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ABSTRACT

The peripheral nervous system is a complex ecological network, and its injury triggers a series of fine-grained
intercellular regulations that play a crucial role in the repair process. The peripheral nervous system is a so-
phisticated ecological network, and its injury initiates a cascade of intricate intercellular regulatory processes
that are instrumental in the repair process. Despite the advent of sophisticated microsurgical techniques, the
repair of peripheral nerve injuries frequently proves inadequate, resulting in adverse effects on patients’ quality
of life. Accordingly, the continued pursuit of more efficacious treatments is of paramount importance. In this
paper, a review of the relevant literature from recent years was conducted to identify the key cell types involved
after peripheral nerve injury. These included Schwann cells, macrophages, neutrophils, endothelial cells, and
fibroblasts. The review was conducted in depth. This paper analyses the phenotypic changes of these cells after
injury, the relevant factors affecting these changes, and how they coordinate with neurons and other cell types.
In addition, it explores the potential mechanisms that mediate the behaviour of these cells. Understanding the
interactions between these cells and their mutual regulation with neurons is of great significance for the dis-

covery of new neuroregenerative treatments and the identification of potential therapeutic targets.

1. Introduction

Peripheral nerve injury represents a prevalent form of injury within
the nervous system, typically resulting from traffic accidents, falls, or
sports-related trauma. Estimates suggest that peripheral nerve injury
accounts for 2-3 % of clinical trauma cases (Liu et al. 2022). Such in-
juries result in sensory and motor dysfunction of the limbs, significantly
impairing patients’ quality of life and frequently leading to the devel-
opment of psychological disorders (Wojtkiewicz et al., 2015). In com-
parison to the central nervous system (CNS), the peripheral nervous
system (PNS) demonstrates superior regenerative capacity following
injury, exhibiting faster and more complete regression (Vargas and
Barres, 2007); Additionally, the remarkable plasticity of peripheral
nerve glial cells (Boerboom et al., 2017), enhanced adaptability to dis-
eases and injuries, and robust regenerative and reparative capabilities
(Taveggia and Feltri, 2022) contribute to this phenomenon. Despite the
regenerative capacity of the peripheral nervous system being reflected in
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early in situ repair or autograft repair (which represents the gold stan-
dard of treatment (Rao et al., 2022)) after nerve injury, patient satis-
faction with functional recovery remains low. The reasons for patient
dissatisfaction are diverse and encompass a range of factors, including
slow nerve regeneration, muscle fibrosis and atrophy, disrupted axonal
regeneration, inadequate target organ reinnervation, and insufficient
ecological regulation of the nerve fibers themselves and their sur-
rounding cells (Allodi et al., 2012). In particular, the cellular ecosystem
in peripheral nerves is highly intricate and susceptible to disruption. It
encompasses a multitude of cell types, including chevron cells, immune
cells, vascular-associated cells, and fibroblasts, which are intricately
connected to neurons through their interactions and play a pivotal role
in axonal regeneration (Fornasari et al., 2020; Ren et al., 2024). An
understanding of the ecological changes that occur in these cells
following nerve injury may facilitate the development of more effective
treatments. Accordingly, this paper reviews the ecological changes of
these peripheral cells after peripheral nerve injury (PNS), with the
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objective of providing theoretical ideas and research directions for
researchers.

2. The ecology of neuronal cells

Peripheral neuronal cells constitute the functional units of the Pe-
ripheral Nervous System (PNS), playing a pivotal role in transmitting
commands from the Central Nervous System (CNS) to various body parts
and collecting sensory information such as touch, pain, and temperature
sensations. These inputs are then relayed back to the CNS for processing.
At an early stage, peripheral neurons extend in a peripheral direction in
order to complete the pseudo-unipolarisation process, forming a T-
shaped structure. This process results in the formation of axons that are
distributed to various tissues in the periphery (Meltzer et al., 2021).
Neurons depend on axonal transport mechanisms for the paracrine
transport of substances, including proteins, RNA, and organelles, to
growth cones and synapses. These mechanisms also regulate the retro-
grade transport of autophagy-lysosomal degradation, neurotrophic fac-
tor signalling, and the response to nerve injury, thereby ensuring
neuronal function and viability (Sleigh et al., 2019). Peripheral
Neuronal Injury (PNI) can disrupt this system, resulting in axonal
disruption, cellular atrophy, and even apoptosis in some neurons.
However, surviving neurons can initiate a regenerative mechanism,
transitioning from a transmitter to a pro-differentiation state and
upregulating genes associated with regeneration (El Chemali et al.,
2024). For instance, following axonal injury, an increase in neuronal
nitric oxide levels induces surrounding neuroglial cells to release
erythropoietin. This glycoprotein binds to neuronal receptors, prevent-
ing further degeneration of intact axons (Oliveira et al., 2023). However,
adenosine 5-monophosphate (AMP)-activated protein kinase (AMPK)
was identified as a specific target for downregulation in damaged pe-
ripheral axons, indicating a potential role for AMPK in axonal regener-
ation (Kong et al., 2020). Furthermore, the phosphorylation of STAT3,
the activation of cJun and ATF3, the CAMP and PKC signalling pathways
are also closely associated with axonal regeneration following injury (De
Virgiliis et al., 2020; Wu et al., 2018). Post-injury, neurons not only
self-regulate but also interact with surrounding cells. Neurons can
induce endothelial cells (ECs) to differentiate and form microvessels,
facilitating axonal regeneration (Bates et al., 2002). Peripheral nerve
glial cells provide metabolic support and nutrients to neurons, main-
taining physiological activities and releasing neurotransmitters to
modulate the neuronal environment (Davies, 1998); Schwann cells (SCs)
contribute to the myelination, maintenance, and regeneration of
neuronal axons (Della-Flora Nunes et al., 2021); These interactions
ensure effective regeneration of peripheral nerves following injury. In
summary, peripheral neuronal cells play a crucial role within the PNS,
tasked with both transmitting CNS directives and collecting sensory
information. Post-PNI, these cells face significant challenges including
axonal breakage and cellular atrophy. However, surviving neurons are
capable of activating regenerative mechanisms that collaborate with
other cell types, including satellite glial cell, Schwann cells, and endo-
thelial cells, to facilitate the regenerative process following injury. This
cell-cell interaction is crucial for the effective regeneration of peripheral
nerves and provides a significant theoretical foundation for the devel-
opment of novel therapeutic strategies for nerve injury.

3. Ecology of glial cells
3.1. Classification and function of glial cells

Glial cells are the essential supportive cells within the nervous sys-
tem and play a crucial role in the event of injury. In the peripheral
nervous system (PNS), glial cells primarily consist of Schwann cells (SCs)
and satellite glial cells (SGCs), which rapidly respond to injury both
morphologically and functionally to promote neuronal survival and
regeneration. Schwann cells are categorized into two types based on
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their myelin production: myelinated Schwann cells (MSCs) and non-
myelinated Schwann cells (NMSCs). MSCs surround larger axons,
forming multi-layered myelin structures, whereas NMSCs envelop
smaller axons, forming Remak bundles (Jessen and Mirsky, 2016; Sango,
2023). Additionally, there is a highly specialized type of terminal
Schwann cell (TSC) located at nerve endings in the PNS that supports
tissue growth, development, and repair after injury. All these Schwann
cells originate from neural crest cells (NCCs), which differentiate into
multipotent SC precursors (SCPs) during development, then migrate and
differentiate into SCs with various functions (Hastings and Valdez,
2024). The function of these SCs is mainly to form and maintain myelin
sheaths, which are essential for the efficient propagation of nerve signals
(Della-Flora Nunes et al., 2021), and the quality of myelin sheath for-
mation in turn determines functional recovery after nerve regeneration
(Jiang et al., 2022). Therefore, myelination plays a very important role
in the process of nerve regeneration. Each SC myelinates only one
segment of a single axon during myelination (Nave and Werner, 2021),
enhancing the transmission speed and efficiency of nerve impulses by
controlling axon protein synthesis and caliber, and coordinating the
formation and maintenance of Ranvier nodes (Court et al., 2008; Elazar
and Peles, 2020). After PNS injury, SCs detach from axons and undergo
phenotypic changes. These changes activate cellular transcription fac-
tors, genes, and signals, leading to the release of neurotrophic factors
that support the survival of damaged neurons and facilitate myelin
debris removal and axon regeneration (Nocera and Jacob, 2020; Sango,
2023). SCs play a critical role in axon regeneration by providing lactate
and iron, which support the metabolic needs of axons (Deck et al., 2022;
Mietto et al., 2021; Taveggia and Feltri, 2022; Zilic et al., 2016). In
contrast, SGCs in DRG exhibit numerous characteristics analogous to
those of macrophages, including the expression of cytoplasmic proteins,
membrane neurotransmitter receptors,transporters and ion channels (e.
g. K), and release neuroactive substances, including adenosine
triphosphate (ATP) and cytokines, as part of the signaling process be-
tween glia and neurons. Furthermore, SGCs utilize Ca** as a signaling
molecule, which plays a pivotal role in regulating the functions of sur-
rounding cells (Jager et al., 2020; Rabah et al., 2020). Following pe-
ripheral neuronal injury, SGCs increase the synthesis and activation of
cyclic guanosine monophosphate (¢cGMP), which is associated with the
development of pain (Hanani, 2022), Concurrently, there is a notable
elevation in the expression of neurotrophin receptor p75NTR, glial
fibrillary acidic protein (GFAP), and gap junction protein connexin-43
(Nadeau et al., 2014). It has been documented in the scientific litera-
ture that SGCs are in close proximity to resident macrophages and
initiate each other’s activity, while simultaneously regulating injured
neurons in a synergistic manner (Krishnan et al., 2018). SGCs envelop
the cell bodies of sensory neurons and participate in the regulation of the
microenvironment, metabolism, signal transduction, nutritional sup-
port, debris clearance, protective barrier (Qarot et al., 2024), and ion
concentration, providing important support for axon regeneration (Lima
et al., 2022; Tasdemir-Yilmaz et al., 2021; Wiltbank and Kucenas, 2021).
In summary, glial cells play a supportive role in the nervous system,
especially after PNS injury. Schwann cells and satellite glial cells work
together to promote neuronal survival and functional recovery by
forming myelin sheaths, providing nutrient support, regulating the
microenvironment, and promoting axonal regeneration in a variety of
ways.

3.2. The signaling and mechanistic alterations that occur in SCs following
PNI

Schwann cells (SCs), as crucial non-neuronal elements in the Pe-
ripheral Nervous System (PNS), envelop nerve fibers and form myelin
sheaths. Injury triggers SCs to initiate inflammatory and immune
response regulation, neurotrophic signaling pathway modulation, and
cytoplasmic restructuring. These cells undergo a series of dedifferenti-
ation, proliferation, phenotypic changes, and basement membrane
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remodeling, which are critical for guiding axonal regeneration and
repair. These transformations enable SCs to adapt to the damaged
environment and play a pivotal role in the restoration of nerve function (
Table 1).

3.3. The role of SCs and their products in nerve regeneration

Schwann cells (SCs) play a crucial regulatory role in nerve regener-
ation, not only through their direct cellular actions but also by secreting
a variety of products. These include:

Epidermal Growth Factor Betacellulin (Btc): Secreted by SCs, Btc
regulates neuronal behavior and increases neurite length, thereby pro-
moting nerve regeneration (Wang et al., 2021).

Table 1
Relevant signaling mechanisms and roles affecting SCs.

Relevant signals functional role

affecting SCs

Sox10 Essential for development, differentiation, and myelin
regeneration (Gokey et al., 2012)

LIF Influences proliferation and migration, promoting

peripheral nerve regeneration (Q. Chen et al., 2021)
Mediate lineage development and differentiation (Topilko
et al., 1997)

Krox-20 and Krox-24

MIF Prevents apoptosis and accelerates peripheral nerve
regeneration (Nishio et al., 2002)

N-cadherin Critical for connection, growth, and axonal alignment (
Wanner and Wood, 2002)

PI4KB Crucial for normal myelin formation (Baba et al., 2020)

Inc-RMRP Plays an important role in proliferation and migration (

Zhou et al., 2022)

miR—-221/222 Associated with phenotypic regulation (Yu et al., 2012)

miR—340 Related to fibrinolytic activity, migration capability,
cellular debris clearance, and axonal regeneration (Li et al.,
2017)

miRNA-21 Internalized by peripheral neurons to promote axonal
regeneration (Lopez-Leal et al., 2020)

Rheb Regulated mitochondrial pyruvate metabolism Critical for
the stability of peripheral axons (Jia et al., 2021)

Mitochondria Play a key role in axonal development and maintenance (

Ino and Iino, 2017)
Essential for maintaining axonal physiology and function
through myelination (Deck et al., 2022)

PKM2 and lactate

TREM2 Glycolysis and oxidative metabolism regulation Provides
neuroprotective effects (Zhang et al., 2024)

BCAT1 Activation of the Twist/FoxclandSOX2 axis.
Improves nerve function and myelin regeneration (Chen
et al., 2023)

Autophagy Involved in myelin debris degradation, clearance, and
formation (Li et al., 2020)

TGF-f activation of the Smad and AKT pathways.Regulates

proliferation and apoptosis (Li et al., 2015)

Controls axonal integrity and myelination (Beirowski,
2019)

Enhances proliferation, migration, regeneration,
myelination, and functional recovery (Newbern and
Birchmeier, 2010)

Effectively promotes nerve repair in the early stages of
regeneration (J. Wang et al., 2015)

Mediate dedifferentiation, proliferation, cell migration,
and accelerate myelin formation (Wei et al., 2024)
Mediates myelin digestion (Gomez-Sanchez et al., 2015)
Essential for migration, proliferation, and myelin
regeneration (Dong et al., 2019)

LKB1-AMPK and
mTORC1
NRG1/ErbB2
Notch signaling

ERK1/2 and p38

JNK/c-Jun
PI3K/Akt

LIF:Leukemia inhibitory factor, Krox-20 (EGR2):early growth response gene 2,
Krox-24 EGR1:early growth response protein 1, MIF:macrophage migration
inhibitory factor, PI4KB:phosphatidylinositol 4-kinase f, IncRMRP:long-chain
non-coding RNA RMRB, Rheb:RAS homologous protein, PKM2:pyruvate ki-
nase 2, TREM2:myeloid cell-2 triggering receptor,BCAT1: branched-chain
aminotransferase 1,TGF-f: transforming growth factor-p, LKB1-AMPK:hepatic
kinase B1-AMP-activated protein kinase, mTORC1:rapamycin-targeting pro-
tein complex 1,NRG-1:neuromodulin-1, ErbB(Tyrosine kinase receptor), ERk:
extracellular signal-regulated kinase, JNK:c-Jun N-terminal kinase, PI3K/AKkt:
phosphatidylinositol-3 kinase/protein kinase B.
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Neurotrophic Factors: Transported retrogradely to the neuron body,
these factors support neuronal survival and provide essential nutritional
support for nerve regeneration (Davies, 1998).

VEGF-Related Factors: These induce the differentiation of endothe-
lial cell (EC) precursors and promote angiogenesis, supplying abundant
blood needed for nerve regeneration (Mukouyama et al., 2002).

Semaphorin 3E (Sema3E): A synthetic protein that binds to down-
stream receptors to promote SC proliferation and migration, acceler-
ating the nerve repair process (Shen et al., 2022).

Exosomes: SC-derived exosomes act through multiple mechanisms,
including enhancing autophagy and reducing apoptosis via the EGFR/
Akt/mTOR pathway to protect axons from damage. Additionally, they
enhance the glycolytic metabolism of ECs, promoting vascular recon-
struction, axonal regeneration, and functional recovery post-injury.
Exosomes also protect neurons directly by blocking caspase-3 activity
(Oliveira et al., 2023; Pan et al., 2022; Sun et al., 2024).

Multifunctional Glycoprotein Milk Fat Globule-EGF Factor 8 (MFG-
E8): Acts through the SOCS3/STAT3 pathway to inhibit neuronal
apoptosis, providing protection for neuronal survival (Ren et al., 2023;
Wang et al., 2023).

Integrin-p1: Promotes proliferation, migration, and angiogenesis of
endothelial cells(ECs), while reducing tissue damage, thus positively
impacting nerve regeneration and tissue repair (Huang et al., 2022).

Overall, SCs exert a key influence on nerve regeneration by secreting
a variety of bioactive products, including growth factors, neurotrophic
factors, synthetic proteins, exosomes, and multifunctional glycopro-
teins. These substances promote neuronal survival, angiogenesis, axonal
protection, and metabolic support through diverse mechanisms. The
intricate interactions and regulatory mechanisms highlight the multi-
faceted role of SCs in nerve regeneration and underscore the importance
of further research into these cells and their products in the context of
nerve damage and repair.

3.4. Transcription factors and growth factor-related proteins mediating
SCs in nerve regeneration

Transcription factors (TFs) and growth factors play pivotal roles in
Schwann cell (SC)-mediated nerve regeneration. TFs orchestrate the
nerve regeneration process by participating in SC differentiation, axonal
selection, and myelination (Xu et al., 2023). For instance, the tran-
scription factor B-cell lymphoma/leukemia 11A (BCL11A) regulates the
activity of SCs by binding to the promoter regions of their nuclear re-
ceptors (Zhang et al., 2023). Growth factors are equally crucial for SC
proliferation, migration, and axonal regeneration (Kadomatsu and
Muramatsu, 2004). Following nerve injury, SCs upregulate the expres-
sion of various growth factors to promote nerve regeneration and repair.
These include Brain-Derived Neurotrophic Factor (BDNF), Nerve
Growth Factor (NGF), and Glial cell line-Derived Neurotrophic Factor
(GDNF), which collectively support nerve regeneration. Additionally,
the upregulation of Neurotrophic Factors (NTFs) aids in neuronal sur-
vival and axonal regeneration (Hu et al., 2023; Richner et al., 2014).
Beyond these, other growth factors such as Ciliary Neurotrophic Factor,
Fibroblast Growth Factor-2 (FGF-2), and Neurotrophin-3 (NT-3) also
experience upregulation after nerve injury, enhancing the regenerative
potential of peripheral neurons by binding to specific receptors
(Brushart et al., 2013; Romero et al., 2007). Therefore, transcription
factors and growth factors are key regulatory molecules in nerve
regeneration. They promote nerve repair post-injury by controlling SC
differentiation, proliferation, migration, and myelination, and by
fostering neuronal survival and axonal regeneration. Particularly, the
upregulated expression of molecules such as BCL11A, BDNF, NGF,
GDNF, FGF-2, and NT-3 after nerve injury underscores their importance
in enhancing nerve regeneration potential. Understanding the specific
mechanisms of these molecules is crucial for developing new therapies
to promote nerve regeneration.
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4. Immune cells

Following peripheral nerve injury, immune cells rapidly converge at
the site of damage, including macrophages, neutrophils, and lympho-
cytes. Macrophages, in particular, are among the primary immune cells
that migrate early to the injury site. They play crucial roles by phago-
cytizing and clearing debris from damaged myelin sheaths, secreting
anti-inflammatory cytokines and chemokines to recruit other immune
cells, thereby mitigating the inflammatory response and promoting
nerve repair.

4.1. Macrophages

4.1.1. Functions and phenotypes of macrophages

Macrophages, derived from myeloid progenitor cells, exhibit signif-
icant heterogeneity and high plasticity, adapting their phenotypic
functions according to changes in the local microenvironment (Brown
et al., 2012; Gordon and Taylor, 2005). They are distributed widely
throughout various tissues in the body, including within the nervous
system where they are located between the nerve endoneurium and
myelin sheaths, closely interacting with axons. Their primary functions
include phagocytizing foreign bodies, dead cells, and fragments of axons
and myelin. Additionally, they release extracellular matrix proteins and
cytokines that influence neuronal metabolism and regulate inflamma-
tion, immune responses, homeostasis, and promote axonal regeneration
(Biswas and Mantovani, 2012; Chen et al., 2015a, 2015b, 2015c; Xu
et al., 2021). Macrophages also recruit more of their kind through in-
flammatory signaling, participating in various stages of the inflamma-
tory response to create favorable conditions for tissue regeneration
(Fissel and Farah, 2021; Murray and Wynn, 2011). Typically, macro-
phages are categorized into two main phenotypes: M1 and M2. M1
Macrophages possess robust phagocytic capabilities that allow them to
quickly clear debris from injured tissue, thereby providing a suitable
microenvironment for subsequent repairs and promoting endothelial
cell sprouting, proliferation, and migration during the early stages of
angiogenesis.M2 Macrophages are more adept at tissue repair and can
be further subdivided into four subtypes: M2a, M2b, M2c, and M2d.
These subtypes are associated with promoting cellular proliferation,
maturation, resolution of inflammation, and the stabilization and
maturation of vasculature. Moreover, M2 macrophages are involved in
processes such as antigen phagocytosis, clearance of foreign pathogens,
transmission of danger signals, participation in memory cell formation,
and remodeling of the myelin structure (Liu et al., 2019; Martin and
Garcia, 2021; Shimada et al., 2020; Wang et al., 2022). Understanding
the dynamic roles and functions of these macrophage phenotypes is
critical for developing therapeutic strategies that harness the regenera-
tive potential of immune responses following nerve injuries.

4.1.2. Circulating macrophages homing to target tissues

Following peripheral nerve injury (PNI), resident macrophages
(Mac) outside the myelin sheath are activated and release chemokines to
recruit circulating macrophages (Ydens et al., 2020). These circulating
macrophages respond swiftly, migrating to the injured site within a
short timeframe (Benowitz and Popovich, 2011). Over time, they un-
dergo phenotypic changes. In the initial stages post-injury, approxi-
mately within the first day, circulating macrophages at the injury site
express both M1 and M2 related genes, although predominantly M1.
Subsequently, within 3-5 days, they transition to an M2 phenotype,
which facilitates the dominant phase of nerve repair (Dervan et al.,
2021). Between days 2 and 7 post-injury, circulating macrophages also
undergo significant proliferation, typically tripling the number of resi-
dent macrophage populations. Proliferation may peak between days 7
and 14, and by days 8 and 14, myelin clearance is usually completed,
with elevated levels maintained for at least 30 days (Lindborg et al.,
2018; Mokarram et al., 2012; Peluffo et al., 2015; Tomlinson et al.,
2018), It has been reported that macrophages can persist in the distal
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segments of damaged nerves for at least six weeks (Kalinski et al., 2020).
This sustained presence and dynamic transition of macrophages play a
critical role in the debris clearance and subsequent regeneration phases
following nerve damage.

4.1.3. Factors influencing macrophages in peripheral nerve injury

Peripheral Nerve Injury (PNI) triggers a cascade of pathophysiolog-
ical responses such as neural tissue edema, ischemia, and inhibition of
axonal transport (Y. Wang et al., 2015).The repair and regeneration
following injury is a complex process involving inflammatory reactions,
Wallerian degeneration, neovascularization, activation, proliferation,
migration of Schwann cells (SCs), formation of Biingner bands, and
elongation of neurites (Gao et al., 2013; Wieringa et al., 2018). The
coordination between macrophages and SCs is crucial in this process
(Zhang et al., 2022). Post-injury, macrophages rapidly migrate to the
injured area, sensing changes in the local microenvironment. They
secrete factors like VEGF-A to alleviate hypoxia, which in turn in-
fluences the functions of SCs. Concurrently, distal SCs, upon discon-
nection from the proximal axons, undergo significant changes in their
signaling environment, transitioning to a dedifferentiated state. They
phagocytize axonal and myelin debris and secrete a variety of cytokines
to recruit more macrophages (Cattin et al., 2015; Stratton et al., 2017; Yi
et al,, 2020). In a rat model, recruited macrophages exhibit both
pro-inflammatory and reparative phenotypes; pro-inflammatory mac-
rophages converge on inflamed tissues to clear damaged cells, while
reparative phenotype macrophages promote tissue regeneration
(Mokarram et al., 2017). During the tissue repair process, besides SCs
secreted cytokines that promote macrophage recruitment, several other
conducive factors also facilitate the recruitment of macrophages to the
target tissues, which collectively contribute to nerve regeneration. In
summary, following PNI, the neural tissue undergoes various patho-
physiological responses, initiating a series of complex repair processes.
Macrophages play a key role in this context; they not only rapidly
respond to injury, sense environmental changes, and secrete factors
influencing SCs but also participate in debris clearance and tissue repair
through different phenotypes. The cooperative efforts of SCs and various
factors in promoting macrophage recruitment are crucial for nerve
regeneration. Understanding the intercellular interactions and the fac-
tors influencing macrophage phenotypes is vital for enhancing repair
after nerve damage (Table 2).

4.1.4. Coordination between macrophages and Schwann cells in peripheral
nerve injury

Following peripheral nerve injury (PNI), during the degeneration
phase, resident macrophages quickly detect changes in the microenvi-
ronment and rapidly release a plethora of cytokines, such as CCL2,
TNFa, IL-1a, IL-1p. And monocyte-attracting chemokines (Chen et al.,
2015a, 2015b, 2015¢; Ydens et al., 2020). This process facilitates the
recruitment of additional macrophages to the injury site. Concurrently,
resident Schwann cells (SCs) detach from axons, losing their proximal
signaling connections, and transition to a reparative phenotype. They
work in coordination with macrophages to phagocytize and clear tissue
debris (Huang et al., 2020; Kalinski et al., 2020; Stratton et al., 2017). In
the regeneration phase, the interaction between macrophages and SCs
exhibits time-dependent characteristics. SCs secrete neurotrophic fac-
tors such as Nerve Growth Factor (NGF) and Brain-Derived Neuro-
trophic Factor (BDNF), express adhesion molecules and integrins, and
construct the basement membrane to support and guide axonal sprout-
ing. Additionally, SCs synthesize components of the extracellular matrix
(ECM) to facilitate axonal extension, providing direction and adhesive-
ness for neurite growth. Simultaneously, SCs secrete cytokines to pro-
mote the recruitment and precise phenotypic transition of macrophages.
In turn, macrophages provide regenerative signaling molecules that
promote SC activation and ECM remodeling (Ehmedah et al., 2020;
Fissel and Farah, 2021; Huang et al., 2024). Macrophages also support
the axonal regeneration mediated by "repair type" Schwann cells and
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Table 2
Multiple cytokines affect macrophage recruitment, proliferation, differentiation,
migration, apoptosis, and axon regeneration.

Protein and Gene Signaling pathways functional role
Collagen VI AKT and PKA Promotes macrophage migration and
pathways polarization (Chen et al., 2015a,
2015b, 2015¢)
TSG-6 NF-kB/NLRP3 axis Regulates the polarization of

macrophages (C. Li et al., 2022)

let-7b (microRNA) let-7b/TLR4/NF- Mediates macrophage polarization

¥B/STAT3/AKT and inflammation resolution (Ti et al.,
2015)
RhoA (Ras RhoA/ROCK/MLCK Affects macrophage migration and
homolog family pathway phagocytic capability (Alawieh et al.,
member) 2021)
L-PGDS Non-cell Regulates macrophage phagocytic
autonomous activity and accumulation (Forese
mechanisms et al., 2020)
CCR2 ccl2-cer2 signaling Recruitment and migration of
pathway macrophages (Siebert et al., 2000)
Saal and Saa3 IL-6-SAA- Enhances macrophage infiltration (
CCL2signaling Jang et al., 2012)
pathway
P-selectin Mediates macrophage infiltration (
Liou et al., 2013)
SIRT6 Affects macrophage migration,
phagocytosis, and polarization (Zou
et al., 2021)
CD300f Regulates macrophage aggregation

and phenotypic changes (Peluffo

et al., 2015)

Impacts macrophage recruitment and
clearance of myelin debris (Huang

et al., 2020)

Mediates macrophage recruitment (
Ehmedah et al., 2020; Huang et al.,
2024)

Secreted by macrophages and
regulates neovascularization and
axonal regeneration (Ydens et al.,
2020)

Enables macrophages to avoid axonal
growth cones (Li, Kang, et al., 2022)
Influences macrophage metabolism,
phenotype, and functionality (Jha

et al., 2021)

TNFa, IL-6F0IL-
1p

IL-17B/IL-17RB

VEGF

Plexin-B2

MCT1

TSG-6: TNF-stimulated gene 6; L-PGDS: prostaglandin D2 synthase; CCR2: C-C-
type biochemical receptor 2; Saal and Saa3: serum amyloid Al and A3; SIRT6:
silent information regulator 6; CD300f: CD300 molecule-like family member f;
IL-17B: interleukin-17B; VEGF: vascular endothelial growth factor; MCT1:
monocarboxylate transporter protein 1.

regulate the maturation of SCs by releasing growth-arrest-specific pro-
tein 6 (Gas6). Furthermore, macrophages express neuromodulatory
proteins to promote myelination (Biittner et al., 2018; Wofford et al.,
2022). In summary, during the degenerative and regenerative phases
following PNI, the coordination between macrophages and SCs is crucial
for nerve repair. Macrophages recruit additional immune cells by
releasing pro-inflammatory cytokines and collaborate with SCs, which
have transitioned to a reparative phenotype, to clear tissue debris. In the
regenerative phase, SCs promote axonal extension by releasing growth
factors and synthesizing ECM components, while also secreting cyto-
kines to regulate the recruitment and function of macrophages. Macro-
phages provide regenerative signaling molecules, support SC activation
and axonal regeneration, and regulate SC maturation by releasing spe-
cific factors like Gas6 and expressing neuromodulatory proteins to
promote myelination. Understanding these interactions and coordina-
tion mechanisms is vital for comprehending the repair processes
following nerve injury and developing new therapeutic strategies.
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4.2. Neutrophils in peripheral nerve injury

Neutrophils play a crucial role in the regeneration and repair pro-
cesses following peripheral nerve injury. Due to their high motility and
sensitivity to chemotactic factors, neutrophils can rapidly extravasate
into the injury site (Nadeau et al., 2011). At the site of injury, the pri-
mary functions of neutrophils include the release of reactive oxygen
species (ROS) and lysosomal enzymes to eliminate pathogens and clear
necrotic tissue. Additionally, neutrophils are closely associated with
anti-tumor activities, immune responses, and tissue healing (Jerome
et al., 2022). Moreover, neutrophils secrete proteins that are beneficial
for nerve regeneration. For instance, they can produce neutrophil pep-
tides, which are linked with tissue healing, recruitment of mononuclear
macrophages, and nerve regeneration. Neutrophils can also secrete
nerve growth factors, further connecting them to neural repair processes
(Balog et al., 2023). In the context of peripheral nerve injury, neutro-
phils undergo rapid and complex metabolic changes. They participate in
the clearance of inhibitory myelin and axonal debris, especially the
immature neutrophil subpopulation expressing Ly6G°" CD14Meh
creating favorable conditions for subsequent regeneration processes (Sas
et al., 2020; X. F. Zhao et al., 2022). Recent studies suggest that inter-
mittent fasting can induce the gut microbiome to release
indole-3-propionate, a metabolite that enters the bloodstream and can
alter neutrophil phenotypes, ultimately benefiting nerve regeneration
(Serger et al., 2022). However, it is important to note that excessive or
prolonged inflammatory responses can lead to chronic inflammation,
which may negatively impact nerve regeneration. Given the limited
research in this area, the specific mechanisms of action of neutrophils in
the peripheral nervous system are not fully understood and require
further investigation.In summary, neutrophils play multiple roles in the
regeneration and repair of peripheral nerve injuries. They clear
damaged tissue through the release of ROS and lysosomal enzymes and
promote nerve regeneration by secreting proteins such as nerve growth
factors and neutrophil peptides. While neutrophils have a positive role
in nerve regeneration, excessive or prolonged inflammatory responses
could also have adverse effects. Thus, a deeper understanding of the
mechanisms of action of neutrophils in the peripheral nervous system is
crucial for developing new therapeutic strategies for nerve injury.

5. Interaction between vascular cells and perineural cells

Vascular cells play a crucial role in both the physiological and
pathological processes of the nervous system. Their interactions with
perineural cells form a complex and finely regulated network, primarily
involving vascular endothelial cells (ECs), vascular smooth muscle cells,
pericytes, and other cellular components of the Neurovascular Unit
(NVU). In the early stages following neural injury, approximately within
the first two days, ECs transition to a regenerative state, initiating
reconstruction, activation, budding, and remodeling processes (Sun
et al., 2024; Wang et al., 2017; Wynn and Vannella, 2016). During this
phase, ECs secrete soluble factors that maintain the proliferation and
differentiation of neural stem cells and produce Brain-Derived Neuro-
trophic Factor (BDNF) to stimulate neurite growth; Concurrently, they
release Vascular Endothelial Growth Factor (VEGF) to promote angio-
genesis (Lavasani et al., 2011; Meng et al., 2022; Ramos et al., 2015).
The formation of new blood vessels precedes neural regeneration,
providing essential oxygen and nutrients to damaged axons and
non-neuronal cells, and stimulates their participation in establishing a
microenvironment conducive to neural regeneration (Caillaud et al.,
2019; Saffari et al., 2020; Zhou et al., 2019). While the precise mecha-
nisms of interaction between ECs and other neural cells remain unclear,
proteomic analysis of EC-derived exosomes (EC-Exo) has revealed
various signaling pathways associated with angiogenesis and vascular
function, such as Th1/Th2, Notch, and Protein Kinase A (PKA) signaling
pathways (Wang et al., 2023). Research indicates that EC-Exo can
enhance and maintain the phenotype, proliferation, migration, and
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secretion of neurotrophic factors of Schwann cells (SCs) through acti-
vation of the PI3K/AKT/PTEN signaling pathway, thereby promoting
nerve regeneration (Huang et al., 2023). Furthermore, EC-Exo can
modulate  the immune microenvironment by transferring
ubiquitin-specific protease 13 (USP13) and protect neural cells from
damage by inhibiting apoptosis (Ge et al., 2023; Xiao et al., 2017). In
summary, the interactions between vascular cells and perineural cells
are vital for the normal function, metabolic needs, and injury repair of
the nervous system. Following nerve injury, endothelial cells quickly
respond by secreting growth factors and soluble factors to promote the
proliferation and differentiation of neural stem cells, while simulta-
neously stimulating angiogenesis and neurite growth. Proteomic anal-
ysis of exosomes has revealed potential mechanisms of interaction
between vascular cells and other neural cells, including enhancing the
functionality of SCs and modulating the immune environment through
the activation of specific signaling pathways. Understanding these in-
teractions is crucial for developing new strategies to promote repair
after neural injury.

6. Interaction between fibroblasts and perineural cells

Fibroblasts (Fbs) play a critical role in the peripheral nervous system.
Originating from neural crest cells, they are responsible for synthesizing
the extracellular matrix (ECM), which varies in structure, biomechanical
properties, and function across different organs, also filling tissue de-
fects (Hara et al., 2023; Plikus et al., 2021; Y. Zhao et al., 2022). For
instance, in the development and regeneration of the nervous system,
Fbs derived from sensory and motor neural stem cells can express pro-
teins with diverse biological characteristics (He et al., 2023). During
nerve regeneration, fibroblasts engage in significant regulatory in-
teractions with neurons and Schwann cells (SCs). Neural fibroblasts
(N-Fbs) provide a conducive microenvironment for neuronal regenera-
tion and secrete activin A to promote the proliferation and migration of
SCs (B. Chen et al., 2021; Li, Cheng, et al., 2022). Fbs can also express
tenascin-C (TNC), a protein that directly binds with the p1 integrins
expressed by SCs, regulating the direction and extension of neurites.
This specific extension phenomenon is a result of precise coordination
between Fbs and the neurites of neurons and SCs (He et al., 2023; Qu
et al., 2021). The hepatocyte growth factor B/EphB2 signaling pathway
between Fbs and SCs also mediates the directed migration of SCs,
guiding axonal regeneration (Parrinello et al., 2010). Fibroblast-derived
exosomes (exo0) can promote the expression of myelin-related genes in
SCs by targeting the TSC2/mTORC1/SREBP2 signaling axis, thereby
mediating myelination (Y. Zhao et al., 2022). However, in inhibitory
neural environments, exosomes secreted by Fbs can interact with other
non-neuronal exosomes to regulate protein synthesis and axonal
regeneration (Zhou et al., 2024). In summary, fibroblasts are pivotal in
the development, maintenance, and regeneration of the peripheral
nerves. They engage in complex interactions with neurons and SCs
through the synthesis of ECM and secretion of various bioactive mole-
cules, thereby regulating neurite growth and axonal regeneration.
Exosomes secreted by Fbs also play a key role in promoting myelination
and regulating protein synthesis. Understanding the interactions be-
tween fibroblasts and perineural cells is crucial for unveiling the
mechanisms of neural regeneration and developing new therapeutic
strategies.

7. Role of the extracellular matrix in neurophysiology

The extracellular matrix (ECM) is a natural material produced by
animal organs and tissues, comprising a diverse array of microstructures
and proteins with various functions (Prest et al, 2018). The
tissue-specific components of the ECM make it an ideal cellular scaffold
that participates in several physiological processes such as the trans-
mission of mechanical forces, signal transduction, and the release of
growth factors (Brown and Badylak, 2014; Sun et al., 2020). The
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insoluble components of the ECM provide physical support for axons,
preventing signal interference between them (Barton et al., 2017). One
of the components, glycosaminoglycans (GAGs), such as chondroitin
sulphate and hyaluronic acid,enhances the hydration of the ECM,
conferring structural stability to the tissues and protecting growth fac-
tors from proteolytic degradation (Neves et al., 2020). It has been
demonstrated that the direction of growth of peripheral axons is directed
by chondroitin sulfate-carrying proteoglycans (Liu et al., 2023). Hyal-
uronic acid has been demonstrated to play an important role in the
proliferation, differentiation, and cell signaling of nerves (Huang et al.,
2021). GAGs (heparin and heparan sulfates) can also regulate biological
processes by binding with fibroblast growth factors (FGF) (Malaeb et al.,
2019; Xu and Esko, 2014). Therefore, the ECM serves as a complex re-
pository of structural and functional proteins that can reshape the
intracellular environment and guide cell phenotype, survival, and
behavior (Kim et al., 2020). It is evident that a symbiotic relationship
exists between the extracellular matrix (ECM) and cells, whereby both
entities benefit from the coexistence (Kaul and Ventikos, 2015). In the
peripheral nervous system, the ECM is primarily synthesized and
secreted by Schwann cells, with over 90 % composed of collagen. This
collagen not only provides structural support but also mediates biolog-
ical processes through intracellular signaling, forming the basis for
axonal and Schwann cell regeneration (Chen et al., 2015a, 2015b,
2015c¢). During nerve regeneration, proteins within the ECM (Lami-
nin-1, laminin-2, and fibronectin) promote neural regeneration, provide
mechanical support for axons, and participate in regulating the cell
biology of Schwann cells (Motta et al., 2019). In summary, the extra-
cellular matrix (ECM) plays a crucial role in neurophysiology. It acts not
only as a physical scaffold for cells but also participates in cellular
signaling and the regulation of growth factors. The tissue-specific nature
and complex protein composition of the ECM make it a critical regulator
of cellular behavior. In the peripheral nerves, the ECM synthesized by
Schwann cells provides foundational support and resources for axonal
support and regeneration. Understanding the structure and function of
the ECM is vital for revealing mechanisms of neural regeneration and
developing new therapeutic strategies for nerve injuries.

8. Conclusion and prospects

In summary, the cellular ecology of the peripheral nervous system
constitutes a complex ecosystem driven by interactions among various
cell types and the microenvironment. In this system, neuroglial cells
(especially Schwann cells), immune cells, vascular endothelial cells, fi-
broblasts, and neuronal cells play pivotal roles. They interact through
intercellular signaling, cellular movement, and the chemical and phys-
ical properties of the microenvironment, collectively maintaining the
normal function of the nervous system.

The ecological changes in cells following peripheral nerve injury
represent a complex process influenced by multiple factors. The release
of neurotrophic factors, the regulation of inflammatory and immune
responses, and the formation of new blood vessels are critical in
modulating this process. A deep understanding of these repair mecha-
nisms is essential for developing new therapeutic strategies. Recent
advances in treating nerve injuries using stem cells, exosomes, growth
factors, genetic, and pharmacological interventions have shown prom-
ising results. Nevertheless, finding more effective treatment methods
remains a focus of ongoing research efforts.Future research directions
should further explore: the signaling mechanisms that activate the
reparative phenotypes of Schwann cells (SCs) post-nerve injury; strate-
gies to control aging in SCs; mechanisms to recruit local and circulating
macrophages, lymphocytes, and neutrophils; methods to regulate
macrophage polarization; ways to mediate coordinated interactions
among cells within the ecosystem; utilization of the blood-nerve barrier
and the complement protein system; improvements in local metabolism,
including mitochondrial respiration and glycolysis; the roles of different
cell types in nerve injury repair; studies on how adjusting the cellular
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ecology can enhance nerve injury repair and regeneration; and the use of
emerging technologies such as stem cells and gene editing to promote
the repair and regeneration of nerve injuries.

Ethical statement

It is hereby declared that the English article under consideration has
been written in accordance with the highest standards of ethical
conduct. The content is entirely original and has been crafted through
diligent research, thoughtful analysis, and creative expression, with
scrupulous avoidance of any form of plagiarism. All ideas, arguments,
and data presented are the intellectual property of the author. Extensive
research was conducted using a wide array of reputable sources. In in-
stances where the work of others has been referenced, it has been done
so with the utmost respect and with proper citation. Each source has
been meticulously acknowledged, giving due credit to the original au-
thors and their contributions. This approach not only upholds the
integrity of academic and intellectual discourse but also allows readers
to trace the lineage of ideas and verify the information provided.
Furthermore, a balanced and unbiased perspective has been striven for
in the article. I have endeavoured to ensure that my writing is free from
any form of discrimination or prejudice based on personal characteris-
tics such as race, gender, religion, nationality, and so on. The language
employed is respectful and inclusive, with the aim of fostering a
constructive and open-minded dialogue among readers. I am aware of
the importance of ethical writing in maintaining the credibility of my
work and contributing positively to the broader community of scholars
and readers. By adhering to these ethical principles, it is hoped that trust
and confidence in the article will be inspired, and that others will be
encouraged to uphold similar standards in their own writing. No con-
flicts of interest were reported in relation to this study.

CRediT authorship contribution statement

Limao Wu: Writing — original draft, Software, Methodology, Inves-
tigation, Formal analysis, Data curation, Conceptualization. Jinglan He:
Writing — review & editing, Supervision, Project administration, Inves-
tigation, Funding acquisition. Na Shen: Writing — review & editing,
Supervision, Project administration, Investigation. Song Chen: Writing
- review & editing, Project administration, Funding acquisition.

Founding

This review was supported by the Hebei Provincial Health Com-
mission 2023 Medical Science Research Project (20231515) and the
Hebei Province Excellent Talent Training Project (ZF2024207).

Conflicts of Interest

No conflicts of interest were reported in relation to this study.

Acknowledgments

Gratitude is extended to the Nanjing Institute of Life and Health
Sciences, Chinese Academy of Sciences, for providing the necessary
equipment for exosome preparation, and to Dr. Chen’s team for their
invaluable technical support.

References

Alawieh, A.M., Au Yong, N., Boulis, N.M., 2021. Contralateral C7 nerve transfer for
stroke recovery: new frontier for peripheral nerve surgery. J. Clin. Med. 10 (15).
https://doi.org/10.3390/jcm10153344.

Allodi, 1., Udina, E., Navarro, X., 2012. Specificity of peripheral nerve regeneration:
interactions at the axon level. Prog. Neurobiol. 98 (1), 16-37. https://doi.org/
10.1016/j.pneurobio.2012.05.005.

126

IBRO Neuroscience Reports 18 (2025) 120-129

Baba, T., Alvarez-Prats, A., Kim, Y.J., Abebe, D., Wilson, S., Aldworth, Z., Stopfer, M.A.,
Heuser, J., Balla, T., 2020. Myelination of peripheral nerves is controlled by PI4KB
through regulation of Schwann cell Golgi function. Proc. Natl. Acad. Sci. USA 117
(45), 28102-28113. https://doi.org/10.1073/pnas.2007432117.

Balog, B.M., Sonti, A., Zigmond, R.E., 2023. Neutrophil biology in injuries and diseases of
the central and peripheral nervous systems. Prog. Neurobiol. 228, 102488. https://
doi.org/10.1016/j.pneurobio.2023.102488.

Barton, M.J., John, J.S., Clarke, M., Wright, A., Ekberg, J., 2017. The glia response after
peripheral nerve injury: a comparison between Schwann cells and olfactory
ensheathing cells and their uses for neural regenerative therapies. Int. J. Mol. Sci. 18
(2). https://doi.org/10.3390/ijms18020287.

Bates, D., Taylor, G.I., Newgreen, D.F., 2002. The pattern of neurovascular development
in the forelimb of the quail embryo. Dev. Biol. 249 (2), 300-320. https://doi.org/
10.1006/dbio.2002.0771.

Beirowski, B., 2019. The LKB1-AMPK and mTORC1 metabolic signaling networks in
schwann cells control axon integrity and myelination: assembling and upholding
nerves by metabolic signaling in Schwann cells. Bioessays 41 (1), e1800075. https://
doi.org/10.1002/bies.201800075.

Benowitz, L.I., Popovich, P.G., 2011. Inflammation and axon regeneration. Curr. Opin.
Neurol. 24 (6), 577-583. https://doi.org/10.1097/WCO.0b013e32834c208d.

Biswas, S.K., Mantovani, A., 2012. Orchestration of metabolism by macrophages. Cell
Metab. 15 (4), 432-437. https://doi.org/10.1016/j.cmet.2011.11.013.

Boerboom, A., Dion, V., Chariot, A., Franzen, R., 2017. Molecular mechanisms involved
in schwann cell plasticity. Front. Mol. Neurosci. 10, 38. https://doi.org/10.3389/
fnmol.2017.00038.

Brown, B.N., Badylak, S.F., 2014. Extracellular matrix as an inductive scaffold for
functional tissue reconstruction. Transl. Res. 163 (4), 268-285. https://doi.org/
10.1016/j.trsl.2013.11.003.

Brown, B.N., Ratner, B.D., Goodman, S.B., Amar, S., Badylak, S.F., 2012. Macrophage
polarization: an opportunity for improved outcomes in biomaterials and
regenerative medicine. Biomaterials 33 (15), 3792-3802. https://doi.org/10.1016/].
biomaterials.2012.02.034.

Brushart, T.M., Aspalter, M., Griffin, J.W., Redett, R., Hameed, H., Zhou, C., Wright, M.,
Vyas, A., Hoke, A., 2013. Schwann cell phenotype is regulated by axon modality and
central-peripheral location, and persists in vitro. Exp. Neurol. 247, 272-281. https://
doi.org/10.1016/j.expneurol.2013.05.007.

Biittner, R., Schulz, A., Reuter, M., Akula, A.K., Mindos, T., Carlstedt, A., Riecken, L.B.,
Baader, S.L., Bauer, R., Morrison, H., 2018. Inflammaging impairs peripheral nerve
maintenance and regeneration. Aging Cell 17 (6), e12833. https://doi.org/10.1111/
acel.12833.

Caillaud, M., Richard, L., Vallat, J.M., Desmouliére, A., Billet, F., 2019. Peripheral nerve
regeneration and intraneural revascularization. Neural Regen. Res. 14 (1), 24-33.
https://doi.org/10.4103/1673-5374.243699.

Cattin, A.L., Burden, J.J., Van Emmenis, L., Mackenzie, F.E., Hoving, J.J., Garcia
Calavia, N., Guo, Y., McLaughlin, M., Rosenberg, L.H., Quereda, V., Jamecna, D.,
Napoli, I., Parrinello, S., Enver, T., Ruhrberg, C., Lloyd, A.C., 2015. Macrophage-
induced blood vessels guide Schwann cell-mediated regeneration of peripheral
nerves. Cell 162 (5), 1127-1139. https://doi.org/10.1016/j.cell.2015.07.021.

Chen, B., Banton, M.C., Singh, L., Parkinson, D.B., Dun, X.P., 2021a. Single cell
transcriptome data analysis defines the heterogeneity of peripheral nerve cells in
homeostasis and regeneration. Front. Cell. Neurosci. 15, 624826. https://doi.org/
10.3389/fncel.2021.624826.

Chen, P., Cescon, M., Bonaldo, P., 2015a. The role of collagens in peripheral nerve
myelination and function. Mol. Neurobiol. 52 (1), 216-225. https://doi.org/
10.1007/s12035-014-8862-y.

Chen, P., Cescon, M., Zuccolotto, G., Nobbio, L., Colombelli, C., Filaferro, M., Vitale, G.,
Feltri, M.L., Bonaldo, P., 2015b. Collagen VI regulates peripheral nerve regeneration
by modulating macrophage recruitment and polarization. Acta Neuropathol. 129
(1), 97-113. https://doi.org/10.1007/s00401-014-1369-9.

Chen, P., Piao, X., Bonaldo, P., 2015c. Role of macrophages in Wallerian degeneration
and axonal regeneration after peripheral nerve injury. Acta Neuropathol. 130 (5),
605-618. https://doi.org/10.1007/s00401-015-1482-4.

Chen, Q., Liu, Q., Zhang, Y., Li, S., Yi, S., 2021b. Leukemia inhibitory factor regulates
Schwann cell proliferation and migration and affects peripheral nerve regeneration.
Cell Death Dis. 12 (5), 417. https://doi.org/10.1038/s41419-021-03706-8.

Chen, Z., Tang, Y., Zhu, W., Wang, H., Cai, X., Shen, Y., Wang, B., Zhao, H., Zhu, J., Li, S.,
2023. Branched-chain aminotransferase 1 promotes Schwann cell migration and
proliferation to accelerate facial nerve regeneration through the Twist/FoxCl and
Sox2 pathways. Int. J. Biol. Macromol. 242 (Pt 2), 124870. https://doi.org/10.1016/
j.ijbiomac.2023.124870.

Court, F.A., Hendriks, W.T., MacGillavry, H.D., Alvarez, J., van Minnen, J., 2008.
Schwann cell to axon transfer of ribosomes: toward a novel understanding of the role
of glia in the nervous system. J. Neurosci. 28 (43), 11024-11029. https://doi.org/
10.1523/jneurosci.2429-08.2008.

Davies, A.M., 1998. Neuronal survival: early dependence on Schwann cells. Curr. Biol. 8
(1), R15-R18. https://doi.org/10.1016/s0960-9822(98)70009-0.

De Virgiliis, F., Hutson, T.H., Palmisano, I., Amachree, S., Miao, J., Zhou, L.,
Todorova, R., Thompson, R., Danzi, M.C., Lemmon, V.P., Bixby, J.L., Wittig, .,
Shah, A.M., Di Giovanni, S., 2020. Enriched conditioning expands the regenerative
ability of sensory neurons after spinal cord injury via neuronal intrinsic redox
signaling. Nat. Commun. 11 (1), 6425. https://doi.org/10.1038/541467-020-20179-
z.

Deck, M., Van Hameren, G., Campbell, G., Bernard-Marissal, N., Devaux, J., Berthelot, J.,
Lattard, A., Médard, J.J., Gautier, B., Guelfi, S., Abbou, S., Quintana, P., Chao de la
Barca, J.M., Reynier, P., Lenaers, G., Chrast, R., Tricaud, N., 2022. Physiology of PNS


https://doi.org/10.3390/jcm10153344
https://doi.org/10.1016/j.pneurobio.2012.05.005
https://doi.org/10.1016/j.pneurobio.2012.05.005
https://doi.org/10.1073/pnas.2007432117
https://doi.org/10.1016/j.pneurobio.2023.102488
https://doi.org/10.1016/j.pneurobio.2023.102488
https://doi.org/10.3390/ijms18020287
https://doi.org/10.1006/dbio.2002.0771
https://doi.org/10.1006/dbio.2002.0771
https://doi.org/10.1002/bies.201800075
https://doi.org/10.1002/bies.201800075
https://doi.org/10.1097/WCO.0b013e32834c208d
https://doi.org/10.1016/j.cmet.2011.11.013
https://doi.org/10.3389/fnmol.2017.00038
https://doi.org/10.3389/fnmol.2017.00038
https://doi.org/10.1016/j.trsl.2013.11.003
https://doi.org/10.1016/j.trsl.2013.11.003
https://doi.org/10.1016/j.biomaterials.2012.02.034
https://doi.org/10.1016/j.biomaterials.2012.02.034
https://doi.org/10.1016/j.expneurol.2013.05.007
https://doi.org/10.1016/j.expneurol.2013.05.007
https://doi.org/10.1111/acel.12833
https://doi.org/10.1111/acel.12833
https://doi.org/10.4103/1673-5374.243699
https://doi.org/10.1016/j.cell.2015.07.021
https://doi.org/10.3389/fncel.2021.624826
https://doi.org/10.3389/fncel.2021.624826
https://doi.org/10.1007/s12035-014-8862-y
https://doi.org/10.1007/s12035-014-8862-y
https://doi.org/10.1007/s00401-014-1369-9
https://doi.org/10.1007/s00401-015-1482-4
https://doi.org/10.1038/s41419-021-03706-8
https://doi.org/10.1016/j.ijbiomac.2023.124870
https://doi.org/10.1016/j.ijbiomac.2023.124870
https://doi.org/10.1523/jneurosci.2429-08.2008
https://doi.org/10.1523/jneurosci.2429-08.2008
https://doi.org/10.1016/s0960-9822(98)70009-0
https://doi.org/10.1038/s41467-020-20179-z
https://doi.org/10.1038/s41467-020-20179-z

L. Wu et al.

axons relies on glycolytic metabolism in myelinating Schwann cells. PLoS One 17
(10), €0272097. https://doi.org/10.1371/journal.pone.0272097.

Della-Flora Nunes, G., Wilson, E.R., Marziali, L.N., Hurley, E., Silvestri, N., He, B.,
O’Malley, B.W., Beirowski, B., Poitelon, Y., Wrabetz, L., Feltri, M.L., 2021. Prohibitin
1 is essential to preserve mitochondria and myelin integrity in Schwann cells. Nat.
Commun. 12 (1), 3285. https://doi.org/10.1038/s41467-021-23552-8.

Dervan, A., Franchi, A., Almeida-Gonzalez, F.R., Dowling, J.K., Kwakyi, O.B., McCoy, C.
E., O’Brien, F.J., Hibbitts, A., 2021. Biomaterial and therapeutic approaches for the
manipulation of macrophage phenotype in peripheral and central nerve repair.
Pharmaceutics 13 (12). https://doi.org/10.3390/pharmaceutics13122161.

Dong, L., Li, R,, Li, D., Wang, B, Lu, Y., Li, P., Yu, F., Jin, Y., Ni, X., Wy, Y., Yang, S.,
Lv, G., Li, X., Xiao, J., Wang, J., 2019. FGF10 enhances peripheral nerve
regeneration via the preactivation of the PI3K/Akt signaling-mediated antioxidant
response [original research]. Front. Pharmacol. 10. https://doi.org/10.3389/
fphar.2019.01224.

Ehmedah, A., Nedeljkovic, P., Dacic, S., Repac, J., Draskovic-Pavlovic, B., Vucevié, D.,
Pekovic, S., Nedeljkovic, B.B., 2020. Effect of vitamin B complex treatment on
macrophages to Schwann cells association during neuroinflammation after
peripheral nerve injury. Molecules 25 (22). https://doi.org/10.3390/
molecules25225426.

El Chemali, L., Boutary, S., Liu, S., Liu, G.J., Middleton, R.J., Banati, R.B.,

Bahrenberg, G., Rupprecht, R., Schumacher, M., Massaad-Massade, L., 2024. GRT-X
stimulates dorsal root Ganglia axonal growth in culture via TSPO and Kv7.2/3
potassium channel activation. Int. J. Mol. Sci. 25 (13). https://doi.org/10.3390/
ijms25137327.

Elazar, N., Peles, E., 2020. Schwann-cell-derived CMTMB6 restricts radial axonal growth.
Nat. Commun. 11 (1), 5044. https://doi.org/10.1038/541467-020-18886-8.

Fissel, J.A., Farah, M.H., 2021. The influence of BACE1 on macrophage recruitment and
activity in the injured peripheral nerve. J. Neuroinflamm. 18 (1), 71. https://doi.
org/10.1186/s12974-021-02121-2.

Forese, M.G., Pellegatta, M., Canevazzi, P., Gullotta, G.S., Podini, P., Rivellini, C.,
Previtali, S.C., Bacigaluppi, M., Quattrini, A., Taveggia, C., 2020. Prostaglandin D2
synthase modulates macrophage activity and accumulation in injured peripheral
nerves. Glia 68 (1), 95-110. https://doi.org/10.1002/glia.23705.

Fornasari, B.E., El Soury, M., Nato, G., Fucini, A., Carta, G., Ronchi, G., Crosio, A.,
Perroteau, I., Geuna, S., Raimondo, S., Gambarotta, G., 2020. Fibroblasts colonizing
nerve conduits express high levels of soluble neuregulinl, a factor promoting
Schwann cell dedifferentiation. Cells 9 (6). https://doi.org/10.3390/cells9061366.

Gao, X., Wang, Y., Chen, J., Peng, J., 2013. The role of peripheral nerve ECM components
in the tissue engineering nerve construction. Rev. Neurosci. 24 (4), 443-453.
https://doi.org/10.1515/revneuro-2013-0022.

Ge, X., Zhou, Z., Yang, S., Ye, W., Wang, Z., Wang, J., Xiao, C., Cui, M., Zhou, J., Zhu, Y.,
Wang, R., Gao, Y., Wang, H., Tang, P., Zhou, X., Wang, C., Cai, W., 2023. Exosomal
USP13 derived from microvascular endothelial cells regulates immune
microenvironment and improves functional recovery after spinal cord injury by
stabilizing IkBa. Cell Biosci. 13 (1), 55. https://doi.org/10.1186/513578-023-01011-
9.

Gokey, N.G., Srinivasan, R., Lopez-Anido, C., Krueger, C., Svaren, J., 2012.
Developmental regulation of microRNA expression in Schwann cells. Mol. Cell Biol.
32 (2), 558-568. https://doi.org/10.1128/mcb.06270-11.

Gomez-Sanchez, J.A., Carty, L., Iruarrizaga-Lejarreta, M., Palomo-Irigoyen, M., Varela-
Rey, M., Griffith, M., Hantke, J., Macias-Camara, N., Azkargorta, M.,
Aurrekoetxea, 1., De Juan, V.G., Jefferies, H.B.J., Aspichueta, P., Elortza, F.,
Aransay, A.M., Martinez-Chantar, M.L., Baas, F., Mato, J.M., Mirsky, R., Jessen, K.R.,
et al., 2015. Schwann cell autophagy, myelinophagy, initiates myelin clearance from
injured nerves. J. Cell Biol. 210 (1), 153-168. https://doi.org/10.1083/
jcb.201503019.

Gordon, S., Taylor, P.R., 2005. Monocyte and macrophage heterogeneity. Nat. Rev.
Immunol. 5 (12), 953-964. https://doi.org/10.1038/nri1733.

Hanani, M., 2022. How is peripheral injury signaled to satellite glial cells in sensory
ganglia? Cells 11 (3). https://doi.org/10.3390/cells11030512.

Hara, M., Kadoya, K., Endo, T., Iwasaki, N., 2023. Peripheral nerve-derived fibroblasts
promote neurite outgrowth in adult dorsal root ganglion neurons more effectively
than skin-derived fibroblasts. Exp. Physiol. 108 (4), 621-635. https://doi.org/
10.1113/ep090751.

Hastings, R.L., Valdez, G., 2024. Origin, identity, and function of terminal Schwann cells.
Trends Neurosci. 47 (6), 432-446. https://doi.org/10.1016/].tins.2024.03.007.

He, Q., Cheng, Z., Zhou, Q., Tong, F., Li, Y., Zhou, X., Yu, M., Ji, Y., Ding, F., 2023.
Sensory and motor fibroblasts have different protein expression patterns and exert
different growth promoting effects on sensory and motor neurons. Exp. Neurol. 361,
114314. https://doi.org/10.1016/j.expneurol.2022.114314.

Hu, T., Chang, S., Qi, F., Zhang, Z., Chen, J., Jiang, L., Wang, D., Deng, C., Nie, K., Xu, G.,
Wei, Z., 2023. Neural grafts containing exosomes derived from Schwann cell-like
cells promote peripheral nerve regeneration in rats. Burns Trauma 11, tkad013.
https://doi.org/10.1093/burnst/tkad013.

Huang, J., Zhang, G., Li, S., Li, J., Wang, W., Xue, J., Wang, Y., Fang, M., Zhou, N., 2023.
Endothelial cell-derived exosomes boost and maintain repair-related phenotypes of
Schwann cells via miR199-5p to promote nerve regeneration. J. Nanobiotechnol. 21
(1), 10. https://doi.org/10.1186/5s12951-023-01767-9.

Huang, J.H., Chen, Y.N,, He, H,, Fu, C.H., Xu, Z.Y., Lin, F.Y., 2022. Schwann cells-derived
exosomes promote functional recovery after spinal cord injury by promoting
angiogenesis. Front. Cell. Neurosci. 16, 1077071. https://doi.org/10.3389/
fncel.2022.1077071.

Huang, T.C., Wu, H.L., Chen, S.H., Wang, Y.T., Wu, C.C., 2020. Thrombomodulin
facilitates peripheral nerve regeneration through regulating M1/M2 switching.

J. Neuroinflamm. 17 (1), 240. https://doi.org/10.1186/512974-020-01897-z.

127

IBRO Neuroscience Reports 18 (2025) 120-129

Huang, Y., Wu, L., Zhao, Y., Guo, J., Li, R., Ma, S., Ying, Z., 2024. Schwann cell promotes
macrophage recruitment through IL-17B/IL-17RB pathway in injured peripheral
nerves. Cell Rep. 43 (2), 113753. https://doi.org/10.1016/j.celrep.2024.113753.

Huang, Z., Kankowski, S., Ertekin, E., Almog, M., Nevo, Z., Rochkind, S., Haastert-
Talini, K., 2021. Modified hyaluronic acid-laminin-hydrogel as luminal filler for
clinically approved hollow nerve guides in a rat critical defect size model. Int. J. Mol.
Sci. 22 (12). https://doi.org/10.3390/ijms22126554.

Ino, D., Iino, M., 2017. Schwann cell mitochondria as key regulators in the development
and maintenance of peripheral nerve axons. Cell. Mol. Life Sci. 74 (5), 827-835.
https://doi.org/10.1007/500018-016-2364-1.

Jager, S.E., Pallesen, L.T., Richner, M., Harley, P., Hore, Z., McMahon, S., Denk, F.,
Vaegter, C.B., 2020. Changes in the transcriptional fingerprint of satellite glial cells
following peripheral nerve injury. Glia 68 (7), 1375-1395. https://doi.org/10.1002/
glia.23785.

Jang, S.Y., Shin, Y.K,, Lee, H.Y., Park, J.Y., Suh, D.J., Kim, J.K., Bae, Y.S., Park, H.T.,
2012. Local production of serum amyloid a is implicated in the induction of
macrophage chemoattractants in Schwann cells during wallerian degeneration of
peripheral nerves. Glia 60 (10), 1619-1628. https://doi.org/10.1002/glia.22382.

Jerome, A.D., Atkinson, J.R., McVey Moffatt, A.L., Sepeda, J.A., Segal, B.M., Sas, A.R.,
2022. Characterization of zymosan-modulated neutrophils with neuroregenerative
properties. Front. Immunol. 13, 912193. https://doi.org/10.3389/
fimmu.2022.912193.

Jessen, K.R., Mirsky, R., 2016. The repair Schwann cell and its function in regenerating
nerves. J. Physiol. 594 (13), 3521-3531. https://doi.org/10.1113/jp270874.

Jha, M.K., Passero, J.V., Rawat, A., Ament, X.H., Yang, F., Vidensky, S., Collins, S.L.,
Horton, M.R., Hoke, A., Rutter, G.A., Latremoliere, A., Rothstein, J.D., Morrison, B.
M., 2021. Macrophage monocarboxylate transporter 1 promotes peripheral nerve
regeneration after injury in mice. J. Clin. Invest. 131 (21). https://doi.org/10.1172/
jcil41964.

Jia, L., Liao, M., Mou, A., Zheng, Q., Yang, W., Yu, Z., Cui, Y., Xia, X., Qin, Y., Chen, M.,
Xiao, B., 2021. Rheb-regulated mitochondrial pyruvate metabolism of Schwann cells
linked to axon stability. Dev. Cell 56 (21), 2980-2994. https://doi.org/10.1016/j.
devcel.2021.09.013 (.e2986.

Jiang, L., Mee, T., Zhou, X., Jia, X., 2022. Augmenting peripheral nerve regeneration
with adipose-derived stem cells. Stem Cell Rev. Rep. 18 (2), 544-558. https://doi.
org/10.1007/s12015-021-10236-5.

Kadomatsu, K., Muramatsu, T., 2004. Midkine and pleiotrophin in neural development
and cancer. Cancer Lett. 204 (2), 127-143. https://doi.org/10.1016/50304-3835
(03)00450-6.

Kalinski, A.L., Yoon, C., Huffman, L.D., Duncker, P.C., Kohen, R., Passino, R., Hafner, H.,
Johnson, C., Kawaguchi, R., Carbajal, K.S., Jara, J.S., Hollis, E., Geschwind, D.H.,
Segal, B.M., Giger, R.J., 2020. Analysis of the immune response to sciatic nerve
injury identifies efferocytosis as a key mechanism of nerve debridement. Elife 9.
https://doi.org/10.7554/eLife.60223.

Kaul, H., Ventikos, Y., 2015. Dynamic reciprocity revisited. J. Theor. Biol. 370, 205-208.
https://doi.org/10.1016/j.jtbi.2015.01.016.

Kim, B.S., Das, S., Jang, J., Cho, D.W., 2020. Decellularized extracellular matrix-based
bioinks for engineering tissue- and organ-specific microenvironments. Chem. Rev.
120 (19), 10608-10661. https://doi.org/10.1021/acs.chemrev.9b00808.

Kong, G., Zhou, L., Serger, E., Palmisano, 1., De Virgiliis, F., Hutson, T.H., McLachlan, E.,
Freiwald, A., La Montanara, P., Shkura, K., Puttagunta, R., Di Giovanni, S., 2020.
AMPK controls the axonal regenerative ability of dorsal root ganglia sensory neurons
after spinal cord injury. Nat. Metab. 2 (9), 918-933. https://doi.org/10.1038/
542255-020-0252-3.

Krishnan, A., Bhavanam, S., Zochodne, D., 2018. An intimate role for adult dorsal root
ganglia resident cycling cells in the generation of local macrophages and satellite
glial cells. J. Neuropathol. Exp. Neurol. 77 (10), 929-941. https://doi.org/10.1093/
jnen/nly072.

Lavasani, M., Gehrmann, S., Gharaibeh, B., Clark, K.A., Kaufmann, R.A., Péault, B.,
Goitz, R.J., Huard, J., 2011. Venous graft-derived cells participate in peripheral
nerve regeneration. PLoS One 6 (9), e24801. https://doi.org/10.1371/journal.
pone.0024801.

Li, C., Li, X., Shi, Z., Wy, P., Fu, J., Tang, J., Qing, L., 2022. Exosomes from LPS-
preconditioned bone marrow MSCs accelerated peripheral nerve regeneration via
M2 macrophage polarization: involvement of TSG-6/NF-kB/NLRP3 signaling
pathway. Exp. Neurol. 356, 114139. https://doi.org/10.1016/j.
expneurol.2022.114139.

Li, M., Zhang, P., Li, H., Zhy, Y., Cui, S., Yao, D., 2015. TGF-p1 is critical for Wallerian
degeneration after rat sciatic nerve injury. Neuroscience 284, 759-767. https://doi.
org/10.1016/j.neuroscience.2014.10.051.

Li, R., Li, D., Wu, C., Ye, L., Wu, Y., Yuan, Y., Yang, S., Xie, L., Mao, Y., Jiang, T., Li, Y.,
Wang, J., Zhang, H., Li, X., Xiao, J., 2020. Nerve growth factor activates autophagy
in Schwann cells to enhance myelin debris clearance and to expedite nerve
regeneration. Theranostics 10 (4), 1649-1677. https://doi.org/10.7150/
thno.40919.

Li, S., Zhang, R., Yuan, Y., Yi, S., Chen, Q., Gong, L., Liu, J., Ding, F., Cao, Z., Gu, X.,
2017. MiR-340 regulates fibrinolysis and axon regrowth following sciatic nerve
injury. Mol. Neurobiol. 54 (6), 4379-4389. https://doi.org/10.1007/512035-016-
9965-4.

Li, Y., Cheng, Z., Yu, F., Zhang, Q., Yu, S., Ding, F., He, Q., 2022. Activin a secreted from
peripheral nerve fibroblasts promotes proliferation and migration of Schwann cells.
Front. Mol. Neurosci. 15, 859349. https://doi.org/10.3389/fnmol.2022.859349.

Li, Y., Kang, S., Halawani, D., Wang, Y., Junqueira Alves, C., Ramakrishnan, A., Estill, M.,
Shen, L., Li, F., He, X., Friedel, R.H., Zou, H., 2022. Macrophages facilitate peripheral
nerve regeneration by organizing regeneration tracks through Plexin-B2. Genes Dev.
36 (3-4), 133-148. https://doi.org/10.1101/gad.349063.121.


https://doi.org/10.1371/journal.pone.0272097
https://doi.org/10.1038/s41467-021-23552-8
https://doi.org/10.3390/pharmaceutics13122161
https://doi.org/10.3389/fphar.2019.01224
https://doi.org/10.3389/fphar.2019.01224
https://doi.org/10.3390/molecules25225426
https://doi.org/10.3390/molecules25225426
https://doi.org/10.3390/ijms25137327
https://doi.org/10.3390/ijms25137327
https://doi.org/10.1038/s41467-020-18886-8
https://doi.org/10.1186/s12974-021-02121-2
https://doi.org/10.1186/s12974-021-02121-2
https://doi.org/10.1002/glia.23705
https://doi.org/10.3390/cells9061366
https://doi.org/10.1515/revneuro-2013-0022
https://doi.org/10.1186/s13578-023-01011-9
https://doi.org/10.1186/s13578-023-01011-9
https://doi.org/10.1128/mcb.06270-11
https://doi.org/10.1083/jcb.201503019
https://doi.org/10.1083/jcb.201503019
https://doi.org/10.1038/nri1733
https://doi.org/10.3390/cells11030512
https://doi.org/10.1113/ep090751
https://doi.org/10.1113/ep090751
https://doi.org/10.1016/j.tins.2024.03.007
https://doi.org/10.1016/j.expneurol.2022.114314
https://doi.org/10.1093/burnst/tkad013
https://doi.org/10.1186/s12951-023-01767-9
https://doi.org/10.3389/fncel.2022.1077071
https://doi.org/10.3389/fncel.2022.1077071
https://doi.org/10.1186/s12974-020-01897-z
https://doi.org/10.1016/j.celrep.2024.113753
https://doi.org/10.3390/ijms22126554
https://doi.org/10.1007/s00018-016-2364-1
https://doi.org/10.1002/glia.23785
https://doi.org/10.1002/glia.23785
https://doi.org/10.1002/glia.22382
https://doi.org/10.3389/fimmu.2022.912193
https://doi.org/10.3389/fimmu.2022.912193
https://doi.org/10.1113/jp270874
https://doi.org/10.1172/jci141964
https://doi.org/10.1172/jci141964
https://doi.org/10.1016/j.devcel.2021.09.013
https://doi.org/10.1016/j.devcel.2021.09.013
https://doi.org/10.1007/s12015-021-10236-5
https://doi.org/10.1007/s12015-021-10236-5
https://doi.org/10.1016/s0304-3835(03)00450-6
https://doi.org/10.1016/s0304-3835(03)00450-6
https://doi.org/10.7554/eLife.60223
https://doi.org/10.1016/j.jtbi.2015.01.016
https://doi.org/10.1021/acs.chemrev.9b00808
https://doi.org/10.1038/s42255-020-0252-3
https://doi.org/10.1038/s42255-020-0252-3
https://doi.org/10.1093/jnen/nly072
https://doi.org/10.1093/jnen/nly072
https://doi.org/10.1371/journal.pone.0024801
https://doi.org/10.1371/journal.pone.0024801
https://doi.org/10.1016/j.expneurol.2022.114139
https://doi.org/10.1016/j.expneurol.2022.114139
https://doi.org/10.1016/j.neuroscience.2014.10.051
https://doi.org/10.1016/j.neuroscience.2014.10.051
https://doi.org/10.7150/thno.40919
https://doi.org/10.7150/thno.40919
https://doi.org/10.1007/s12035-016-9965-4
https://doi.org/10.1007/s12035-016-9965-4
https://doi.org/10.3389/fnmol.2022.859349
https://doi.org/10.1101/gad.349063.121

L. Wu et al.

Lima, B.H.M., Bombeiro, A.L., Cartarozzi, L.P., Oliveira, A.L.R., 2022. The time course of
MHC-I expression in C57BL/6J and A/J mice correlates with the degree of
retrograde gliosis in the spinal cord following sciatic nerve crush. Cells 11 (23).
https://doi.org/10.3390/cells11233710.

Lindborg, J.A., Niemi, J.P., Howarth, M.A., Liu, K.W., Moore, C.Z., Mahajan, D.,
Zigmond, R.E., 2018. Molecular and cellular identification of the immune response
in peripheral ganglia following nerve injury. J. Neuroinflamm. 15 (1), 192. https://
doi.org/10.1186/512974-018-1222-5.

Liou, J.T., Lee, C.M., Lin, Y.C., Chen, C.Y., Liao, C.C., Lee, H.C., Day, Y.J., 2013. P-
selectin is required for neutrophils and macrophage infiltration into injured site and
contributes to generation of behavioral hypersensitivity following peripheral nerve
injury in mice. Pain 154 (10), 2150-2159. https://doi.org/10.1016/j.
pain.2013.06.042.

Liu, C.H., Ho, Y.J., Wang, C.Y., Hsu, C.C., Chu, Y.H., Hsu, M.Y., Chen, S.J., Hsiao, W.C.,
Liao, W.C., 2023. Targeting chondroitin sulphate synthase 1 (Chsy1) promotes axon
growth following neurorrhaphy by suppressing versican accumulation. Molecules 28
(9). https://doi.org/10.3390/molecules28093742.

Liu, P., Peng, J., Han, G.H., Ding, X., Wei, S., Gao, G., Huang, K., Chang, F., Wang, Y.,
2019. Role of macrophages in peripheral nerve injury and repair. Neural Regen. Res.
14 (8), 1335-1342. https://doi.org/10.4103/1673-5374.253510.

Liu, Z., Tong, H., Li, J., Wang, L., Fan, X., Song, H., Yang, M., Wang, H., Jiang, X.,
Zhou, X., Yuan, H., Wang, Y., 2022. Low-stiffness hydrogels promote peripheral
nerve regeneration through the rapid release of exosomes. Front. Bioeng. Biotechnol.
10, 922570. https://doi.org/10.3389/fbioe.2022.922570.

Lopez-Leal, R., Diaz-Viraqué, F., Catalan, R.J., Saquel, C., Enright, A., Iraola, G., Court, F.
A., 2020. Schwann cell reprogramming into repair cells increases miRNA-21
expression in exosomes promoting axonal growth. J. Cell Sci. 133 (12). https://doi.
org/10.1242/jcs.239004.

Malaeb, W., Bahmad, H.F., Abou-Kheir, W., Mhanna, R., 2019. The sulfation of
biomimetic glycosaminoglycan substrates controls binding of growth factors and
subsequent neural and glial cell growth. Biomater. Sci. 7 (10), 4283-4298. https://
doi.org/10.1039/c9bm00964g.

Martin, K.E., Garcia, A.J., 2021. Macrophage phenotypes in tissue repair and the foreign
body response: implications for biomaterial-based regenerative medicine strategies.
Acta Biomater. 133, 4-16. https://doi.org/10.1016/j.actbio.2021.03.038.

Meltzer, S., Santiago, C., Sharma, N., Ginty, D.D., 2021. The cellular and molecular basis
of somatosensory neuron development. Neuron 109 (23), 3736-3757. https://doi.
org/10.1016/j.neuron.2021.09.004.

Meng, D.H., Zou, J.P., Xu, Q.T., Wang, J.Y., Yu, J.Q., Yuan, Y., Chen, Z.G., Zhang, M.H.,
Jiang, L.B., Zhang, J., 2022. Endothelial cells promote the proliferation and
migration of Schwann cells. Ann. Transl. Med. 10 (2), 78. https://doi.org/10.21037/
atm-22-81.

Mietto, B.S., Jhelum, P., Schulz, K., David, S., 2021. Schwann cells provide iron to axonal
mitochondria and its role in nerve regeneration. J. Neurosci. 41 (34), 7300-7313.
https://doi.org/10.1523/jneurosci.0900-21.2021.

Mokarram, N., Dymanus, K., Srinivasan, A., Lyon, J.G., Tipton, J., Chu, J., English, AW.,
Bellamkonda, R.V., 2017. Immunoengineering nerve repair. Proc. Natl. Acad. Sci.
USA 114 (26), E5077-e5084. https://doi.org/10.1073/pnas.1705757114.

Mokarram, N., Merchant, A., Mukhatyar, V., Patel, G., Bellamkonda, R.V., 2012. Effect of
modulating macrophage phenotype on peripheral nerve repair. Biomaterials 33 (34),
8793-8801. https://doi.org/10.1016/j.biomaterials.2012.08.050.

Motta, C.M.M., Endres, K.J., Wesdemiotis, C., Willits, R.K., Becker, M.L., 2019.
Enhancing Schwann cell migration using concentration gradients of laminin-derived
peptides. Biomaterials 218, 119335. https://doi.org/10.1016/j.
biomaterials.2019.119335.

Mukouyama, Y.S., Shin, D., Britsch, S., Taniguchi, M., Anderson, D.J., 2002. Sensory
nerves determine the pattern of arterial differentiation and blood vessel branching in
the skin. Cell 109 (6), 693-705. https://doi.org/10.1016/50092-8674(02)00757-2.

Murray, P.J., Wynn, T.A., 2011. Protective and pathogenic functions of macrophage
subsets. Nat. Rev. Immunol. 11 (11), 723-737. https://doi.org/10.1038/nri3073.

Nadeau, J.R., Wilson-Gerwing, T.D., Verge, V.M., 2014. Induction of a reactive state in
perineuronal satellite glial cells akin to that produced by nerve injury is linked to the
level of p75NTR expression in adult sensory neurons. Glia 62 (5), 763-777. https://
doi.org/10.1002/glia.22640.

Nadeau, S., Filali, M., Zhang, J., Kerr, B.J., Rivest, S., Soulet, D., Iwakura, Y., de Rivero
Vaccari, J.P., Keane, R.W., Lacroix, S., 2011. Functional recovery after peripheral
nerve injury is dependent on the pro-inflammatory cytokines IL-1f and TNF:
implications for neuropathic pain. J. Neurosci. 31 (35), 12533-12542. https://doi.
org/10.1523/jneurosci.2840-11.2011.

Nave, K.A., Werner, H.B., 2021. Ensheathment and myelination of axons: evolution of
glial functions. Annu. Rev. Neurosci. 44, 197-219. https://doi.org/10.1146/
annurev-neuro-100120-122621.

Neves, M.I., Aratijo, M., Moroni, L., da Silva, R.M.P., Barrias, C.C., 2020.
Glycosaminoglycan-inspired biomaterials for the development of bioactive hydrogel
networks. Molecules 25 (4). https://doi.org/10.3390/molecules25040978.

Newbern, J., Birchmeier, C., 2010. Nrgl/ErbB signaling networks in Schwann cell
development and myelination. Semin. Cell Dev. Biol. 21 (9), 922-928. https://doi.
org/10.1016/j.semcdb.2010.08.008.

Nishio, Y., Nishihira, J., Ishibashi, T., Kato, H., Minami, A., 2002. Role of macrophage
migration inhibitory factor (MIF) in peripheral nerve regeneration: anti-MIF
antibody induces delay of nerve regeneration and the apoptosis of Schwann cells.
Mol. Med. 8 (9), 509-520.

Nocera, G., Jacob, C., 2020. Mechanisms of Schwann cell plasticity involved in
peripheral nerve repair after injury. Cell. Mol. Life Sci. 77 (20), 3977-3989. https://
doi.org/10.1007/s00018-020-03516-9.

128

IBRO Neuroscience Reports 18 (2025) 120-129

Oliveira, J.T., Yanick, C., Wein, N., Gomez Limia, C.E., 2023. Neuron-Schwann cell
interactions in peripheral nervous system homeostasis, disease, and preclinical
treatment. Front. Cell. Neurosci. 17, 1248922, https://doi.org/10.3389/
fncel.2023.1248922.

Pan, D., Zhy, S., Zhang, W., Wei, Z., Yang, F., Guo, Z., Ning, G., Feng, S., 2022.
Autophagy induced by Schwann cell-derived exosomes promotes recovery after
spinal cord injury in rats. Biotechnol. Lett. 44 (1), 129-142. https://doi.org/
10.1007/s10529-021-03198-8.

Parrinello, S., Napoli, I., Ribeiro, S., Wingfield Digby, P., Fedorova, M., Parkinson, D.B.,
Doddrell, R.D., Nakayama, M., Adams, R., H.,Lloyd, A.C., 2010. EphB signaling
directs peripheral nerve regeneration through Sox2-dependent Schwann cell sorting.
Cell 143 (1), 145-155. https://doi.org/10.1016/j.cell.2010.08.039.

Peluffo, H., Solari-Saquieres, P., Negro-Demontel, M.L., Francos-Quijorna, I., Navarro, X.,
Lopez-Vales, R., Sayds, J., Lago, N., 2015. CD300f immunoreceptor contributes to
peripheral nerve regeneration by the modulation of macrophage inflammatory
phenotype. J. Neuroinflamm. 12, 145. https://doi.org/10.1186/512974-015-0364-y.

Plikus, M.V., Wang, X., Sinha, S., Forte, E., Thompson, S.M., Herzog, E.L., Driskell, R.R.,
Rosenthal, N., Biernaskie, J., Horsley, V., 2021. Fibroblasts: origins, definitions, and
functions in health and disease. Cell 184 (15), 3852-3872. https://doi.org/10.1016/
j-cell.2021.06.024.

Prest, T.A., Yeager, E., LoPresti, S.T., Zygelyte, E., Martin, M.J., Dong, L., Gibson, A.,
Olutoye, O.0., Brown, B.N., Cheetham, J., 2018. Nerve-specific, xenogeneic
extracellular matrix hydrogel promotes recovery following peripheral nerve injury.
J. Biomed. Mater. Res. A 106 (2), 450-459. https://doi.org/10.1002/jbm.a.36235.

Qarot, E., Guan, Y., Hanani, M., 2024. The protective barrier role of satellite glial cells in
sensory ganglia. Glia 72 (6), 1054-1066. https://doi.org/10.1002/glia.24511.

Qu, W.R,, Zhu, Z., Liu, J., Song, D.B., Tian, H., Chen, B.P., Li, R., Deng, L.X., 2021.
Interaction between Schwann cells and other cells during repair of peripheral nerve
injury. Neural Regen. Res. 16 (1), 93-98. https://doi.org/10.4103/1673-
5374.286956.

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 (9), e0229475. https://doi.org/10.1371/journal.
pone.0229475.

Ramos, T., Ahmed, M., Wieringa, P., Moroni, L., 2015. Schwann cells promote
endothelial cell migration. Cell Adhes. Migr. 9 (6), 441-451. https://doi.org/
10.1080/19336918.2015.1103422.

Rao, Z., Lin, Z., Song, P., Quan, D., Bai, Y., 2022. Biomaterial-based schwann cell
transplantation and Schwann cell-derived biomaterials for nerve regeneration.
Front. Cell. Neurosci. 16, 926222. https://doi.org/10.3389/fncel.2022.926222.

Ren, J., Zhu, B., Gu, G., Zhang, W., Li, J., Wang, H., Wang, M., Song, X., Wei, Z., Feng, S.,
2023. Schwann cell-derived exosomes containing MFG-E8 modify macrophage/
microglial polarization for attenuating inflammation via the SOCS3/STAT3 pathway
after spinal cord injury. Cell Death Dis. 14 (1), 70. https://doi.org/10.1038/s41419-
023-05607-4.

Ren, Z., Tan, Y., Zhao, L., 2024. Cell heterogeneity and variability in peripheral nerve
after injury. Int. J. Mol. Sci. 25 (6). https://doi.org/10.3390/ijms25063511.

Richner, M., Ulrichsen, M., Elmegaard, S.L., Dieu, R., Pallesen, L.T., Vaegter, C.B., 2014.
Peripheral nerve injury modulates neurotrophin signaling in the peripheral and
central nervous system. Mol. Neurobiol. 50 (3), 945-970. https://doi.org/10.1007/
512035-014-8706-9.

Romero, M.1,, Lin, L., Lush, M.E., Lei, L., Parada, L.F., Zhu, Y., 2007. Deletion of Nfl in
neurons induces increased axon collateral branching after dorsal root injury.

J. Neurosci. 27 (8), 2124-2134. https://doi.org/10.1523/jneurosci.4363-06.2007.

Saffari, T.M., Bedar, M., Hundepool, C.A., Bishop, A.T., Shin, A.Y., 2020. The role of
vascularization in nerve regeneration of nerve graft. Neural Regen. Res. 15 (9),
1573-1579. https://doi.org/10.4103/1673-5374.276327.

Sango, K., 2023. Novel neuron-Schwann cell co-culture models to study peripheral nerve
degeneration and regeneration. Neural Regen. Res. 18 (8), 1732-1733. https://doi.
org/10.4103/1673-5374.363195.

Sas, A.R., Carbajal, K.S., Jerome, A.D., Menon, R., Yoon, C., Kalinski, A.L., Giger, R.J.,
Segal, B.M., 2020. A new neutrophil subset promotes CNS neuron survival and axon
regeneration. Nat. Immunol. 21 (12), 1496-1505. https://doi.org/10.1038/541590-
020-00813-0.

Serger, E., Luengo-Gutierrez, L., Chadwick, J.S., Kong, G., Zhou, L., Crawford, G.,
Danzi, M.C., Myridakis, A., Brandis, A., Bello, A.T., Miiller, F., Sanchez-
Vassopoulos, A., De Virgiliis, F., Liddell, P., Dumas, M.E., Strid, J., Mani, S.,

Dodd, D., Di Giovanni, S., 2022. The gut metabolite indole-3 propionate promotes
nerve regeneration and repair. Nature 607 (7919), 585-592. https://doi.org/
10.1038/541586-022-04884-x.

Shen, M., Chen, Y., Tang, W., Ming, M., Tian, Y., Ding, F., Wu, H., Ji, Y., 2022.
Semaphorin 3E promote Schwann cell proliferation and migration. Exp. Cell Res.
412 (2), 113019. https://doi.org/10.1016/j.yexcr.2022.113019.

Shimada, N., Sakata, A., Igarashi, T., Takeuchi, M., Nishimura, S., 2020. M1 macrophage
infiltration exacerbate muscle/bone atrophy after peripheral nerve injury. BMC
Musculoskelet. Disord. 21 (1), 44. https://doi.org/10.1186/512891-020-3069-z.

Siebert, H., Sachse, A., Kuziel, W.A., Maeda, N., Briick, W., 2000. The chemokine
receptor CCR2 is involved in macrophage recruitment to the injured peripheral
nervous system. J. Neuroimmunol. 110 (1-2), 177-185. https://doi.org/10.1016/
s0165-5728(00)00343-x.

Sleigh, J.N., Rossor, A.M., Fellows, A.D., Tosolini, A.P., Schiavo, G., 2019. Axonal
transport and neurological disease. Nat. Rev. Neurol. 15 (12), 691-703. https://doi.
org/10.1038/541582-019-0257-2.

Stratton, J.A., Kumar, R., Sinha, S., Shah, P., Stykel, M., Shapira, Y., Midha, R.,
Biernaskie, J., 2017. Purification and characterization of Schwann cells from adult


https://doi.org/10.3390/cells11233710
https://doi.org/10.1186/s12974-018-1222-5
https://doi.org/10.1186/s12974-018-1222-5
https://doi.org/10.1016/j.pain.2013.06.042
https://doi.org/10.1016/j.pain.2013.06.042
https://doi.org/10.3390/molecules28093742
https://doi.org/10.4103/1673-5374.253510
https://doi.org/10.3389/fbioe.2022.922570
https://doi.org/10.1242/jcs.239004
https://doi.org/10.1242/jcs.239004
https://doi.org/10.1039/c9bm00964g
https://doi.org/10.1039/c9bm00964g
https://doi.org/10.1016/j.actbio.2021.03.038
https://doi.org/10.1016/j.neuron.2021.09.004
https://doi.org/10.1016/j.neuron.2021.09.004
https://doi.org/10.21037/atm-22-81
https://doi.org/10.21037/atm-22-81
https://doi.org/10.1523/jneurosci.0900-21.2021
https://doi.org/10.1073/pnas.1705757114
https://doi.org/10.1016/j.biomaterials.2012.08.050
https://doi.org/10.1016/j.biomaterials.2019.119335
https://doi.org/10.1016/j.biomaterials.2019.119335
https://doi.org/10.1016/s0092-8674(02)00757-2
https://doi.org/10.1038/nri3073
https://doi.org/10.1002/glia.22640
https://doi.org/10.1002/glia.22640
https://doi.org/10.1523/jneurosci.2840-11.2011
https://doi.org/10.1523/jneurosci.2840-11.2011
https://doi.org/10.1146/annurev-neuro-100120-122621
https://doi.org/10.1146/annurev-neuro-100120-122621
https://doi.org/10.3390/molecules25040978
https://doi.org/10.1016/j.semcdb.2010.08.008
https://doi.org/10.1016/j.semcdb.2010.08.008
http://refhub.elsevier.com/S2667-2421(24)00121-0/sbref94
http://refhub.elsevier.com/S2667-2421(24)00121-0/sbref94
http://refhub.elsevier.com/S2667-2421(24)00121-0/sbref94
http://refhub.elsevier.com/S2667-2421(24)00121-0/sbref94
https://doi.org/10.1007/s00018-020-03516-9
https://doi.org/10.1007/s00018-020-03516-9
https://doi.org/10.3389/fncel.2023.1248922
https://doi.org/10.3389/fncel.2023.1248922
https://doi.org/10.1007/s10529-021-03198-8
https://doi.org/10.1007/s10529-021-03198-8
https://doi.org/10.1016/j.cell.2010.08.039
https://doi.org/10.1186/s12974-015-0364-y
https://doi.org/10.1016/j.cell.2021.06.024
https://doi.org/10.1016/j.cell.2021.06.024
https://doi.org/10.1002/jbm.a.36235
https://doi.org/10.1002/glia.24511
https://doi.org/10.4103/1673-5374.286956
https://doi.org/10.4103/1673-5374.286956
https://doi.org/10.1371/journal.pone.0229475
https://doi.org/10.1371/journal.pone.0229475
https://doi.org/10.1080/19336918.2015.1103422
https://doi.org/10.1080/19336918.2015.1103422
https://doi.org/10.3389/fncel.2022.926222
https://doi.org/10.1038/s41419-023-05607-4
https://doi.org/10.1038/s41419-023-05607-4
https://doi.org/10.3390/ijms25063511
https://doi.org/10.1007/s12035-014-8706-9
https://doi.org/10.1007/s12035-014-8706-9
https://doi.org/10.1523/jneurosci.4363-06.2007
https://doi.org/10.4103/1673-5374.276327
https://doi.org/10.4103/1673-5374.363195
https://doi.org/10.4103/1673-5374.363195
https://doi.org/10.1038/s41590-020-00813-0
https://doi.org/10.1038/s41590-020-00813-0
https://doi.org/10.1038/s41586-022-04884-x
https://doi.org/10.1038/s41586-022-04884-x
https://doi.org/10.1016/j.yexcr.2022.113019
https://doi.org/10.1186/s12891-020-3069-z
https://doi.org/10.1016/s0165-5728(00)00343-x
https://doi.org/10.1016/s0165-5728(00)00343-x
https://doi.org/10.1038/s41582-019-0257-2
https://doi.org/10.1038/s41582-019-0257-2

L. Wu et al.

human skin and nerve. eNeuro 4 (3). https://doi.org/10.1523/eneuro.0307-
16.2017.

Sun, J., Zeng, Q., Wu, Z., Li, Z., Gao, Q., Liao, Z., Li, H., Ling, C., Chen, C., Wang, H.,
Zhang, B., 2024. Enhancing intraneural revascularization following peripheral nerve
injury through hypoxic Schwann-cell-derived exosomes: an insight into endothelial
glycolysis. J. Nanobiotechnol. 22 (1), 283. https://doi.org/10.1186/512951-024-
02536-y.

Sun, J.H., Li, G., Wu, T.T., Lin, Z.J., Zou, J.L., Huang, L.J., Xu, H.Y., Wang, J.H., Ma, Y.H.,
Zeng, Y.S., 2020. Decellularization optimizes the inhibitory microenvironment of the
optic nerve to support neurite growth. Biomaterials 258, 120289. https://doi.org/
10.1016/j.biomaterials.2020.120289.

Tasdemir-Yilmaz, O.E., Druckenbrod, N.R., Olukoya, 0.0., Dong, W., Yung, A.R.,
Bastille, I., Pazyra-Murphy, M.F., Sitko, A.A., Hale, E.B., Vigneau, S., Gimelbrant, A.
A., Kharchenko, P.V., Goodrich, L.V., Segal, R.A., 2021. Diversity of developing
peripheral glia revealed by single-cell RNA sequencing. Dev. Cell 56 (17),
2516-2535. https://doi.org/10.1016/j.devcel.2021.08.005 (.e2518.

Taveggia, C., Feltri, M.L., 2022. Beyond wrapping: canonical and noncanonical functions
of Schwann cells. Annu. Rev. Neurosci. 45, 561-580. https://doi.org/10.1146/
annurev-neuro-110920-030610.

Ti, D., Hao, H., Tong, C., Liu, J., Dong, L., Zheng, J., Zhao, Y., Liu, H., Fu, X., Han, W.,
2015. LPS-preconditioned mesenchymal stromal cells modify macrophage
polarization for resolution of chronic inflammation via exosome-shuttled let-7b.

J. Transl. Med. 13, 308. https://doi.org/10.1186/512967-015-0642-6.

Tomlinson, J.E., Zygelyté, E., Grenier, J.K., Edwards, M.G., Cheetham, J., 2018.
Temporal changes in macrophage phenotype after peripheral nerve injury.

J. Neuroinflamm. 15 (1), 185. https://doi.org/10.1186/s12974-018-1219-0.

Topilko, P., Levi, G., Merlo, G., Mantero, S., Desmarquet, C., Mancardi, G., Charnay, P.,
1997. Differential regulation of the zinc finger genes Krox-20 and Krox-24 (Egr-1)
suggests antagonistic roles in Schwann cells. J. Neurosci. Res. 50 (5), 702-712.
https://doi.org/10.1002/(SICI)1097-4547(19971201)50:5<702::AID-JNR7>3.0.
CO;2-L.

Vargas, M.E., Barres, B.A., 2007. Why is Wallerian degeneration in the CNS so slow?
Annu. Rev. Neurosci. 30, 153-179. https://doi.org/10.1146/annurev.
neuro.30.051606.094354.

Wang, H., Zhu, H., Guo, Q., Qian, T., Zhang, P., Li, S., Xue, C., Gu, X., 2017. Overlapping
mechanisms of peripheral nerve regeneration and angiogenesis following sciatic
nerve transection. Front. Cell. Neurosci. 11, 323. https://doi.org/10.3389/
fncel.2017.00323.

Wang, J., Ren, K.Y., Wang, Y.H., Kou, Y.H., Zhang, P.X., Peng, J.P., Deng, L., Zhang, H.B.,
Jiang, B.G., 2015. Effect of active notch signaling system on the early repair of rat
sciatic nerve injury. Artif. Cells Nanomed. Biotechnol. 43 (6), 383-389. https://doi.
0rg/10.3109/21691401.2014.896372.

Wang, L., Lu, X., Chopp, M., Li, C., Zhang, Y., Szalad, A., Liu, X.S., Zhang, Z.G., 2023.
Comparative proteomic analysis of exosomes derived from endothelial cells and
Schwann cells. PLoS One 18 (8), €0290155. https://doi.org/10.1371/journal.
pone.0290155.

Wang, Y., Ma, M., Tang, Q., Zhu, L., Koleini, M., Zou, D., 2015. The effects of different
tensile parameters for the neurodynamic mobilization technique on tricipital muscle
wet weight and MuRf-1 expression in rabbits with sciatic nerve injury. J. Neuroeng.
Rehabil. 12, 38. https://doi.org/10.1186/512984-015-0034-4.

Wang, Y., Yan, Z,, Liu, W,, Liu, C., Xu, N., Wu, Y., Sun, F., Wang, X., Qian, Y., Jiang, L.,
Sun, X., 2022. Biomechanically-adapted immunohydrogels reconstructing myelin
sheath for peripheral nerve regeneration. Adv. Health Mater. 11 (20), e2201596.
https://doi.org/10.1002/adhm.202201596.

Wang, Y., Zhang, F., Zhang, Y., Shan, Q., Liu, W., Zhang, F., Zhang, F., Yi, S., 2021.
Betacellulin regulates peripheral nerve regeneration by affecting Schwann cell
migration and axon elongation. Mol. Med. 27 (1), 27. https://doi.org/10.1186/
5§10020-021-00292-5.

Wanner, 1.B., Wood, P.M., 2002. N-cadherin mediates axon-aligned process growth and
cell-cell interaction in rat Schwann cells. J. Neurosci. 22 (10), 4066-4079. https://
doi.org/10.1523/jneurosci.22-10-04066.2002.

Wei, C., Guo, Y., Ci, Z., Li, M., Zhang, Y., Zhou, Y., 2024. Advances of Schwann cells in
peripheral nerve regeneration: from mechanism to cell therapy. Biomed. Pharm.
175, 116645. https://doi.org/10.1016/j.biopha.2024.116645.

Wieringa, P.A., Gongalves de Pinho, A.R., Micera, S., van Wezel, R.J.A., Moroni, L., 2018.
Biomimetic architectures for peripheral nerve repair: a review of biofabrication
strategies. Adv. Health Mater. 7 (8), e1701164. https://doi.org/10.1002/
adhm.201701164.

Wiltbank, A.T., Kucenas, S., 2021. Diversity and convergence within peripheral glia
development. Trends Neurosci. 44 (12), 930-932. https://doi.org/10.1016/j.
tins.2021.10.004.

Wofford, K.L., Shultz, R.B., Burrell, J.C., Cullen, D.K., 2022. Neuroimmune interactions
and immunoengineering strategies in peripheral nerve repair. Prog. Neurobiol. 208,
102172. https://doi.org/10.1016/j.pneurobio.2021.102172.

129

IBRO Neuroscience Reports 18 (2025) 120-129

Wojtkiewicz, D.M., Saunders, J., Domeshek, L., Novak, C.B., Kaskutas, V., Mackinnon, S.
E., 2015. Social impact of peripheral nerve injuries. Hand 10 (2), 161-167. https://
doi.org/10.1007/511552-014-9692-0.

Wu, D., Lee, S., Luo, J., Xia, H., Gushchina, S., Richardson, P.M., Yeh, J., Kriigel, U.,
Franke, H., Zhang, Y., Bo, X., 2018. Intraneural injection of ATP stimulates
regeneration of primary sensory axons in the spinal cord. J. Neurosci. 38 (6),
1351-1365. https://doi.org/10.1523/jneurosci.1660-17.2017.

Wynn, T.A., Vannella, K.M., 2016. Macrophages in tissue repair, regeneration, and
fibrosis. Immunity 44 (3), 450-462. https://doi.org/10.1016/j.
immuni.2016.02.015.

Xiao, B., Chai, Y., Lv, S., Ye, M., Wu, M., Xie, L., Fan, Y., Zhu, X., Gao, Z., 2017.
Endothelial cell-derived exosomes protect SH-SY5Y nerve cells against ischemia/
reperfusion injury. Int. J. Mol. Med. 40 (4), 1201-1209. https://doi.org/10.3892/
ijmm.2017.3106.

Xu, D., Esko, J.D., 2014. Demystifying heparan sulfate-protein interactions. Annu. Rev.
Biochem. 83, 129-157. https://doi.org/10.1146/annurev-biochem-060713-035314.

Xu, J., Wen, J., Fu, L., Liao, L., Zou, Y., Zhang, J., Deng, J., Zhang, H., Liu, J., Wang, X.,
Zuo, D., Guo, J., 2021. Macrophage-specific RhoA knockout delays Wallerian
degeneration after peripheral nerve injury in mice. J. Neuroinflamm. 18 (1), 234.
https://doi.org/10.1186/512974-021-02292-y.

Xu, J., Zhang, B., Cai, J., Peng, Q., Hu, J., Askar, P., Shangguan, J., Su, W., Zhu, C.,
Sun, H., Zhou, S., Chen, G., Yang, X., Gu, Y., 2023. The transcription factor Stat-1 is
essential for Schwann cell differentiation, myelination and myelin sheath
regeneration. Mol. Med. 29 (1), 79. https://doi.org/10.1186/510020-023-00667-w.

Ydens, E., Amann, L., Asselbergh, B., Scott, C.L., 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. Nat. Neurosci. 23 (5), 676-689. https://doi.
org/10.1038/541593-020-0618-6.

Yi, S., Zhang, Y., Gu, X., Huang, L., Zhang, K., Qian, T., Gu, X., 2020. Application of stem
cells in peripheral nerve regeneration. Burns Trauma 8, tkaa002. https://doi.org/
10.1093/burnst/tkaa002.

Yu, B., Zhou, S., Wang, Y., Qian, T., Ding, G., Ding, F., Gu, X., 2012. miR-221 and miR-
222 promote Schwann cell proliferation and migration by targeting LASS2 after
sciatic nerve injury. J. Cell Sci. 125 (Pt 11), 2675-2683. https://doi.org/10.1242/
j€s.098996.

Zhang, N., Ji, Q., Chen, Y., Wen, X., Shan, F., 2024. TREM2 deficiency impairs the energy
metabolism of Schwann cells and exacerbates peripheral neurological deficits. Cell
Death Dis. 15 (3), 193. https://doi.org/10.1038/541419-024-06579-9.

Zhang, Q., Burrell, J.C., Zeng, J., Motiwala, F.I., Shi, S., Cullen, D.K., Le, A.D., 2022.
Implantation of a nerve protector embedded with human GMSC-derived Schwann-
like cells accelerates regeneration of crush-injured rat sciatic nerves. Stem Cell Res.
Ther. 13 (1), 263. https://doi.org/10.1186/513287-022-02947-4.

Zhang, Y., Shen, Y., Zhao, L., Zhao, Q., Zhao, L., Yi, S., 2023. Transcription factor
BCL11A regulates schwann cell behavior during peripheral nerve regeneration. Mol.
Neurobiol. 60 (9), 5352-5365. https://doi.org/10.1007/s12035-023-03432-6.

Zhao, X.F., Huffman, L.D., Hafner, H., Athaiya, M., Finneran, M.C., Kalinski, A.L.,
Kohen, R., Flynn, C., Passino, R., Johnson, C.N., Kohrman, D., Kawaguchi, R.,
Yang, L.J.S., Twiss, J.L., Geschwind, D.H., Corfas, G., Giger, R.J., 2022. The injured
sciatic nerve atlas (iSNAT), insights into the cellular and molecular basis of neural
tissue degeneration and regeneration. Elife 11. https://doi.org/10.7554/
eLife.80881.

Zhao, Y., Liang, Y., Xu, Z., Liu, J., Liu, X., Ma, J., Sun, C., Yang, Y., 2022. Exosomal miR-
673-5p from fibroblasts promotes Schwann cell-mediated peripheral neuron
myelination by targeting the TSC2/mTORC1/SREBP2 axis. J. Biol. Chem. 298 (3),
101718. https://doi.org/10.1016/j.jbc.2022.101718.

Zhou, L., Yu, X., Guo, Y., Liu, X., 2022. LncRNA RMRP knockdown promotes
proliferation and migration of Schwann cells by mediating the miR-766-5p/CAND1
axis. Neurosci. Lett. 770, 136440. https://doi.org/10.1016/j.neulet.2021.136440.

Zhou, T., Zheng, Y., Sun, L., Badea, S.R., Jin, Y., Liu, Y., Rolfe, A.J., Sun, H., Wang, X.,
Cheng, Z., Huang, Z., Zhao, N., Sun, X., Li, J., Fan, J., Lee, C., Megraw, T.L., Wu, W.,
Wang, G., Ren, Y., 2019. Microvascular endothelial cells engulf myelin debris and
promote macrophage recruitment and fibrosis after neural injury. Nat. Neurosci. 22
(3), 421-435. https://doi.org/10.1038/s41593-018-0324-9.

Zhou, X., Lv, Y., Xie, H., Li, Y., Liu, C., Zheng, M., Wu, R., Zhou, S., Gu, X,, Li, J., Mi, D.,
2024. RNA sequencing of exosomes secreted by fibroblast and Schwann cells
elucidates mechanisms underlying peripheral nerve regeneration. Neural Regen.
Res. 19 (8), 1812-1821. https://doi.org/10.4103/1673-5374.387980.

Zilic, L., Wilshaw, S.P., Haycock, J.W., 2016. Decellularisation and histological
characterisation of porcine peripheral nerves. Biotechnol. Bioeng. 113 (9),
2041-2053. https://doi.org/10.1002/bit.25964.

Zou, Y., Zhang, J., Xu, J., Fu, L., Xu, Y., Wang, X., Li, Z., Zhu, L., Sun, H., Zheng, H.,
Guo, J., 2021. SIRT6 inhibition delays peripheral nerve recovery by suppressing
migration, phagocytosis and M2-polarization of macrophages. Cell Biosci. 11 (1),
210. https://doi.org/10.1186/5s13578-021-00725-y.


https://doi.org/10.1523/eneuro.0307-16.2017
https://doi.org/10.1523/eneuro.0307-16.2017
https://doi.org/10.1186/s12951-024-02536-y
https://doi.org/10.1186/s12951-024-02536-y
https://doi.org/10.1016/j.biomaterials.2020.120289
https://doi.org/10.1016/j.biomaterials.2020.120289
https://doi.org/10.1016/j.devcel.2021.08.005
https://doi.org/10.1146/annurev-neuro-110920-030610
https://doi.org/10.1146/annurev-neuro-110920-030610
https://doi.org/10.1186/s12967-015-0642-6
https://doi.org/10.1186/s12974-018-1219-0
https://doi.org/10.1002/(SICI)1097-4547(19971201)50:5<702::AID-JNR7>3.0.CO;2-L
https://doi.org/10.1002/(SICI)1097-4547(19971201)50:5<702::AID-JNR7>3.0.CO;2-L
https://doi.org/10.1146/annurev.neuro.30.051606.094354
https://doi.org/10.1146/annurev.neuro.30.051606.094354
https://doi.org/10.3389/fncel.2017.00323
https://doi.org/10.3389/fncel.2017.00323
https://doi.org/10.3109/21691401.2014.896372
https://doi.org/10.3109/21691401.2014.896372
https://doi.org/10.1371/journal.pone.0290155
https://doi.org/10.1371/journal.pone.0290155
https://doi.org/10.1186/s12984-015-0034-4
https://doi.org/10.1002/adhm.202201596
https://doi.org/10.1186/s10020-021-00292-5
https://doi.org/10.1186/s10020-021-00292-5
https://doi.org/10.1523/jneurosci.22-10-04066.2002
https://doi.org/10.1523/jneurosci.22-10-04066.2002
https://doi.org/10.1016/j.biopha.2024.116645
https://doi.org/10.1002/adhm.201701164
https://doi.org/10.1002/adhm.201701164
https://doi.org/10.1016/j.tins.2021.10.004
https://doi.org/10.1016/j.tins.2021.10.004
https://doi.org/10.1016/j.pneurobio.2021.102172
https://doi.org/10.1007/s11552-014-9692-0
https://doi.org/10.1007/s11552-014-9692-0
https://doi.org/10.1523/jneurosci.1660-17.2017
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.3892/ijmm.2017.3106
https://doi.org/10.3892/ijmm.2017.3106
https://doi.org/10.1146/annurev-biochem-060713-035314
https://doi.org/10.1186/s12974-021-02292-y
https://doi.org/10.1186/s10020-023-00667-w
https://doi.org/10.1038/s41593-020-0618-6
https://doi.org/10.1038/s41593-020-0618-6
https://doi.org/10.1093/burnst/tkaa002
https://doi.org/10.1093/burnst/tkaa002
https://doi.org/10.1242/jcs.098996
https://doi.org/10.1242/jcs.098996
https://doi.org/10.1038/s41419-024-06579-9
https://doi.org/10.1186/s13287-022-02947-4
https://doi.org/10.1007/s12035-023-03432-6
https://doi.org/10.7554/eLife.80881
https://doi.org/10.7554/eLife.80881
https://doi.org/10.1016/j.jbc.2022.101718
https://doi.org/10.1016/j.neulet.2021.136440
https://doi.org/10.1038/s41593-018-0324-9
https://doi.org/10.4103/1673-5374.387980
https://doi.org/10.1002/bit.25964
https://doi.org/10.1186/s13578-021-00725-y

	Molecular and cellular mechanisms underlying peripheral nerve injury-induced cellular ecological shifts: Implications for n ...
	1 Introduction
	2 The ecology of neuronal cells
	3 Ecology of glial cells
	3.1 Classification and function of glial cells
	3.2 The signaling and mechanistic alterations that occur in SCs following PNI
	3.3 The role of SCs and their products in nerve regeneration
	3.4 Transcription factors and growth factor-related proteins mediating SCs in nerve regeneration

	4 Immune cells
	4.1 Macrophages
	4.1.1 Functions and phenotypes of macrophages
	4.1.2 Circulating macrophages homing to target tissues
	4.1.3 Factors influencing macrophages in peripheral nerve injury
	4.1.4 Coordination between macrophages and Schwann cells in peripheral nerve injury

	4.2 Neutrophils in peripheral nerve injury

	5 Interaction between vascular cells and perineural cells
	6 Interaction between fibroblasts and perineural cells
	7 Role of the extracellular matrix in neurophysiology
	8 Conclusion and prospects
	Ethical statement
	CRediT authorship contribution statement
	Founding
	Conflicts of Interest
	Acknowledgments
	References


