 3 d after 
injury) deplete a specific subtype using lineage tracing. To label 
macrophages, one group of Cx3cr1CreER::Ai14 mice was treated 
with TAM at 4 wk of age (4-wk-old TAM). To label microglia-
like cells, another group of Cx3cr1CreER::Ai14 was treated with 
a TAM at E9.5 (E9.5 TAM). To label Imoonglia, a group of 
Fabp7CreER::Ai14 was treated with TAM at 4 wk of age. All mice 
were injected with BrdU once daily for 3 d right after nerve injury 
to label proliferating cells (SI Appendix, Fig. S4A). We then counted 
the number of IBA1 and tdTomato-positive cells, which were or 
not labeled with BrdU in the continuous PLX treatment group 
compared with PLX+CD in each of the three tracing groups. 
We observed that continuous PLX treatment after nerve injury 
decreased the number of IBA1/tdTomato/BrdU-positive cells in 
Cx3cr1CreER::Ai14 (4-wk-old TAM), indicating that self-renewal 
of DRGMacs was impaired (Fig. 3A and SI Appendix, Fig. S4B). 
In contrast, the number of tdTomato/IBA1-positive cells that were 
BrdU negative was not altered in all other conditions (Fig. 3A 
and SI Appendix, Fig. S4 C  and D). These results suggest that 
continuous PLX treatment affects macrophage repopulation by 
preventing the proliferation of DRGMacs after injury but does 
not alter microglia-like cells and Imoonglia.

DRGMacs have been shown to enhance the regenerative capac-
ity of sensory neurons (18, 19) in the conditioning injury para-
digm, in which a prior nerve injury increases the growth capacity 
of sensory neurons (1). However, which subtypes of macrophage 
are responsible for this effect is unclear. We thus determined if 
impairing DRGMac self-renewal without affecting the other 
DRGMac populations with continuous PLX treatment impacts 
the extent of axon regeneration in vivo and in vitro. Since mac-
rophages also regulate nerve repair at the site of injury, we first 
tested if PLX treatment affected macrophage recruitment in the 
nerve. We observed no differences in the percent of IBA1-positive 
cells in the injured nerve between treatment groups (Fig. 3 B and 
C and SI Appendix, Fig. S4 E–J), indicating that while PLX treat-
ment depleted resident macrophages in the nerve (SI Appendix, 
Fig. S1E), it did not affect macrophage recruitment at the site of 
nerve injury. These results are consistent with previous reports that 
macrophages in the nerve mostly derive from recruited bone-mar-
row–derived precursors (12, 13, 26).

To examine whether preventing DRGMac self-renewal impairs 
axon regeneration in vivo, we quantified axon regeneration 3 d 
post SNC in three groups of mice, CD (CD+CD), PLX treatment 

http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
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(PLX+CD), and continuous PLX treatment (PLX+PLX). The 
extent of axon regeneration past the injury site was measured by 
labeling nerve sections with SCG10, a marker for regenerating 

axons (49). The highest SCG10 intensity along the nerve was 
defined as the crush site, as described (49, 50). The length of the 
10 longest axons reflects the extent of axon elongation, regardless 
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Fig. 2. Two small subsets of cells repopulate in DRGMacs after nerve injury. (A) Representative images of DRG sections 3 d after SNC in Tmeme119GFP/+ mice, 
stained for GFP (green), TUJ1 (neurons, blue) and macrophages (IBA1, magenta) in the indicated condition. (Scale bars, 50 μm.) (B–D) Quantification of IBA1+ cells 
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of the number of axons that regenerate (51). The regeneration 
index obtained by normalizing the average SCG10 intensity at 
distances away from the crush site to the SCG10 intensity at the 
crush site take into account both the length and the number of 
regenerating axons past the crush site (50). We found that axon 

regeneration was similar in PLX-treated mice (PLX+CD) and 
control mice (CD+CD) (Fig. 3 D–G). However, axon regenera-
tion was reduced in mice with continuous PLX treatment 
(PLX+PLX) compared with control mice (CD+CD). This impair-
ment of axon regeneration is modest, and consistent with the 
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Fig. 3. DRG macrophages contribute to promote axon regeneration. (A) Quantification of the density of tdTomato+IBA1 cells with or without BrdU in the DRGs 
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(H) Scheme of adult DRG neuronal culture in naive, CD or PLX diet-treated mice. (I) Representative images showing TUJ1 (black) immunostaining in adult DRG 
neurons cultured for 24 h. (Scale bars, 100 μm.) (J and K) Quantification of axonal radial length (J) and axon growth capacity (K). Different colors represent 
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PNAS  2023  Vol. 120  No. 7  e2215906120� https://doi.org/10.1073/pnas.2215906120   7 of 12

notion that intrinsic mechanisms in the injured neuron and in 
the surrounding SGC promote axon regeneration (5, 52). 
The same treatments and measurements were performed in both 
male and female mice, and no significant differences were observed 
(SI Appendix, Fig. S5 A and B). These results indicate that self-re-
newing DRGMacs and possibly resident macrophages in the nerve 
contribute to promoting axon regeneration in the earlier stage 
after injury in a gender-independent manner.

To further determine whether self-renewing DRGMacs affect the 
regenerative capacity of DRG neurons, we tested if PLX treatment 
impaired the conditioning injury paradigm. We purified DRG neu-
rons from mice with or without PLX treatment as described above, 
and cultured them for 24 h (Fig. 3H). For quantification of neuron 
growth capacity, neurons were immunostained for TUJ1, and radial 
length was measured (Fig. 3I). We also measured the TUJ1-positive 
area by neurite tracing using “Simple Neurite Tracer” plug-in in Fiji 
(Fig. 3J). As expected, a prior injury 3 d before collecting DRG led 
to improved axon growth capacity, revealed by longer neurites and 
increased TUJ1 staining area in the control group (CD+CD) (Fig. 3 
I and J). Treatment with PLX prior to injury (PLX+CD) did not 
affect the injury-induced increased growth capacity of DRG neuron 
(Fig. 3 I and J). However, continued PLX treatment (PLX+PLX) 
reduced axon growth capacity compared with CD+CD or PLX+CD 
(Fig. 3 I and J). The conditioning effect was not completely blocked, 
consistent with the notion that transcriptional and epigenetic 
changes in the injured neurons controls the mode of axon growth 
after injury (1, 5, 53). To exclude the possibility of a direct effect of 
PLX on neurons and their axon growth capacity, axon growth was 
compared in uninjured contralateral (CON) and naive DRGs 
treated with CD or PLX. Similar growth capacity was observed in 
all conditions (SI Appendix, Fig. S5 C and D), indicating that PLX 
treatment does not directly impact neurons. This is consistent with 
the observation that Csf1r is not expressed in sensory neurons 
(7, 54). The same treatments and measurements were performed in 
both male and female mice and no significant differences were 
observed (SI Appendix, Fig. S5 E and F). Together, these results 
indicate that macrophage self-renewal in the DRG and possibly 
resident macrophages in the nerve contribute to promote axon 
regeneration in the early stage after nerve injury.

Communications between Macrophages and Other Cell Types 
after Nerve Injury. To gain further insights into the molecular 
mechanisms by which DRGMacs regulate axon regeneration, we 
performed single-cell RNA seq to compare the injury responses 
of DRGMacs in normal diet conditions (Normal diet) and in the 
PLX+CD diet group (PLX diet), in which repopulated DRGMacs 
support axon regeneration to the same extent as normal diet (Fig. 3 
D–J). As a normal diet, we used our previously generated dataset, 3 
d post SNC (9). scRNA-seq was performed on injured (SNC) and 
CON DRG from mice treated with PLX+CD using the chromium 
single-cell gene expression solution (10 X Genomics). The number 
of total sequenced cells from two biological replicates was 10,311 
with an average of 85,332 reads per cell, 2,068 genes per cell, 
and an average of total of 20,426 genes per sample detected. In 
both groups, mice were of the same age, gender, and the same 
procedure and filtering criteria were used (see filtering criteria in the 
methods). The PLX diet and normal diet samples were pooled and 
an unbiased (Graph-based) clustering, using Partek flow analysis 
package, identified 23 distinct cell clusters (SI Appendix, Fig. S6A). 
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 >2, 
resource data related to Fig. 4). Examination of the cluster-specific 
marker genes revealed major cellular subtypes including connective 

tissue cells (Col1a1), T cells (Cd3g), Schwann cells (Ncmap), SGC 
(Fabp7), neurons (Isl1), endothelial cells (Pecam1), pericytes 
(Mcam), and macrophages (Aif1(IBA1); Cd68) (SI Appendix, Fig. 
S6 B–J, resource data related to Fig. 4). Our scRNAseq protocol 
achieves efficient recovery of nonneuronal cells only and thus is 
not suitable for in-depth analysis of neuronal responses (9, 52).

The macrophage clusters were pooled for analysis. We observed 
that the repopulated DRGMacs clusters (PLX diet) were distinct 
from DRGMacs in normal diet, highlighting distinct transcrip-
tional profiles (Fig. 4A). This is similar to repopulated microglia 
in the brain, which also display distinct transcriptional profiles 
compared with resident microglia (34). Injury did not dramati-
cally affect macrophage clustering in either PLX diet or normal 
diet (Fig. 4A). To define the transcriptional response of mac-
rophages to nerve injury, cells in the macrophages cluster were 
pooled in normal diet or PLX diet, control and injury conditions 
were compared to identify differentially expressed (DE) genes after 
injury (Fig. 4B). We found that only 45 up-regulated and 17 
down-regulated genes after injury were common between normal 
diet and PLX diet treatment (Fig. 4C). Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analysis did not return any signif-
icant pathway enrichment for these shared genes.

To further understand the mechanisms by which DRGMacs 
support axon regeneration, we analyzed cell–cell communication 
with CellChat (55). The number of incoming interaction and 
outgoing interactions in each cluster was analyzed in each condi-
tion. DRGMacs display higher incoming signaling strength com-
pared with outgoing signaling strength in all conditions 
(SI Appendix, Fig. S6K), suggesting that DRGMacs act mostly as 
receivers in the DRG microenvironment. SGCs showed the high-
est strength of signaling in both incoming and outgoing interac-
tions (SI Appendix, Fig. S6K). We next determined which signaling 
pathways are involved in DRGMacs communication in the DRG 
microenvironment after nerve injury. The significant signaling 
pathways active in the DRG microenvironment were identified 
(SI Appendix, Fig. S7 A and B). This analysis revealed that seven 
incoming pathways participate in DRGMacs communication after 
SNC in normal diet and PLX diet treatment (Fig. 4D). These 
include APP, macrophage-colony stimulating factor (CSF), 
GALECTIN, intercellular adhesion molecule (ICAM), melano-
cyte release inhibiting factor, COMPLEMENT and CCL. Only 
one outgoing pathway PSAP (Prosaposin) was identified (Fig. 4D).

We then compared the communication probabilities from cell–
cell clusters in these signaling pathways. Macrophages act as the 
major receivers from multiple cell types in APP signaling, from 
endothelial cells in GALECTIN and ICAM pathways, and from 
pericyte in CSF signaling pathway (Fig. 4E and SI Appendix, Fig. 
S7C). Macrophages act both as sender and receivers in the CCL 
signaling pathway (SI Appendix, Fig. S7C). Previous studies sug-
gested that CCL2 expression in neurons could function to recruit 
CCR2-positive monocytes after injury or lead to stimulation of 
macrophages (19, 20). Since we recovered only few neurons in 
our single-cell data sets, we are unable to analyze CCL signaling 
between neurons and macrophages in depth. However, we 
observed that CCL6-CCR1 contributed to ligand–receptor pair 
in the CCL signaling after SNC in both normal diet and PLX diet 
treatment (SI Appendix, Fig. S7C), albeit between different cell 
types in PLX and normal diet.

Interestingly, the PSAP (Prosaposin) signaling pathway is the only 
outgoing signaling from macrophages in both normal diet and PLX 
diet treatment, with SGCs acting as the major PSAP signaling 
receiver (Fig. 4E). We then analyzed the ligand–receptor pairs that 
are highly relevant in macrophage–SGC interaction in normal diet 
and PLX diet treatment after SNC (Fig. 4F). PSAP in macrophage 

http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
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Fig. 4. Cell communications between macrophages and other cell types in DRG. (A) UMAP of transcriptional profiles of macrophage in the control side (CON) and 
injured side (SNC) of DRGs at 3 d post injury with either normal diet or PLX diet treatment period of injury. N (cell number) = 820 (Normal diet-CON), 1,779 (Normal 
diet-SNC), 509 (PLX diet-CON), 2,012 (PLX diet-SNC), respectively. (B) Volcano plot showing DEGs (FDR < 0.05 and |fold-change| > 2) between macrophage with 
injured (SNC) and control (CON) sides of DRGs at 3 d.p.i. under normal diet (Left) and PLX diet (Right) treatment period of SNC. The numbers of DEGs are indicated 
in parentheses. (C) Venn diagram of up-regulated (Left) and down-regulated (Right) DEGs between injured to control under normal diet treatment was compared 
with PLX diet treatment. (D) Venn diagram of incoming (Left) and outcoming (Right) signalings in DRGMacs in the control side (CON) and injured side (SNC) of DRGs 
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The size of the width of various colors in the periphery indicates probability/intensity value of interaction (intensity is the sum of probability values). Heatmaps 
quantify the role of each cluster as a sender, receiver, mediator, and influencer. (F) Chord diagram inferred the legend–receptor pairs between macrophage and 
SGC under normal diet treatment or PLX diet treatment in SNC reconstructed with CellChat. SGCs to macrophages (Left); macrophage to SGCs (Right). The size 
of the width of various colors in the periphery indicates probability/intensity value of interaction (intensity is the sum of probability values).
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and GPR37L1 in SGC were the major ligand–receptor pairs under-
lying macrophage to SGC communication, followed by progranu-
lin-Sortilin1 (Fig. 4F). Prosaposin- and prosaposin-derived peptides 
are ligands of GPR37 and GPR37L1 and exhibit neuroprotective, 
glioprotective, and analgesic effects (56–60). We found that GPR37-
PSAP was a major contributor in the communication between 
macrophages and endothelial cells (SI Appendix, Fig. S8A). Nearly 
all SGCs expressed Gpr37l1, whereas only few SGCs expressed 
Gpr37 (SI Appendix, Fig. S8B). Psap was highly expressed in a major-
ity of DRGMacs (SI Appendix, Fig. S8B). To validate the predicted 
macrophage-SGC communication via PSAP-GPR37L1 signaling, 
we prepared DRG explants from mice treated with PLX, in which 
most macrophages were depleted. Explants were then treated with 
either vehicle or 10 nM Prosaptide Tx14(A) (here after referred to 
as TX14), which was shown to bind GPR37 and GPR37L1 and 
activate ERK (58). We examined the level of ERK phosphorylation 
and observed that TX14 induced ERK phosphorylation in some 
SGCs (SI Appendix, Fig. S8 E and F)). TX14 also enhanced neurite 
outgrowth from the explant, (SI Appendix, Fig. S8 G, H, and I), 
consistent with previous reports showing that TX14 can improve 
aspects of nerve regeneration (60). These results support a functional 
role of PSAP-GRP37/GPR37L1 in cell–cell communication in the 
DRG revealed by the cell chat analysis. We did not observe changes 
in the expression level of Psap or GPR37L1 after SNC in our sin-
gle-cell data, but this does not exclude the possibility that this sig-
naling pathway is regulated by injury at a posttranscriptional level, 
since prosaposin secretion correlates with nerve regeneration capac-
ity (60). Together, this analysis suggests that macrophages express 
the neuroprotective and glioprotective ligand prosaposin and com-
municate with SGCs via the prosaposin receptor GPR37L1 and 
with endothelial cells via GPR37 (SI Appendix, Fig. S8J).

Discussion

DRGMacs have been implicated in nerve regeneration (18–20) 
and in nerve injury-induced pain (22, 61). However, the source 
and function of DRGMacs in nerve injury responses have 
remained unclear. We report here that four different populations 
of macrophages populate the DRG after nerve injury. These results 
will pave the way for a better understanding of the immune mech-
anisms governing pain and nerve repair after injury and other 
peripheral neuropathies.

Macrophages in all tissues adapt to their environment and are 
strongly imprinted by their tissue of residence (62, 63). Macrophages 
broadly consist of two classes: tissue-resident macrophages and 
infiltrating macrophages. After peripheral nerve injury, mac-
rophages in the injured nerve expand as a result of infiltrating 
macrophages, which mainly derive from circulating bone-marrow–
derived precursors (11–14). Previous studies also reported an 
increase in the number of DRGMacs after peripheral nerve injury 
(9, 17, 19, 22, 26), but whether macrophage accumulation is the 
result of recruitment or local proliferation has remained unclear. 
We established a macrophage depletion model and took advantage 
of multiple genetic mouse models to trace macrophages (33), 
microglia (38), and SGCs (43). This approach allowed us to inves-
tigate the source of DRGMacs in response to peripheral nerve 
injury. We found that four populations of macrophages reside in 
the DRG at an early stage after nerve injury. Self-renewing mac-
rophages, proliferating from local resident macrophages, represent 
the largest population of DRGMacs, and this population contrib-
utes to promote axon regeneration. Our results suggest that after 
depletion, macrophages rapidly replenish the DRG. This is similar 
to the situation in the brain, in which microglia depletion is fol-
lowed by a rapid proliferation and replenishment of the microglia 

density to normal levels (34). This was attributed to residual 
microglia in the brain repopulating with fast proliferative kinetics 
compared with resident microglia during the first 2 d after PLX 
removal (34). Our results parallel these findings, as we observed 
more DRGMac self-proliferation after PLX removal compared with 
the normal diet situation.

In addition to self-renewing macrophages, we also found that 
microglia-like cells populate the DRG after nerve injury. Microglia-
like cells and proliferating macrophages may play distinct roles after 
nerve injury. In the injured nerve, macrophages express features of 
microglia (12). It is thus possible that the microglia-like cells we 
observed in the DRG represent a similar population of microglia-like 
macrophages. Another possibility, which is supported by our micro-
glia tracing experiment, is that microglia migrate from the dorsal horn 
along dorsal root axons to reach the DRG. This scenario is consistent 
with the high migratory activity of microglia in the brain (64) and 
has been observed in zebrafish, in which dorsal root avulsion injury 
elicits microglia exit from the spinal cord (37). In this model, the 
traveling microglia clear debris at the injury site and carry that debris 
back into the CNS (37). In our assay, the injury site is further away 
in the nerve. Whether microglia-like cells can reach the injury site in 
the nerve and perform similar functions as those observed in the 
zebrafish remains to be tested. A more likely function may be related 
to pain. Indeed, DRG macrophages (22) and microglia in the spinal 
cord (65) were shown to contribute to neuropathic pain after nerve 
injury. After nerve injury, activation and accumulation of microglia 
occurs in the dorsal horn, where dorsal root axons enter the spinal 
cord (65, 66). The detailed function and mechanism by which micro-
glia-like cells populate the DRG need to be further investigated.

Our lineage tracing experiment also indicates that a subpopu-
lation of DRGMacs is macrophage-like SGCs, consistent with 
our previous identification of Imoonglia, a cell type that is 
increased after injury, which express macrophage genes and shares 
the spatial arrangement of SGCs surrounding sensory neurons. 
This is consistent with the notion that SGCs express progenitor 
markers, such as Sox2, Foxd3, Nestin, and p75, and thus have the 
potential to differentiate into other cells (9, 67). The detailed 
mechanism by which a subset of SGCs express macrophage genes 
after injury and whether this population evolves at later time point 
during the course of regeneration will require future investigation. 
Our previous study indicates that these cells increase in number 
after both peripheral and central axon injuries (9). Gene ontology 
analysis of Imoonglia suggests an immune function, with enrich-
ment for chemokine–cytokine signaling and Toll-like receptor 
signaling (9). In human trigeminal ganglion, SGCs were shown 
to express Toll-like receptors (68), suggesting that Imoonglia may 
play a role in initiating and orchestrating inflammation responses.

Our study provides the identification of multiple DRGMac 
origins three days post nerve injury. It has been shown that the 
number of macrophages populating the DRG increase by days 3 
and 7 after nerve injury. Whether they return to the basal level by 
day 14 or 28 post injury remains to be confirmed (18, 26). Future 
studies are needed to determine how the distinct subpopulation 
of DRGMacs evolve in time, which may inform future therapeutic 
approaches to treat nerve injury to promote recovery without pain.

Imprinting by the tissue environment has been suggested to be 
the dominant factor conferring macrophage identity and self-main-
tenance capacity (69). Depleting macrophages may have changed 
the DRG environment, and that is reflected by the distinct tran-
scriptional signature we observed between macrophages and repop-
ulated macrophages at the single-cell level. This raises the possibility 
that repopulated macrophages function differently compared with 
normal macrophages after nerve injury. However, since repopulated 
DRGMacs supported axon regeneration to the same extent as 

http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215906120#supplementary-materials
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DRGMacs in normal conditions, we focused our analysis on the 
common pathways between the two conditions. We thus performed 
single-cell data RNAseq and analyzed the transcriptional response 
of DRGMacs after nerve injury in control and repopulated condi-
tions. Although overall, the transcriptional signature of DRGMacs 
and repopulated DRGMacs was distinct, as expected, some cell–cell 
interaction networks appeared to be conserved in normal and repop-
ulated conditions. Notably, we found that DRGMacs express the 
neuroprotective, glioprotective, and analgesic ligand prosaposin 
(56–59), suggesting that they communicate with SGC via the prosa-
posin receptor GPR37L1, and may provide some level of gliopro-
tection. It was recently reported that a small number of SGC 
undergo apoptosis after axotomy (70), in addition to the known 
neuronal death induced by nerve injury (71). Prosaposin is known 
to protect myelinating glia cells, promoting Schwann cell survival 
in the face of cellular insults and to increase expression of enzyme 
important for myelination (56). Mechanistically, ERK phosphoryl-
ation in SGC may depend on prosaposin secretion from DRGMacs, 
since prosaptide stimulation of GPFR37L1 was shown to induce 
the phosphorylation of ERK (58), and nerve injury leads to phos-
phorylation of ERK in SGC in addition to neurons (72).

In conclusion, we demonstrated that four subpopulations of mac-
rophages populate the DRG after nerve injury, including local self-re-
newing macrophages, microglia-like macrophages, and Imoonglia 
in addition to a small population of circulating bone-marrow–derived 
precursors. The self-renewing population contributes to promote 
axon regeneration. The precise function of the other subtypes of 
DRG macrophages after nerve injury remains to be determined. 
Future studies aimed at harnessing the different DRGMacs origin 
may inform future therapeutic approaches to treat nerve injuries.

Materials and Methods

Experimental Model and Subject Details. Two-month-old female and male 
C57BL/6 mice, Cx3cr1CreER x Ai14 (Cx3cr1CreER::Ai14), Tmem119GFP/+, BlbpCreER x 
Ai14 (BlbpCreER::Ai14) mice were used in this study. Mouse colonies were bred 
and maintained in temperature (64 to 79°F) and humidity control (30 to 70%) in 
Washington University in St. Louis animal facility. Mice were housed socially (1 to 
5 mice per cage) on a 12–h light/dark cycle (6am/6pm) in individually ventilated 
cages and with ad libitum access to food and water. Littermates of the same gender 
were otherwise randomly assigned to experimental groups. All experiments were 
conducted in accordance with the protocol (21-0104) approved from Institutional 
Animal Care and Use Committees (IACUCs) of Washington University in St. Louis.

Animals. All animals were approved by the Washington University School of 
Medicine IACUC under protocol A-3381-01. All experiments were performed in 
accordance with the relevant guidelines and regulations. 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 and conforms to the PHS guidelines for Animal Care. 
Accreditation–7/18/97, USDA Accreditation: Registration # 43-R-008. Wild-type 
C57BL/6 mice were obtained from Envigo (Envigo #027) and Jackson Laboratory 
(Stock No: 000664). Cx3cr1CreER (33) (B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung/J, JAX 
Stock No: 020940), Ai14 (73) (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, JAX Stock 
No: 007914) Tmem119GFP/GFP (38) (C57BL/6-Tmem119em2(EGFP)Gfng/J, JAX Stock 
No: 301823) mice were obtained from The Jackson Laboratory. The BlbpcreER 
(43) mouse line was a generous gift from Dr. Toshihiko Hosoya. Ai14 mice were 
crossed with Cx3cr1CreER, and BlbpCreER mice to obtain Cx3cr1CreER::Ai14 and 
BlbpCreER::Ai14 mice. Tmem119GFP/+ knock-in mice were obtained by crossing 
Tmem119GFP/GFP and C57BL/6 J mice. All animals were housed on a 12/12 
light–dark cycle with food and water ad libitum.

Primary Adult DRG Neuronal and Explant Culture. L4 and L5 DRGs from 
8-wk-old mice were collected into cold dissection medium [Hanks' Balanced 
Salt Solution (HBSS) (Thermofisher, Gibco; Catalog#:14175-079)] with 10% 1M 
HEPES [(Thermofisher, Gibco); Catalog#15630080], then transferred to fresh made 
prewarmed dissociation medium (15U/mL Papain suspension (Worthington 

Biochemical; Catalog#LS003126), 0.3 mg/mL L-cysteine (Sigma; Catalog#C7352), 
0.1 mg/mL Deoxyribonuclease I (Worthington Biochemical; Catalog#LS002139), 
10% 1M HEPES in HBSS) incubated in 37  °C for 20 min. Samples were incu-
bated with collagenase (150 µg/mL; Sigma; Catalog#C6885) in 37 °C for 20 min 
after washing with prewarmed HBSS twice. After washing with prewarmed HBSS 
twice, the single-cell suspension was resuspend by gently triturating in complete 
medium (Neurobasal™-A Medium, Thermofisher, Gibco; Catalog# 12349015) with 
B-27™ Plus Supplement [Thermofisher, Gibco; Catalog# A3582801; GlutaMAX™ 
Supplement (Thermofisher, Gibco; Catalog#35050061)]. Afterward, the single-cell 
suspension was carefully added on Percoll (Sigma, Catalog# P1644) mixture (3 mL 
60% Percoll overlay with 3 mL 30% Percoll for one condition in a 14-mL round 
bottom tube). Next, the samples were centrifuged at 800 × rpm at 4 °C for 20 min. 
The neuron layer was carefully collected and put in 10 mL HBSS with 10% HEPES. 
The samples were centrifuged at 500 × rpm at 4 °C for 5 min. The cell pellet was 
resuspended in complete neurobasal medium. Cells were seeded on PDL/laminin-
coated 18-mm coverslips with cell density as 1.0 × 103/coverslip.

For adult DRG explant culture, L4 DRGs from 8-wk-old mice were collected into 
cold dissection medium [HBSS (Thermofisher, Gibco; Catalog#:14175-079)] with 
10% 1M HEPES (Thermofisher, Gibco; Catalog#15630080) and 18 mM D-Glucose 
(Sigma; Catalog# G7021). DRGs were then seeded on PDL/ laminin-coated eight 
Chamber cell culture slides (Celltreat, Catalog#229168) with 10 nM Prosaptide 
T×14(A) (MedChemExpress; Catalog# HY-P1342) or 0.1%DMSO in complete 
medium (Neurobasal™-A Medium, Thermofisher, Gibco; Catalog# 12349015) 
with B-27™ Plus Supplement (Thermofisher, Gibco; Catalog# A3582801); 
GlutaMAX™ Supplement (Thermofisher, Gibco; Catalog#35050061), and 2.5% 
Fetal Bovine Serum (FBS) (Gibco, Catalog#A31604).

Sciatic Nerve Injury. Sciatic nerve injuries were performed as previously 
described (2, 50, 52). During surgery, 8-wk-old mice were anesthetized using 
1.5% inhaled isoflurane. The sciatic nerve was exposed at the mid-thigh level 
(around 1.2 cm to L4 DRG) with a small skin incision. The sciatic nerve was fully 
crushed for 10 s with 0.1-mm forceps (#55). The wound was closed using wound 
clips. Mice were placed on a warming pad after surgery until fully awake. L4 and 
L5 DRG were dissected at the indicated time postsurgery.

Drug Administration. To pharmacological ablate DRG macrophage, mice were 
fed PLX73086-formulated AIN-76A diet (200 mg PLX73086 per kilogram of 
diet, Plexxikon, Research Diet) or PLX5622-formulated AIN-76A diet (1,200 mg 
PLX73086 per kilogram of diet, Plexxikon, Research Diet) ad libitum. Mice were 
fed normal AIN-76A diet (Plexxikon, Research Diet, Cat#D10001i) as control. To 
efficiently induce the CreER-dependent recombination, tamoxifen (Sigma, T5648; 
Log# WXBD2299V) dissolved in corn oil (Sigma, Catlog#C8267, Log#MKCK6411) 
was oral gavage administered to mice with tamoxifen daily at 100 mg/kg body 
weight for five consecutive days. To induce expression of tdTomato in YSMacs, 
100 mg/kg tamoxifen and 37.5 mg/kg progesterone (Merck, Catalog#P0130) 
dissolved in corn oil were given by oral gavage to pregnant females carrying 
Cx3cr1CreER:Ai14 embryos at E9.5.

BrdU Labeling. BrdU (Abcam, Catlog#ab142567) was dissolved in DPBS at a 
concentration of 10 mg/mL and was administered by intraperitoneal injection 
to mice. Using a 3-d loading protocol, BrdU was given immediately after injury 
and once daily for three consecutive days at 100 mg/kg. Mice were killed 24 h 
after the last BrdU injection.

Quantitative Real-Time PCR. For qRT-PCR, L4 and L5 DRGs of each mouse were 
collected and total RNA was extracted using RNeasy Mini Kit (QIAGEN, Cat# 74104). 
For copy DNA (cDNA) synthesis, 500 ng RNA was converted into cDNA with the High-
Capacity cDNA Reverse Transcription Kit (ThermoFisher, Catlog# 4368814) accord-
ing to the manufacturer’s specifications. Quantitative PCR was completed using the 
PowerUp™ SYBR™ Green Master Mix (ThermoFisher, Cat# A25780) using gene-
specific primers (resource table) from Primerbank (https://pga.mgh.harvard.edu/
primerbank/). qRT-PCR was performed on a QuantStudio six Flex System. Expression 
fold change for each gene of interest was calculated using the ΔCq method and nor-
malized to the expression fold change of Gadph expression compared with controls.

Immunohistochemistry. Mice were killed with CO2 asphyxiation and transcar-
dially perfused with phosphate-bufferedsaline (PBS) followed by 4% paraformal-
dehyde (PFA). PFA-fixed tissues were incubated in 30% sucrose in PBS overnight 
at 4 °C, specimens were embedded in optimal cutting temperature compound 

https://pga.mgh.harvard.edu/primerbank/
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(Tissue-Tek), stored at −80 °C until further processing. Transverse sections of DRG 
(L4) and longitudinal sections of sciatic nerve were cut on a cryostat at 10 μm, 
transverse sections of spinal cord (L4) were cut on 25-μm thickness and stored at 
−20 °C until processed. Before staining, sections were warmed to room temper-
ature and dried on a 60 °C slide warmer for 5 min. For detecting of BrdU-labeling 
cells, the slides were rinsed in DPBS, denatured in 2N HCl for 30 min, rinsed in 
PBS, then following general immunohistochemistry protocol. Sections were treated 
with a blocking solution containing 4% normal donkey serum (NDS) (LAMPIRE; 
Catalog#7332100) with 0.5% Triton X-100 in PBS for 1 h at room temperature. Then 
samples were incubated in the primary antibodies, which were diluted in 1% NDS 
with 0.3% Triton X-100 in PBS overnight at 4 °C. After three PBS rinses, samples 
were incubated with Alexa Fluor–conjugated secondary antibodies in PBS with 0.3% 
Triton X-100 in 1 h, followed by incubation in 300 nM DAPI (Sigma-Aldrich, Catalog# 
D9542) at room temperature for 10 min. Samples were rinsed before mounting with 
ProLong™ Gold Antifade Mountant (Invitrogen, Catalog#:P36930). DRG sections 
were imaged with a confocal laser-scanning microscope (Zeiss LSM880). Figures 
showing large longitudinal sciatic nerve sections, stitched spinal cord and brain 
sections were produced using EVOS™ M7000 Imaging System with image stitching 
and/or stack software. For adult DRG neuronal culture and DRG explant culture 
staining, neurons/explants were fixed in prewarmed 1%PFA in 7.5% sucrose at 
37 °C for 15 min. Then postfixed in prewarmed 2%PFA in 15% sucrose in 30 min. 
Rise with PBS 3 times, the fixed neurons were directly for immunostaining following 
same staining protocol described above. Cultured neurons were imaged using the 
ECLIPSE Ti2 inverted microscope.

Primary antibodies included goat anti-IBA1 (Abcam, Catlog#Ab5076, 1:500); 
rat anti-BrdU (Abcam, Catalog#:Ab6326, 1:200); rat anti-RFP(ChromoTek, 
Catalog#: 5f8-100, 1:1,000); rat anti CD68 (Bio-Rad; Catalog#: MCA1957); rab-
bit anti-IBA1(Wako, Catalog#:019-19741, 1:500); rabbit anti-FABP7 (Invitrogen, 
Catalog#:PA5-24949, 1:1,000); rabbit anti-STMN2(SCG10) (Novus a bio-techine, 
Catalog#:NBP1-49461, 1:1,000); rabbit anti ATF3 (Novus, Catalog#: NBP1-85816; 
1:200); rabbit anti-dsRed (Takara, Catalog#:632496, 1:1,000) mouse anti TUJ1(β-
tubulin) (Biolegend, Catalog#:801202, 1:1,000), mouse anti pERK (B-5) (Santa 
Cruz, Catalog# sc-377400,1:200), Chicken anti GFP(Abcam, Catalog#:ab13970, 
1:1,000), Secondary antibodies conjugated to Alexa Fluor 488, Alexa Fluor 594 
and Alexa Fluor 647 (Invitrogen) were diluted 1:500.

Single-Cell RNA Sequencing. L4 and L5 DRGs from 8-wk-old female 
mice were collected into cold dissection medium [HBSS (Thermofisher, 
Gibco; catlog#:14175-079)] with 10% 1M HEPES [(Thermofisher, Gibco; 
Catalog#15630080)], then transferred to fresh made prewarmed dissoci-
ation medium (15 U/mL Papain suspension (Worthington Biochemical; 
Catalog#LS003126), 0.3 mg/mL L-cysteine (Sigma; Catalog#C7352), 0.1 mg/
mL Deoxyribonuclease I (Worthington Biochemical; Catalog#LS002139), 10% 
1M HEPES in HBSS) incubated in 37 °C for 20 min. Samples were incubated 
with collagenase (150 µg/mL; Sigma; Catalog#C6885) in 37 °C for 20 min after 
washing with prewarmed HBSS twice. After washing with prewarmed HBSS 
twice, the single-cell suspension was resuspend by gently triturating in complete 
medium [Neurobasal™-A Medium, (Thermofisher, Gibco; Catalog# 12349015) 
with B-27™ Plus Supplement (Thermofisher, Gibco; Catalog# A3582801); 
GlutaMAX™ Supplement (Thermofisher, Gibco; Catalog#35050061)] followed 
by passing through 70-micron cell strainers. Single-cell suspension was resus-
pended in HBSS with 10% 1M HPEPS and 0.1% FBS (Thermofisher; Catalog# 
A3160401) followed by staining with LIVE/DEAD™ Fixable Aqua Dead Cell Stain 
Kit (ThermoFisher; Catalog# L34965). Live single cells were sorted by MoFlo 
(Beckman Coulter, Indianapolis, IN). Sorted cells were washed in PBS+0.04%BSA 
solution and manually counted using a hemocytometer. Solution was adjusted to 
a concentration of 700 to 1,000 cell/microliter and loaded on the 10X Chromium 
system. Single-cell RNA-Seq libraries were prepared using Chromium Next GEM 
Single Cell 3′ (v3.1 Kit) (10× Genomics). A digital expression matrix was obtained 
using 10X’s CellRanger pipeline (Washington University The McDonnell Genome 
Institute). Quantification and statistical analysis were done with the Partek Flow 
package (Build version 10.0.21.0829).

Filtering criteria: Low–quality cells and potential doublets were filtered 
out from analysis using the following parameters: total reads per cell: 600 to 
15,000, expressed genes per cell: 500 to 4,000, mitochondrial reads <10%. 
A noise reduction was applied to remove low expressing genes <=1 count. 
Counts were normalized and presented in logarithmic scale in count per 

million approach. An unbiased clustering (graph-based clustering) was done 
and presented as UMAP (Uniform Manifold Approximation and Projection), 
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 DE if it has an FDR < 0.05 and 
|fold-change| > 2. The data were subsequently analyzed for enrichment of KEGG 
pathways using Metascape (74).

Cell–Cell Interaction Analysis. The cell–cell interactions between different cell 
types in the DRG dataset were evaluated using CellChat (Version 1.4.0, R pack-
age). CellChat takes gene expression data as user input to model the probability of 
cell–cell communication by integrating gene expression with the existing database 
consisting of known interaction between signaling ligands, receptors, and their 
cofactors (55). In this paper, cell–cell interactions were analyzed individually for 
different conditions following the default pipeline. Normalized counts data from 
each condition were used to create CellChat object and applied the recommended 
preprocessing functions for the analysis of individual datasets with default parame-
ters. CellChatDB.mouse was used as the database for inferring cell–cell communica-
tion. All categories of ligand–receptor interactions in the database were used in the 
analysis. Communications involving less than 10 cells were excluded.

Image Acquisition and Quantification. Confocal images were captured under 
the LSM880 confocal microscope (Carl Zeiss) unless otherwise specified. The images 
were captured under following parameters: 1 × optical zoom, scan speed 6, aver-
aged 2 times, a pinhole of 1 AU, and 1,024 × 1,024 pixel size. The z-stack images 
were projected into overlay images using the “Maximum Intensity Projection” 
function in Zen Black software (Carl Zeiss). Sciatic nerve longitudinal images, the 
spinal cord, and brain images were captured under the EVOS™ M7000 Imaging 
System (Invitrogen). The images were captured under 10× objective in 1,980 × 
1,080 pixel size. The stitched nerve images were generated by the EVOS imaging 
system. The neuronal culture images were captured under the ECLIPSE Ti2 inverted 
microscope (Nikon). The images were captured under 10× objective in 2,304 × 
2,304 pixel size. Three tissue sections were analyzed on average for each independ-
ent mouse. For quantifying the number of IBA1+, tdTomato+, and BrdU+ cells in 
the DRG, spinal cord and brain sections, the “cell counter” plug-in in Fiji was used. 
For quantifying macrophages in the sciatic nerve, the IBA1+ and tdTomato+ area 
was measured using “Analysis Particles” function in Fiji. Area, rather than the num-
ber, was measured in the nerve because the macrophages morphology appeared 
foam-like after injury. For quantifying the regeneration index in the injured sciatic 
nerve section, the highest SCG10 intensity along the nerve was defined as the crush 
site, as described (49), and confirmed by regional increased intensity of IBA1. The 
average SCG10 intensity at distances away from the crush site was normalized to the 
SCG10 intensity at the crush site using “measure” function in Fiji. For quantifying 
the neuron regenerative capacity in cultured DRG neurons, TUJ1-stained neurons 
were segmented by thresholding and subjected to neurite tracing using “Simple 
Neurite Tracer” plug-in in Fiji.

Statistical Analysis. All statistical analyses and graphs were conducted, organ-
ized, and generated in GraphPad Prism 9. Numerical data were presented as 
mean ± SD from at least two independent animals. The group mean difference 
was analyzed by either two-tailed unpaired Student’s t test or one-way ANOVA with 
the Bonferroni post hoc test. For experiments including groups and multiple time-
point measurements, data were analyzed by two-way ANOVA with the Bonferroni 
post hoc test. P values below 0.05 were considered as significant difference.

Data, Materials, and Software Availability. All software applications were 
commercially or freely available and are listed in the methods and resources table. 
All data reported are available and listed in SI Appendix, Reagent and resources 
table. The raw Fastq files and the processed filtered count matrix for single-cell 
RNA (scRNA) sequencing of DRGs from the PLX+CD diet group were deposited 
at the NCBI GEO database under the accession number GSE190283. The scRNA 
sequencing files of DRGs from the normal diet group were from GSE158892 (9).
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