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inflammatory and anti-
inflammatory macrophages after peripheral nerve
injury†

Fuchao Zhang,‡a Yang Miao,‡b Qianyan Liu,a Shiying Li a and Jianghong He *a

Macrophages are notable immune cells that are recruited to the injury sites after peripheral nerve injury.

Following peripheral nerve injury, increasing numbers of macrophages engulf debris and promote nerve

regeneration. However, changes of pro-inflammatory (M1) and anti-inflammatory (M2) macrophages,

two types of macrophages with dissimilar biological functions, have not been discovered. In the current

study, the expression profiles of M1 and M2 macrophage marker genes in the sciatic nerve stumps and

dorsal root ganglions (DRGs) after rat sciatic nerve injury were determined using RNA sequencing.

Robust up-regulation of macrophage marker genes was observed in the injured sciatic nerve stumps as

compared with in the DRGs. Measurement of the dynamic expression levels of M1 macrophage specific

marker genes CD38 and Gpr18 as well as M2 macrophage specific marker genes Egr2 and Myc

suggested that M1 macrophages were highly involved at all tested time points after peripheral nerve

injury while M2 macrophage might be more involved in the later phase after nerve injury. Dynamic

changes of M1 macrophage-inducing miRNAs showed that miR-18a, miR-19b, miR-21, miR-29a, and

miR-29b were elevated in the injured nerve stump. These up-regulated miRNAs might mediate

macrophage polarization by targeting multiple genes, such as Pten. Collectively, our study explored the

unique temporal patterns of pro-inflammatory and anti-inflammatory macrophages after peripheral

nerve injury for genetic aspects and provided a deeper understanding of the cellular and molecular basis

of microenvironment reconstruction after peripheral nerve injury.
Introduction

Macrophages are large, phagocytic immune cells that can be
found essentially in all tissues.1 Macrophages help to maintain
tissue homeostatis by engulng, digesting, and disrupting
pathogens, microbes, cancer cells, dead cells, and cellular
debris. Moreover, macrophages respond to environment cues
and function as key mediators of tissue repair and remodeling.2

Considering the essential roles of macrophages in tissue injury
and repair, macrophages are considered as potential thera-
peutic targets.3,4 Detailed investigations of macrophages nd
that macrophages can generally be classied into two main
groups: pro-inammatory (M1) macrophages and anti-
inammatory (M2) macrophages according to their specic
bioactivities.5 M1 and M2 macrophages contribute to different
phases of wound healing.6,7 M1 macrophages stimulate local
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inammation and remove debris at the injury site while M2
macrophages promote cell proliferation, supply cell population,
and restore tissue homeostatis.8

Emerging studies demonstrate that macrophages play
essential roles in peripheral nerve injury and repair.9 Following
peripheral nerve injury, Wallerian degeneration occurs at the
distal nerve stumps and leads to the breakdown of axons and
myelin sheaths.10 Inammatory cells, especially macrophages,
accumulate at the injury sites to engulf axon and myelin debris,
clear the regenerative path, and rebuild the local microenvi-
ronment to promote nerve regeneration.11 Assessments of
endoneurial cell populations show that macrophages account
for 2.4%–9.0% of cell populations in the intact peripheral nerve
stumps.12,13 The percentage of macrophages of robustly
increased to 22.0% at 1 day aer peripheral nerve injury and
13.2% at 4 days aer peripheral nerve injury.13 These ndings,
from the aspect of cell numbers, indicated the essential roles of
macrophages in peripheral nerve regeneration. However, it is
worth noting that M1 and M2 macrophages exhibit diverse
biological effects. Pro-inammatory M1 macrophages mainly
secret cytokines and drive inammatory responses while anti-
inammatory M2 macrophages mainly regulate inammation
and induce tissue repair and remodeling.2 Actually, the ne
turning of M1 and M2 macrophages is a key point that need to
RSC Adv., 2020, 10, 38767–38773 | 38767

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra06607a&domain=pdf&date_stamp=2020-10-21
http://orcid.org/0000-0001-5150-7299
http://orcid.org/0000-0002-5185-7982


RSC Advances Paper
be considered in the construction of biomaterials in tissue
engineering and regenerative medicine.14,15 Therefore, for
designing an ideal tissue engineered nerve that ts the physi-
ological conditions aer peripheral nerve injury and benets
peripheral nerve regeneration, it is of great importance to
identify specic changes of different types of macrophages aer
peripheral nerve injury rst.

M1 and M2 macrophages express common or exclusive
marker genes.16 To discover the signicant involvement of M1
andM2macrophages during peripheral nerve injury and repair,
in the current study, we performed a bioinformatic analysis of
the transcriptional signature of rat sciatic nerve stumps aer
nerve crush injury and determined changes of macrophage
marker genes. It was worth noting that besides the direct effect
on nerve stumps, peripheral nerve injury also stimulate changes
in dorsal root ganglions (DRGs). In DRGs, peripheral nerve
injury induces the recruitment of macrophages, activates
recruited macrophages, and stimulates immune responses.17

But the involvement and functions of macrophages in DRGs
were not fully investigated. Therefore, in the current study, we
also evaluated gene proles in DRGs and examined the
expression patterns of macrophage marker genes in DRGs at
different time points aer nerve injury.
Experimental
Animal surgery and tissue collection

Adult Sprague-Dawley (SD) male rats (180–220 g) were induced
to anesthetic depth with mixed narcotics containing 85 mg kg�1

trichloroacetaldehyde monohydrate (RichJoint, Shanghai,
China), 42 mg kg�1 magnesium sulphate (Xilong Scientic,
Guangzhou, Guangdong, China), and 17 mg kg�1 sodium
pentobarbital (Sigma-Aldrich, St. Louis, MO, USA). Rat sciatic
nerves at 10 mm above the bifurcation into the tibial and
common bular nerves were crushed with forceps for 10
seconds for 3 times as previously described.18 Rat sciatic nerve
stumps at the crush site and L4–L6 DRGs were harvested at
multiple time points aer sciatic nerve crush for subsequent
sequencing. Rats underwent sham-surgery were designated as
0 day control. SD rats were obtained from the Experimental
Animal Center of Nantong University. Animal surgery were
conducted in accordance with Institutional Animal Care
guidelines of Nantong University, China and approved ethically
by the Administration Committee of Experimental Animals,
Nantong University, Jiangsu Province, China.
RNA sequencing and bioinformatic analysis

mRNA sequencing of rat sciatic nerve stumps and DRGs aer
nerve crush injury were conducted in previous studies.18,19

Sequencing data of sciatic nerve stumps were deposited in NCBI
database (accession number PRJNA394957; SRP113121).18,20

Sequencing data of DRGs were deposited under accession
number PRJNA547681 (SRP200823).19,21 miRNA sequencing of
rat sciatic nerve stumps and DRGs aer nerve transection injury
were performed and differentially expressed miRNAs were re-
ported.22 The expression patterns of mRNAs and miRNAs were
38768 | RSC Adv., 2020, 10, 38767–38773
displayed in heatmaps using MeV soware. Connections
between miRNAs and their target genes were built using Cyto-
scape soware.23

RT-PCR

RNA samples were isolated from collected rat sciatic nerve
stumps using TRIzol reagent (Life Technologies, Carlsbad, CA,
USA) and reverse transcribed to cDNA using the Prime-Script
Reagent Kit (TaKaRa, Dalian, China). qRT-PCR was performed
with SYBR Premix Ex Taq (TaKaRa) on an ABI Stepone system
(Applied Biosystems, Foster City, CA). Relative quantications
of target genes CD86, CD38, Gpr18, Egr2, and Myc were con-
ducted using the comparative 2�DDCt method and normalized
against reference gene GAPDH. Primers were synthesized by
Sangon Biotech (Shanghai, China). Primer sequences were as
follows: CD86 (forward) 50-CAACTAATGAGTATGGCGACAAC-30

and (reverse) 50-AAACTGGGGCTGCGAAAA-30; CD38 (forward) 50-
GTCGCCTTGGTAGTGGTCGT-30 and (reverse) 50-CAGTGGT
GCGTAGTCTTCATTG-30; Gpr18 (forward) 50-TCACTGCCC-
TATGGGTTTTC-30 and (reverse) 50-GTTCTTGAGTTCCTTGGCG-
TAT-30; Egr2 (forward) 50-GGTTGCGACAGGAGGTTCT-30 and
(reverse) 50-GGATGTGAGTGGTGAGGTGG0-30; Myc (forward) 50-
TGATGACCGAGCTACTTGGAG-30 and (reverse) 50-AGGCTGGTG
CTGTCTTTGC-3; and GAPDH (forward) 50-AACGACCCCTT-
CATTGAC-30 and (reverse) 50-TCCACGACATACTCAGCAC-30.

Statistical analysis

Ordinary one-way ANOVA and Dunnett's multiple comparisons
test were applied for comparison between groups using
GraphPad Prism 6.0 soware (GraphPad Soware, Inc., San
Diego, CA, USA). A p-value < 0.05 was considered as statistical
signicance.

Results
Transcriptional characteristics of macrophage markers in
sciatic nerve stumps aer peripheral nerve injury

Besides the classication of macrophages to classically acti-
vated M1 macrophages and alternatively activated M2 macro-
phages, M2 macrophages can be further subdivided to M2a,
M2b, M2c, and M2d macrophages. M2a macrophages promote
the removal of apoptosis cells and the proliferation and
migration of cells and contribute to wound healing. M2b
macrophages encourage cell maturation and stabilization and
modulate the synthesis of extracellular matrix. M2c macro-
phages also inuence extracellular matrix. Besides, M2c
macrophages benet growth factor production, immune-
suppression, and tissue remodeling. M2d macrophages stimu-
late angiogenesis and would healing.24,25

M1 macrophages and sub-types of M2 macrophages possess
common and distinct markers.24,25 To obtain a cue of changes of
M1 and M2 macrophages in the sciatic nerve stumps following
peripheral nerve injury, the expression levels of M1 and M2
macrophage markers were screened from sequencing data and
visualized in heatmaps (Table S1† and Fig. 1). The expression
levels of these macrophage markers at multiple time points
This journal is © The Royal Society of Chemistry 2020
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aer nerve injury were compared with their expression levels at
0 day (uninjured control). Red color indicated relatively highly
expression levels while green color indicated relatively lower
expression levels. It was observed that most M1 macrophage
markers, except for IL12A, exhibited elevated expressions in the
injured sciatic nerve stumps as compared with the 0 day control
(Fig. 1a). Many M2a macrophage marker genes, except for
CD209A, were also up-regulated in the sciatic nerve stumps aer
nerve injury as compared with the 0 day control. And numerous
M2a macrophage markers, such as CCL17, CLEC7A, and IL10,
were kept expressed at relatively higher level post injury
(Fig. 1b). Similar as M2a macrophage marker genes, the
majority of M2c macrophage marker genes, except for MERTK,
were signicantly up-regulated (Fig. 1d). On the other hand,
M2b and M2d macrophage marker genes were not dramatically
Fig. 1 The temporal expression patterns of markers of (a) M1, (b) M2a,
(c) M2b, (d) M2c, and (e) M2d macrophages in sciatic nerve stumps at
0 day, 1 day, 4 days, 7 days, and 14 days after nerve injury. Red color
indicated up-regulation and green color indicated down-regulation.

This journal is © The Royal Society of Chemistry 2020
increased as compared with M1, M2a, and M2c macrophage
marker genes (Fig. 1c and e). This might because that some
common marker genes of M2b and M2d macrophages, VEGFA,
VEGFB, and VEGFC, were not signicantly altered aer nerve
injury.

Transcriptional characteristics of macrophage markers in
DRGs aer peripheral nerve injury

Changes of these marker genes in DRGs aer nerve injury were
investigated as well (Fig. 2 and Table S2†). The expression levels
of these marker genes were not robustly altered in DRGs as
compared with in sciatic nerve stumps. Among M1 macrophage
marker genes, only a total of 5 genes, i.e., FCGR2A, CCL2, NOS2,
CD74, and IL6, were signicantly up-regulated aer nerve
injury. And their relative expression levels in DRGs were much
lower as compared with values in sciatic nerve stumps. In
addition, multiple genes, i.e., CD86, CCR7, CXCL9, IL12A, were
found to be down-regulated. CD80 was found to be rst down-
regulated and then up-regulated (Fig. 2a). Consistent with the
expression proles of M1 macrophage marker genes, in DRGs,
Fig. 2 The temporal expression patterns of markers of (a) M1, (b) M2a,
(c) M2b, (d) M2c, and (e) M2d macrophages in DRGs at 0 hour, 3 hours,
9 hours, 1 day, 4 days, and 7 days after nerve injury. Red color indicated
up-regulation and green color indicated down-regulation.

RSC Adv., 2020, 10, 38767–38773 | 38769
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M2a, M2b, M2c, and M2d macrophage marker genes were not
altered as robust as in sciatic nerve stumps (Fig. 2b–e). Heat-
maps showed that different from the overall increasing trend of
marker genes in sciatic nerve stumps, marker genes in DRGs
generally exhibited a decreasing trend (Fig. 2).

Expressions of M1 and M2 macrophage markers in sciatic
nerve stumps aer peripheral nerve injury

Sequencing data indicated that compared with DRGs, in sciatic
nerve stumps, the up-regulation of M1 and M2 macrophage
markers were vigorous. To validate the accuracy of sequencing
outcomes, the temporal expression patterns of critical macro-
phage markers were further determined by RT-PCR. The
expression levels of CD86, a canonical macrophage marker that
was demonstrated to be up-regulated by sequencing, were rst
examined. Sequencing data showed that as compared with the
0 day control, the expression levels of CD86 were elevated to
2.81 folds (log2 ratio ¼ 1.49), 5.59 folds (log2 ratio ¼ 2.48), 3.97
folds (log2 ratio¼ 1.99), and 3.90 folds (log2 ratio¼ 1.93) at 1, 4,
7, and 14 days aer peripheral nerve injury (Table S1†). RT-PCR
results showed that consistent with sequencing data, the rela-
tive abundances of CD86 largely increased in the sciatic nerve
stumps aer nerve injury (Fig. 3a), indicating that our
sequencing data were accurate.
Fig. 3 Expression levels of (a) CD86, (b) CD38, (c) Gpr18, (d) Egr2, and (e
after nerve injury. The relative expression levels of target genes CD86, CD
Data were presented as means � SEM. Asterisks indicated statistically si
ordinary one-way anova; n ¼ 3).
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Many macrophage markers lack macrophage phenotype
specicity. For instance, CD86 are marks of both M1 macro-
phages and M2 macrophages. To further clarify changes of M1
and M2 macrophages aer peripheral nerve injury, the expres-
sion proles of some recently discovered specic macrophage
phenotype markers were further examined. CD38 and Grp18
were identied as M1 macrophage-exclusive genes whereas
Egr2 and Myc were identied as M2 macrophage-exclusive
genes.16 RT-PCR experiments were performed to evaluate the
expression trends of these novel M1 and M2 macrophage
markers in the injured sciatic nerve stumps. CD38 and Gpr18
were found to be up-regulated aer nerve injury (Fig. 3b and c).
Egr2 were identied to be down-regulated aer nerve injury and
the expressions of Egr2 slightly recovered to its basal level at
later time points aer nerve injury (Fig. 3d). Another novel M2
macrophage marker Myc was found to be up-regulated at 7 and
14 days aer nerve injury (Fig. 3e). These ndings implied that
M1 macrophages played great roles at all test time points aer
peripheral nerve injury, especially at early time points. The large
amount of pro-inammatory M1 macrophages might switch to
anti-inammatory M2 macrophages at later time points aer
peripheral nerve injury to enhance nerve regeneration.
) Myc in sciatic nerve stumps at 0 day, 1 day, 4 days, 7 days, and 14 days
38, Gpr18, Egr2, andMycwere normalized with reference geneGAPDH.
gnificant differences compared with 0 day control (*, p-value < 0.05;

This journal is © The Royal Society of Chemistry 2020
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Identication of the expression proles of macrophage
polarization-regulating miRNAs

Sequencing data and RT-PCR results, from the genetic aspect,
suggested that activation of macrophages in sciatic nerve
stumps aer peripheral nerve injury. Emerging studies showed
that macrophages may be activated and polarized by micro-
RNAs (miRNAs).26 Moreover, miRNAs may specically promote
the polarization of M1 or M2 macrophages. It have been
demonstrated that let-7f, miR-9, miR-18a, miR-19a, miR-19b,
miR-21, miR-26a, miR-26b, miR-29a, miR-29b, miR-125b, miR-
127, and miR-155 induce M1 macrophage polarization while
let-7a, let-7b, let-7c, let-7e, miR-21, miR-34, miR-124, miR-125a-
5p, miR-132, miR-146a, miR-223, and miR-511 induce M2
macrophage polarization.27 Previously obtained miRNA
sequencing data22 was applied to screen differentially expressed
modulating miRNAs. miR-21, a miRNA that modulates both M1
and M2 macrophages, were found to be up-regulated in the
injured peripheral nerve stumps (Fig. 4). Some other M1
macrophage-inducing miRNAs, such as miR-18a, miR-19b,
miR-29a, and miR-29b, were also up-regulated aer nerve
injury (Fig. 4a). Up-regulated M2 macrophage-induced miRNAs,
includingmiR-132 andmiR-146a, were also discovered (Fig. 4b).
However, the association of these miRNAs with specic sub-
group of macrophages (i.e., M2a, M2b, M2c, and M2b) have
not been revealed and the expressions of these miRNAs could
not be categorized to M2 sub-groups.

Macrophage polarization-regulating miRNAs execute their
biological functions by binding to and affecting various target
genes. Considering that the polarization of M1 macrophages
obviously detected aer peripheral nerve injury, up-regulated
M1 macrophage-inducing miRNAs, i.e., miR-18a, miR-19b,
miR-21, miR-29a, and miR-29b were subjected to bio-
informatic analysis to construct a miRNA-mRNA network. miR-
18a, miR-19b, miR-21, miR-29a, and miR-29b were screening in
Fig. 4 The temporal expression patterns of miRNAs that induce (a) M1
and (b) M2macrophages in sciatic nerve stumps at 0 day, 1 day, 4 days,
7 days, and 14 days after nerve injury. Red color indicated up-regula-
tion and green color indicated down-regulation.

This journal is © The Royal Society of Chemistry 2020
the mice (Mus musculus) miRNA database using GluoGO and
GluePedia tools in Cytoscape soware since mice (Mus muscu-
lus) miRNA database are more complete and miRNAs are highly
conserved among species. miTarBase database was applied to
identify target genes of these mmu-miRNAs and Cytoscape
soware was used to build the interactions between miRNAs
and target genes. miR-18, miR-19b, and miR-21 were associated
due to the same target gene Pten. miR-29a and miR-29b were
closely related with common target genes Dnmt3b, Igf1, Hdac4,
Fbn1, Cav2, Elm, Dnmt3a, Insig1, Col1a1, Col2a1, Col3a1,
Col4a1, Col4a3, Col4a4, and Col4a5 (Fig. 5). These miRNAs
might bind to their target genes, inhibited the expressions of
target genes, and conduct critical biological functions.

Discussion

Inammation and immune responses occur immediately aer
peripheral nerve injury and are vital for the normal regeneration
of injured peripheral nerves.11,28 As key immune cells, the
polarization of macrophages aer peripheral nerve injury are
essential for the degeneration of distal nerve stumps, the
clearance of axon growth path, and the rebuilding of a permis-
sible microenvironment. Preventing the inltration of circu-
lating macrophages to the injured site leads to the failure of
myelin clearance and nerve regeneration.29 Macrophages are
thus considered as a key promoting factor for the repair and
regeneration of injured peripheral nerves.

However, studies of the repair and regeneration of the
injured peripheral nerves in aged animals revealed the
complexity of macrophages. Stratton et al. found that monocyte
migration and macrophage accumulation were delayed in aged
injured nerves. Diminished macrophage inltration and
impaired macrophage-associated secreted protein signaling
lead to regenerative decits in aged animals.30 On the other
hand, Buttner et al. found that there existed chronic inam-
mation and elevated macrophage inltration in the intact
peripheral nerves in aged animals and concluded that increased
macrophage inltration would reduce the regenerative ability of
aged injured nerves.31 These controversial observations might
be due to alternations of different types of macrophages and
implied that success regeneration might require the co-action
of M1 and M2 macrophages. Actually, a specic investigation
of the biological roles of polarized pro-inammatory (M1) and
pro-healing (M2a and M2c) macrophages on peripheral nerve
regeneration demonstrated that M1 and M2 macrophages
exhibited different effects on the in vitro migration of Schwann
cells and the in vivo inltration of Schwann cells. The in vivo
implantation of M2 macrophages, encouraged Schwann cell
migration, stimulated Schwann cell inltration, and promoted
axon growth while the in vivo implantation of M2 macrophages
did not display similar beneting effects.32 Therefore, for the
potential application of macrophages in tissue remodeling and
regenerative medicine, it is of great importance to decipher
alternations and ne tuning of M1 and M2 macrophages.

Here, using previously obtained sequencing data, we found
that many marker genes of macrophages, especially marker
genes of M1 macrophages, were strongly up-regulated in the
RSC Adv., 2020, 10, 38767–38773 | 38771



Fig. 5 The miRNA–mRNA interaction network of miR-18, miR-19b, miR-21, miR-29a, and miR-29b. Interactions between miRNAs and target
genes were labeled in dotted lines.
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injured nerve stumps immediately aer nerve injury. Gene
expressions were not that signicantly altered in DRGs
although peripheral nerve injury would also polarize macro-
phages and mediate immune responses in DRGs. RT-PCR vali-
dation of the expression levels of macrophage marker genes
indicated the accuracy of sequencing data. It would be helpful
to determine the temporal expression patterns of protein
products in future studies.

Besides the dynamic changes of macrophage marker genes,
we also screened a group of macrophage-associated miRNAs
that were differentially expressed aer nerve injury as miRNAs
play regulatory roles in the expression signatures of macro-
phages and inammatory responses during wound healing.33

Moreover, considering that M1 macrophages were robustly
involved in peripheral nerve regeneration, we used up-regulated
M1macrophage-inducing miRNAs to construct a miRNA-mRNA
interaction network and identied several essential target
genes. The enrichment of these essential target genes to gene
ontology (GO) terms reveled that macrophage-associated miR-
NAs and mRNAs were associated with cellular responses,
cellular behavior, and tissue development and organization
(Table S3†).

Pten, a gene coding for tumor suppressor phosphatase and
tensin homologue,34 was found to be the target gene of miR-18,
miR-19b, and miR-21. Pten has been recognized as a star gene
in the neuroscience eld since He's lab found that deletion of
Pten would activate mTOR pathway and promote axon regen-
eration and functional repair aer central nerve injury.35–37 In
the peripheral nervous system, Pten was also identied to be
altered expressed aer nerve injury.38 Inhibition of Pten could
stimulate neurite outgrowth fromDRGs.39 However, the effect of
Pten on inammation/anti-inammation remain largely unde-
termined. Here, our results showed that Pten was a center gene
in the pro-inammatory macrophage-associated miRNA–mRNA
interaction network. Elevated expressions of miR-18, miR-19b,
and miR-21 might induce reduced expression of their target
38772 | RSC Adv., 2020, 10, 38767–38773
gene Pten. Down-regulated Pten might further affect M1
macrophage-associated inammatory responses and induce the
reconstruction of microenvironment aer nerve injury.

Notably, multiple genes coding for collagens, including
Col1a1, Col2a1, Col3a1, Col4a1, Col4a3, Col4a4, and Col4a5,
were found to be targeted by miR-29a and miR-29b. Col6a1
(collagen VI) was demonstrated to a promoting factor of
macrophage recruitment and peripheral nerve regeneration.40,41

The biological functions of other collagen genes were not well
discovered. Our bioinformatic analysis indicated that increased
amount of miR-29a and miR-29b might decrease the expression
levels of Col1a1, Col2a1, Col3a1, Col4a1, Col4a3, Col4a4, and
Col4a5. These genes might execute different functions as
Col6a1 in macrophage recruiting, implying the complexity of
collagens and extracellular matrix in microenvironment
remodeling and wound healing.

Conclusions

In the current study, we explored changes of pro-inammatory
and anti-inammatory macrophages in sciatic nerve stumps
and DRGs aer peripheral nerve injury. These ndings might
increase the understanding of molecular mechanisms of
peripheral nerve injury and provide a cue for the dual-roles of
macrophages in wound healing.
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