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Models of conditioning in neuromuscular junction as 
possible strategy of repair in spinal muscular atrophy
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Preconditioning is a phenomenon wherein a sub-lethal insult induces cellular and tissue resistance to a later severe injury 
that can aid in counteracting neurodegeneration in different tissues, including the brain. Although preconditioning is widely 
investigated under various pathological conditions, such as stroke, little is known about its role in spinal muscular atrophy 
(SMA). SMA is a neurodegenerative disease caused by the lack of survival motor neuron (SMN) protein. In recent years, 
treatments able to restore SMN protein levels have been developed. However, these therapeutic strategies are not a definitive 
cure, and molecular mechanisms that lead to SMA are not completely understood. In this context, further studies to elucidate 
the molecular basis of the disease and the development of complementary strategies to regenerate damaged motor axons 
could play a pivotal role in ameliorating the outcome of SMA. In this regard, it has been recently demonstrated that the 
myelination of motor axons is impaired in SMA, and boosting neuregulins triggers the ensheathment of axons. This review 
discusses how a “preconditioning” phenomenon could trigger axonal terminal regeneration. We examine the “preconditioning 
stimuli” that can ameliorate this aspect of SMA pathology, which cannot be reversed by postnatal SMN protein induction.
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Introduction 
The neuromuscular junction (NMJ) is the anatomical structure 
where an electrical stimulus traveling along motor neuron 
(MN) axons is transformed into a chemical one, culminating 
in acetylcholine release from the pre-synaptic terminal. 
Acetylcholine released in the synaptic cleft binds its receptors 
located on muscle fibers, thus stimulating muscle contraction 
(Tintignac et al., 2015). In addition, NMJ consists of three 
pivotal elements: a) MNs axonal terminals, b) the muscle 
fibers, and c) a carpet of non-myelinating perisynaptic Schwann 
cells (PSCs) or teloglia (Reed et al., 2022). In particular, PCSs 
play a central role in forming, maintaining, remodeling, and 
regenerating the NMJ (Santosa et al., 2018). Interestingly, 
unlike the myelinating Schwann cells that wrap axons to 
establish efficient electrical impulse propagation, PSCs are 
not deeply characterized. Moreover, NMJ is the Achilles’ 

heel of several neurodegenerative diseases, such as spinal 
muscular atrophy (SMA) and amyotrophic lateral sclerosis 
(ALS). In particular, it has been demonstrated that in these 
pathological conditions, NMJ cellular impairment occurs quite 
in advance of the first clinical symptoms (Voigt et al., 2010; 
Vinsant et al., 2013). After peripheral nerve trauma, native 
muscle reinnervation is triggered within a relatively narrow 
time window (approximately 12-18 months) (Boyd et al., 
2011). To date, great efforts have been made to understand the 
molecular mechanisms that underlie the hastening of neural 
regeneration in neurons. However, the regeneration pathways 
that influence nerve repair are poorly investigated in NMJ, 
specifically in PSCs (Santosa et al., 2018). In particular, 
PSCs are an efficient tool to trigger axonal regeneration after 
denervation or nerve injury. Indeed, nerve terminals respond by 
growing or ‘sprouting’. This phenomenon is driven primarily 
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by PSC activation (Son et al., 1996), which starts three days 
after motor nerve injury (Kang et al., 2014). Briefly, PSCs 
“perceive” neuron damage and extend cytoplasmic processes, 
thus forming “bridges” that allow rapid connections between 
denervated and innervated synaptic sites (Kang et al., 2014). 
Moreover, during the reinnervation, PSCs play a pivotal role in 
removing cellular debris through phagocytic activity, which is 
important in promoting successful nerve regeneration (Duregotti 
et al., 2015). Although PSC process extension has been well 
described in the literature (Son et al., 1996; Kang et al., 2014), 
the molecular mechanisms that trigger this phenomenon are still 
under investigation.

An overview of molecular mechanisms occurring in PSC 
during NMJ regeneration
Neuregulins-Erb-b2 receptor tyrosine kinase 2/Erb-b3 
receptor tyrosine kinase 3 (ErbB2/ErbB3)
Neuregulins (NRGs) are a class of growth factors that show 
sequence similarities with epidermal growth factor (EGF). In 
particular, neuregulin 1 (NRG1) is encoded by the homonym 
gene that has different promoters that give rise to different 
protein isoforms through processes of alternative splicing (Falls, 
2003). All NRG1 isoforms share an EGF-like domain that 
binds and activates ErbB receptors. Moreover, the expression 
pattern of Nrg1 isoforms is peculiar; for instance, NRG1 type 
III is mainly expressed by neuronal cells, and type I NRG1 by a 
few restricted neuronal cell types and by mesenchymal cells of 
many organs (Fleck et al., 2013). These two isoforms of Nrg1 
(type III and type I) have different functions. NRG1 type III is 
involved in myelination, and Nrg type I is involved in muscle 
spindle induction (Birchmeier and Bennett, 2016). Furthermore, 
some NRGs are membrane-bound proteins that must be 
released from specific proteases to perform their functions. 
Conversely, other NRGs, after proteolytic cleavage, can remain 
bound to cellular surfaces. In both cases, the NRG receptors 
can detect signals from distant cells, directly from neighboring 
cells (paracrine signaling), or occasionally from the same 
origin cell, thus triggering autocrine signaling (Falls, 2003). 
NRG1 type I and type III arise from proteolytic processing 
dependent on beta-secretase 1 (Bace1) and members of the 
disintegrin and metalloproteinase (Adam) family (Fleck et al., 

2013). Neuregulins possess a broad spectrum of functions like 
migration, cell fate decisions, morphogenesis, proliferation, and 
the control of cell size. They target many different cell types 
(glial cells, neurons, muscle, and epithelial cells) (Birchmeier 
and Bennett, 2016). In this review, we focus on the role of PSC 
in NMJ regeneration and repair. In particular, PSCs can respond 
to NRG stimuli through two main receptors: ErbB2 and ErbB3 
(Meyer and Birchmeier, 1995). These receptors show peculiar 
characteristics since ErbB2 is a ligand-less receptor; by contrast, 
ErbB3 lacks tyrosine kinase activity (Woldeyesus et al., 1999). 
The formation of ErbB2 and ErbB3 heterodimers results in 
receptor tyrosine phosphorylation that activates signaling 
cascades (Citri et al., 2003) involving rat sarcoma virus (Ras)/ 
mitogen-activated protein kinase (MAPK)/extracellular signal-
regulated protein kinase 1/2 (ERK1/2),phosphoinositide 
3-kinase (PI3K), protein kinase B (Akt), focal adhesion kinase 
(FAK), and c-Jun N-terminal kinase (JNK) (Newbern and 
Birchmeier, 2010; Yarden and Sliwkowski, 2001). Interestingly, 
NRG1 type I and type III are crucial to repair and remyelination 
after nerve lesions in the peripheral nervous system, where 
different nerve injuries can occur, ranging from traumatic 
damage to NMJ impairments. In particular, Stassart et al. 
(2013) showed that NRG1 type I expression is transiently 
upregulated in PSCs after an injury,  most likely due to the loss 
of axon contact and axonal NRG1 type III signaling (Figure 1). 
Moreover, developmental myelination seems strictly driven by 
the NRG1 type III isoform, while myelin repair results from the 
contribution of the molecular cascades activated by NRG1 type 
I and III isoforms (Birchmeier and Bennett, 2016).

Role of sublethal stimuli in the regeneration of motorneuron 
axon terminals
The term preconditioning refers to a phenomenon in which 
sublethal stimuli trigger the activation of endogenous adaptive 
processes underlying tissue resistance to a subsequent and 
more severe injury (Pignataro et al., 2009). In particular, it has 
been shown that some animal-derived presynaptic neurotoxins 
(α-latrotoxin, β-bungarotoxin) and hydrogen peroxide (H2O2) 
represent “controlled” harmful stimuli that determine an acute 
and highly reproducible motor axon terminal degeneration 
followed by complete regeneration in peripheral nerve terminals 

Figure 1. In peripheral Schwann cells, NRG1 type I expression is transiently upregulated after a harmful injury. Loss of axonal contact triggers 
denervated Schwann cells to transiently express NRG1 as an autocrine/paracrine signal that promotes Schwann cell differentiation and 
remyelination. Moreover, developmental myelination seems strictly driven by the NRG1 type III isoform, while myelin repair results from the 
contribution of molecular cascades activated by NRG1 type I and III isoforms.



REVIEW ARTICLE

Conditioning Medicine 2024 | www.conditionmed.org

Conditioning Medicine | 2024, 7(1): 15-21

17

(Duregotti et al., 2015). Moreover, the above-cited neurotoxins 
share a common injury mechanism that involves a large entry of 
calcium into axon terminals; calcium overload, in turn, triggers 
the release of molecules called “alarmins” composed of H2O2, 
cytochrome c (Cyt c), and mitochondrial DNA (mtDNA) from 
mitochondria (Duregotti et al., 2015). Duregotti and colleagues 
(2015) demonstrated that H2O2, produced by degenerating 
nerve terminals after exposure to presynaptic neurotoxins, 
activates PSC involved in axon repair through pro-regenerative 
ERK signaling. Moreover, the acquisition of macrophagic-
like activity of PSC, promoted by H2O2, plays a pivotal role 
in removing nerve cell debris and facilitating reinnervation 
(Duregotti et al., 2015).  Indeed, the neutralization of H2O2 
through catalase enzyme activity delays NMJ regeneration 
in vivo after toxin-induced damage and decreases ERK 
phosphorylation in PSC in culture. Additionally, Cyt c and 
mtDNA released from mitochondria can exit from damaged 
neurons in an unconventional manner, such as in secretory 
lysosomes and multivesicular body-derived exosomes (Frühbeis 
et al., 2012), where they then contribute to the activation of 
the ERK pathway in PSC (Duregotti et al., 2015). Intriguingly, 
H2O2 has been identified as a major signal of NMJ regeneration 
after an initial and reversible degeneration. Intriguingly, H2O2 
can cross the membrane of PSCs and drives their  remodelling 
by triggering profound changes in mRNA transcription and 
translation of genes involved in their morphological changes.                      
     Moreover, the transcriptomic profile obtained from primary 
Schwann cells exposed to sublethal doses of H2O2 showed an 
upregulation in many classes of genes related to cytoskeleton 
remodeling and motility, including the annexin (Anxa) family 
(Negro et al., 2022). Importantly, H2O2 applied to the distal 
chamber of a microfluidic device works as a chemoattractant 
for primary Schwann cells that start to extrude cellular 
prolongations along its concentration gradient. In particular, 
Anxa2 appears to correlate with the edges of protrusions that 
Schwann cells extend when they receive signals from nearby 

axons (Poitelon et al., 2015). Moreover, Negro and colleagues 
(2022) demonstrated that Anxa2 mRNA localizes in Schwann 
cell projections, where it probably supports the initial stages 
of cytoskeletal changes that precede phagocytosis mediated by 
PSC (Mithal et al., 2012; Negro et al., 2022).
     Furthermore, it has been well established that the chemokine 
stromal-derived factor 1 (SDF-1), also named CXCL12α, plays 
a pivotal role in brain development (Ma et al., 1998) and acts 
through its receptor, CXCR4. Interestingly, CXCR4 null mice 
show brain development abnormalities in the cerebellum, 
dentate gyrus, cerebral cortex, and dorsal root ganglia (DRG) 
(Mithal et al., 2012). In the brain cortex, SDF1/CXCR4 
signaling from multiple neuronal cellular subtypes is used to 
reach proper migration (Stumm et al., 2003), and the CXCL12α/
CXCR4 “axis” role seems to be crucial in axon guidance (Borrell 
and Marín, 2006). In spinal MNs, the NMJ degeneration/
regeneration process is induced by α-latrotoxin and lasts five 
days. In particular, among the novel genes involved in axon 
regeneration, Negro and colleagues (2022) focused their 
attention on the role of the chemokine CXCL12α. Its expression 
in PSCs peaks four hours after hindlimb injection of α-latrotoxin. 
It has also been demonstrated that in primary cultured spinal 
cord MNs, CXCL12α produced by PSCs stimulates axon 
elongation through its receptor CXCR4, which is expressed at 
the growing tips of axons (Figure 2). Conversely, a CXCL12α-
neutralizing antibody or a specific CXCR4 inhibitor drastically 
delays recovery from MNs degeneration in an in vivo model of 
α-latrotoxin insult (Negro et al., 2022).
     Further investigations showed that H2O2, produced in 
response to axon injury, can change the transcriptomic 
profile of genes involved in producing extracellular matrix 
components, such as connective tissue growth factor (CTGF). 
Indeed, CTGF upregulation in murine PSCs follows a biphasic 
model correlating with two temporal peaks of expression: the 
first one during the acute phase of NMJ degeneration and the 
second one during axon regeneration (Negro et al., 2022). The 

Figure 2. Hindlimb injection of α-latrotoxin, increased the transcription of chemokine CXCL12α by PSCs. In primary cultured spinal cord motor 
neurons, CXCL12α stimulates axon elongation through CXCR4 interaction, whose expression is augmented at the growing tips of axons.
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neutralization of CTGF, using a specific antibody, delays the 
regeneration of motor axon terminals and misregulates the 
migration of PSCs in the injury site. In contrast, the alarmin 
H2O2 promotes CTGF synthesis and release by primary PSCs 
favoring NMJ regeneration (Negro et al., 2022). Moreover, little 
is known about CTGF function. A study conducted on zebrafish 
showed that this growth factor supports glial proliferation and 
the subsequent formation of “new tissue” between two stumps 
to reconnect nerve transections, thus promoting spinal cord 
regeneration (Mokalled et al., 2016).

PSC role in the pathophysiology of spinal muscular 
atrophy
Spinal muscular atrophy (SMA) is the most common fatal motor 
neuron disease in children and is inherited in an autosomal 
recessive pattern. SMA is caused by the loss of the survival 
motor neuron (SMN) protein, and this disease is characterized 
by the progressive degeneration of the lower motor neurons 
of the anterior horn of the spinal cord, resulting in muscle 
weakness and atrophy, mainly affecting the lower extremities 
(Wirth et al., 2020). The SMN region, located on 5q13.2, has 
a very complex organization comprising repetitive sequences, 
deletions/duplications, and pseudogenes and contains two SMN 
genes in tandem, SMN1 (telomeric) and SMN2 (centromeric 
copy). Most humans have one or more copies of the SMN2 
gene, which is absent in other species. Both genes share 99.9% 
of their sequence and can encode for a 294 amino acid full-
length protein. However, while SMN1 encodes for a full-length 
294 amino acid protein (SMN1), only a small percentage of 
SMN2 produces the full-length functional protein, and due to 
alternative splicing, it encodes for a shorter protein lacking 

exon 7 (SMN2). SMN2 is unstable and not fully functional, 
thus prone to degradation (Burghes and Beattie, 2009) (Figure 
3).
     A homozygous deletion of the SMN1 gene accounts for 
95% of SMA cases, and the rest is due to a small deletion, 
splicing, or missense mutation (Burghes and Beattie, 2009). 
Accordingly, the number of SMN2 copies directly correlates 
with disease severity and determines, together with the age 
of onset, four clinical groups (type 1-4), which inversely 
correlate with the number of SMN2 copies and SMN protein 
levels. SMN protein is ubiquitously expressed throughout the 
body and has an important role in transcriptional processes, 
protein translation, autophagy, and ubiquitination (Chaytow et 
al., 2018). Currently, there are three FDA-approved drugs for 
SMA: Nusinersen (Spinraza), adeno-associated virus serotype 
9 (AVXS - 101) (Zolgensma), and risdiplam (Evrysdi), which 
are all SMN-enhancing therapies (Singh et al., 2020). However, 
all treatments have limitations, such as a narrow therapeutic 
window, sparse efficacy, and targeting limited to specific tissues 
(Lefebvre and Sarret, 2020). Moreover, they are not accessible 
to all patients in terms of costs and route of administration 
(Hamilton and Gillingwater, 2013). Furthermore, Schwann 
cells play a pivotal role in the formation of myelin sheath 
in MNs (Son et al., 1996) that are not correctly myelinated 
in models of severe SMA (Hunter et al., 2014). It has been 
reported that Schwann cells isolated from SMA mice were 
disabled to respond to differentiation signals and displayed an 
abnormal expression of key myelin formation proteins (Hunter 
et al., 2014). Interestingly, restoration of SMN in Schwann 
cells reversed myelination defects in MNs and improved 
neuromuscular function (Hunter et al., 2016). In particular, 

Figure 3. The SMN1 gene and splicing events produce the normal full- length SMN1 protein and the SMN2 gene produces the Δ7 SMN2 
protein by alternative splicing. The two genes differ by five nucleotides. The C840C>T variant at position +6, destroys an exonic splicing 
enhancer and instead creates an exonic splicing silencer in SMN2. This allele also produces a small amount (~10%) of FL SMN protein. Healthy 
individuals have two copies of SMN1 and two copies of the SMN2 genes. Deletion or gene conversion mechanisms lead to different amounts 
of SMN protein and different types of SMA and disease severity (Mokalled et al., 2016). 
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Hunter and colleagues (2014) performed experiments in co-
cultures of PSCs (isolated from SMA mice) and healthy neurons 
from dorsal root ganglion (DRG). In this condition, PSCs 
negatively influenced the stability of neuronal wild-type cells, 
and this effect was not caused by the secretion of neurotoxic 
factors but rather by defects in the extracellular matrix  
composition of the Schwann cells. Moreover, a large variety of 
studies have shown a substantial delay in the development of 
motor axons and Schwann cells in SMA mice in utero (Kong 
et al., 2023), where individual motor axons must undergo a 
maturation process to become large, myelinated axons able 
to carry signals at rapid conduction velocities. The first and 
pivotal stage that occurs after Schwann cell proliferation is the 
maturation of individual motor axons with the sheathing by 
Schwann cells in a ratio of 1:1 (Kong et al., 2021). By contrast, 
SMA motor axons are grouped into clusters, which do not 
respect the 1:1 ratio of ensheathment due to reduced Schwann 
cell proliferation. 
     Furthermore, SMA motor axons, although sufficiently 
mature to be myelinated, are smaller in diameter and have 
a slow conduction velocity. These impairments precede 
neurodegeneration that occurs rapidly during the neonatal 
phase (Kong et al., 2021). Therefore, in ventral roots ganglia 
of SMA mice at embryonic and early postnatal time points, 
the axons show an immature morphology related to reduced 
myelination (Vinsant et al., 2013). In particular, NRG1 type 
III drives the ensheathment and myelination of motor axons 
during development (this isoform of NGR1 is produced by 
MNs in the developing spinal cord) (Kariyawasam et al., 2022) 
but also helps to preserve the functional integrity of peripheral 
nerve axons. A specific role of SMN deficiency on slowed 
axon development and degeneration has yet to be defined. 
However, NRG1 expression is reduced in the spinal cord and 
ventral root ganglia of severe SMA patients and in mouse 
models of SMA (Meyer et al., 1997), probably due to defective 
mRNA processing or transcription of the NRG1 gene (Meyer 
et al., 1997). Indeed, NRG1 transcripts undergo extensive 
alternative splicing, and SMN protein is a key factor for small 
nuclear ribonucleoproteins maintenance that is fundamental 
for spliceosome fidelity (Buonanno, 2010). Furthermore, it 
has been shown that overexpression of NRG1 in SMA mice 
not only improves axonal myelination but also trafficking and 
post-translational neurofilament modifications, which establish 
axonal radial diameter (Hsieh et al., 2011). Moreover, Kong and 
colleagues (2021) demonstrated that boosting NRG1 isoform III 
expression in SMA can increase axon diameters and ventral root 
ganglia size due to reinforced myelination caused by increased 
PSC number. NRG1 type III overexpression also improves 
neonatal motor axon conduction velocity and accelerates motor 
axon development, although it cannot prevent distal axon 
degeneration of the NMJ (Meyer et al., 1997).
     Proteomic profiling studies in SMA mice revealed an 
impairment in the expression of molecules bound to cellular 
ubiquination homeostasis. (Kong et al., 2023). In particular, 
reduced expression of the protein ubiquitin-like modifier 
activating enzyme (Uba1) in the spinal cord and skeletal 
muscle of SMA has been reported, trigging the accumulation of 
β-catenin and myelination defects in a β-catenin independent 
manner. Indeed, using an inhibitor of Uba-1 in wild-type, 
Schwann cells reproduced the defective myelination phenotype 
observed in SMA. Specifically, in mice, the ensheathment of 
axons driven by Schwann cells starts at embryonic day 12.5 
(E12.5), the first compact myelin sheaths appear at postnatal 
day 1 (P1), and the entire myelination process is completed 
around postnatal day 10 (P10). By contrast, this myelination 
process lasts longer in humans and ends in utero (Kariyawasam 
et al., 2022). Treatment of severe SMA mouse models with 
SMN C3 (Ando et al., 2020), an SMN splicing modifier 

(Buonanno, 2010) during gestation, improved SMA outcomes 
(Kong et al., 2021), including the ensheathment of axons, thus 
maximizing their maturation and the survival of MNs in severe 
SMA fetuses (Kong et al., 2021).

Concluding remarks
Although gene therapy approaches already exist to block the 
progression of SMA, all treatments available have limitations, 
such as narrow therapeutic window, sparse efficacy, and 
targeting limited to specific tissues. Therefore, investigating 
complementary strategies to regenerate damaged motor axons 
could play a pivotal role in fine-tuning strategies able to 
prevent neurodegeneration. In particular, other studies must 
be conducted not only to avoid neurodegeneration “in utero” 
but also to stimulate the regeneration of axon terminals after 
a “preconditioning” phenomenon in newborn mice that the 
alarmins and α-latrotoxin may trigger at sub-toxic doses. 
Overall, understanding the mechanisms triggered by alarmins, 
NRG1 type III (crucial for repair and remyelination after nerve 
lesions) may be relevant for identifying druggable targets 
against SMA. Since SMA has been recognized as a multi-
system disorder (Hamilton and Gillingwater, 2013), general 
treatment should be considered. In conclusion, it would be 
necessary to investigate developmental pathways triggered 
by “preconditioning stimuli” to ameliorate aspects of disease 
pathology that cannot be reversed by postnatal SMN protein 
induction alone.

Conflict of interests
The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest. Prof. Pignataro, 
who serves on the editorial board, did not participate in the 
review of this article at any level.

Acknowledgments
The project was also funded under the National Recovery and 
Resilience Plan (NRRP), Mission 4 Component 2 Investment 
1.3, Call for tender No. 341 of 15/03/2022 of Italian Ministry 
of University and Research (MUR) funded by the European 
Union, NextGenerationEU [Project title ‘A multiscale 
integrated approach to the study of the nervous system in 
health and disease’ (MNESYS); code PE0000006, CUP 
D93C22000930002, MUR Concession Decree No. 1553 of 
11/10/2022].

References 
Ando S, Suzuki S, Okubo S, Ohuchi K, Takahashi K, Nakamura 

S, Shimazawa M, Fuji K, Hara H (2020) Discovery of a 
CNS penetrant small molecule SMN2 splicing modulator 
with improved tolerability for spinal muscular atrophy. 
Sci Rep 10:17472. 

Birchmeier C, Bennett DLH (2016) Neuregulin/ErbB signaling 
in developmental myelin formation and nerve repair. Curr 
Top Dev Biol 116:45-64. 

Borrell V, Marín O (2006) Meninges control tangential 
migration of hem-derived Cajal-Retzius cells via 
CXCL12/CXCR4 signaling. Nat Neurosci 9:1284-1293. 

Boyd KU, Nimigan A S, Mackinnon SE (2011) Nerve 
reconstruction in the hand and upper extremity. Clin Plast 
Surg 38:643-660. 

Buonanno A (2010) The neuregulin signaling pathway and 
schizophrenia: From genes to synapses and neural circuits. 
Brain Res Bull 83:122–131. 

Burghes AHM, Beattie CE (2009) Spinal muscular atrophy: 
Why do low levels of survival motor neuron protein make 
motor neurons sick? Nat Rev Neurosci 10:597-609. 

Chaytow H, Huang YT, Gillingwater TH, Faller KME (2018) 



REVIEW ARTICLE

Conditioning Medicine 2024 | www.conditionmed.org

Conditioning Medicine | 2024, 7(1): 15-21

20

The role of survival motor neuron protein (SMN) in 
protein homeostasis. Cell Mol Life Sci 75:3877-3894. 

Citri A, Skaria KB, Yarden Y (2003) The deaf and the dumb: 
The biology of ErbB-2 and ErbB-3. Exp Cell Res 284:54-
65. 

Duregotti E, Negro S, Scorzeto M, Zornetta I, Dickinson BC, 
Chang CJ, Montecucco C, Rigoni M (2015) Mitochondrial 
alarmins released by degenerating motor axon terminals 
activate perisynaptic Schwann cells. Proc Natl Acad Sci 
USA 112:E497-505. 

Falls DL (2003) Neuregulins: Functions, forms, and signaling 
strategies. Exp Cell Res 284:14-30. 

Fleck D, van Bebber F, Colombo A, Galante C, Schwenk BM, 
Rabe L, Hampel H, Novak B, Kremmer E, Tahirovic 
S, Edbauer D, Lichtenthaler SF, Schmid B, Willem M, 
Haass C (2013) Dual cleavage of neuregulin 1 type III by 
BACE1 and ADAM17 liberates its EGF-like domain and 
allows paracrine signaling. J Neurosci 33:7856-7869. 

Frühbeis C, Fröhlich D, Krämer-Albers EM (2012) Emerging 
roles of exosomes in neuron-glia communication. Front 
Physiol 3:119.

Hamilton G, Gillingwater TH (2013) Spinal muscular atrophy: 
Going beyond the motor neuron. trends Mol Med 19:40-
50. 

Hsieh SY, He JR, Hsu CY, Chen WJ, Bera R, Lin KY, Shih 
TC, Yu MC, Lin YJ, Chang CJ, Weng WH, Huang SF 
(2011) Neuregulin/erythroblastic leukemia viral oncogene 
homolog 3 autocrine loop contributes to invasion and 
early recurrence of human hepatoma. Hepatology 53:504-
516. 

Hunter G, Aghamaleky-Sarvestany A, Roche SL, Symes RC, 
Gillingwater TH (2014) SMN-dependent intrinsic defects 
in Schwann cells in mouse models of spinal muscular 
atrophy. Hum Mol Genet 23:2235-2250.

Hunter G, Powis RA, Jones RA, Groen EJN, Shorrock HK, 
Lane FM, Zheng Y, Sherman DL, Brophy PJ, Gillingwater 
TH (2016) Restoration of SMN in Schwann cells reverses 
myelination defects and improves neuromuscular function 
in spinal muscular atrophy. Hum Mol Genet 25:2853-
2861. 

Kang H, Tian L, Mikesh M, Lichtman JW, Thompson WJ (2014) 
Terminal Schwann cells participate in neuromuscular 
synapse remodeling during reinnervation following nerve 
injury. J Neurosci 34:6323-6333. 

Kariyawasam DST, D’Silva AM, Herbert K, Howells J, Carey 
K, Kandula T, Farrar MA, Lin CSY (2022) Axonal 
excitability changes in children with spinal muscular 
atrophy treated with nusinersen. J Physiol 600:95-109. 

Kong L, Hassinan CW, Gerstner F, Buettner JM, Petigrow 
JB, Valdivia D O, Chan-Cortés MH, Mistri A, Cao A, 
McGaugh SA, Denton M, Brown S, Ross J, Schwab MH, 
Simon CM, Sumner CJ (2023) Boosting neuregulin 1 
type-III expression hastens SMA motor axon maturation. 
Acta Neuropathol Commun 11:53. 

Kong L et  al . ,  (2021) Impaired prenatal  motor axon 
development necessitates early therapeutic intervention in 
severe SMA. Sci Transl Med 13: eabb6871. 

Lefebvre S, Sarret C (2020) Pathogenesis and therapeutic 
targets in spinal muscular atrophy (SMA). Arch Pediatr 
27:7S3-7S8. 

Ma Q, Jones D, Borghesani PR, Segal RA, Nagasawa T, 
Kishimoto T, Bronson RT, Springer TA (1998) Impaired 
B-lymphopoiesis, myelopoiesis, and derailed cerebellar 
neuron migration in CXCR4- and SDF-1-deficient mice. 
Proc Natl Acad Sci USA 95:9448-9453.

Meyer D, Birchmeier C (1995) Multiple essential functions of 
neuregulin in development. Nature 378:386-390. 

Meyer D, Yamaai T, Garratt A, Riethmacher-Sonnenberg E, 

Kane D, Theill LE, Birchmeier C (1997) Isoform-specific 
expression and function of neuregulin. Development 
124:3575-3586. 

Mithal DS, Banisadr G, Miller RJ (2012) CXCL12 signaling in 
the development of the nervous system. J Neuroimmune 
Pharmacol 7:820-834. 

Mokalled MH, Patra C, Dickson AL, Endo T, Stainier DYR, 
Poss KD (2016) Injury-induced ctgfa directs glial bridging 
and spinal cord regeneration in zebrafish. Science 
354:630-634.

Negro S, Lauria F, Stazi M, Tebaldi T, D’Este G, Pirazzini M, 
Megighian A, Lessi F, Mazzanti CM, Sales G, Romualdi C, 
Fillo S, Lista F, Sleigh J N, Tosolini AP, Schiavo G, Viero 
G,  Rigoni M (2022) Hydrogen peroxide induced by nerve 
injury promotes axon regeneration via connective tissue 
growth factor. Acta Neuropathol Commun 10:189. 

Newbern J, Birchmeier C (2010) Nrg1/ErbB signaling networks 
in Schwann cell development and myelination. Semin 
Cell Dev Biol 21:922-928. 

Pignataro G, Scorziello A, Di Renzo G, Annunziato L 
(2009) Post-ischemic brain damage: Effect of ischemic 
preconditioning and postconditioning and identification of 
potential candidates for stroke therapy. FEBS J 276:46-57. 

Poitelon Y, Bogni S, Matafora V, Della-Flora Nunes G, Hurley E, 
Ghidinelli M, Katzenellenbogen BS, Taveggia C, Silvestri 
N, Bachi A, Sannino A, Wrabetz L, Feltri ML (2015) 
Spatial mapping of juxtacrine axo-glial interactions 
identifies novel molecules in peripheral myelination. Nat 
Commun 6:8303. 

Reed CB, Feltri ML, Wilson ER (2022) Peripheral glia 
diversity. J Anat 241:1219-1234. 

Santosa KB, Keane AM, Jablonka-Shariff A, Vannucci B, 
Snyder-Warwick AK (2018) Clinical relevance of 
terminal Schwann cells: An overlooked component of the 
neuromuscular junction. J Neurosci Res 96:1125–1135. 

Singh RN, Seo J, Singh NN (2020) RNA in spinal muscular 
atrophy: Therapeutic implications of targeting. Expert 
Opin Ther Targets 24:731-743. 

Son YJ, Trachtenberg JT, Thompson WJ (1996) Schwann 
cells induce and guide sprouting and reinnervation of 
neuromuscular junctions. Trends Neurosci 19:280-285. 

Stassart RM, Fledrich R, Velanac V, Brinkmann BG, Schwab 
MH, Meijer D, Sereda MW, Nave KA (2013) A role for 
Schwann cell-derived neuregulin-1 in remyelination. Nat 
Neurosci 16:48-54. 

Stumm RK, Zhou C, Ara T, Lazarini F, Dubois-Dalcq M, 
Nagasawa T, Höllt V, Schulz S (2003) CXCR4 regulates 
interneuron migration in the developing neocortex. J 
Neurosci 23:5123-5130.

Tintignac LA, Brenner HR, Rüegg MA (2015) Mechanisms 
regulating neuromuscular junction development and 
function and causes of muscle wasting. Physiol Rev 
95:809-852. 

Vinsant S, Mansfield C, Jimenez-Moreno R, Del Gaizo Moore 
V, Yoshikawa M, Hampton TG, Prevette D, Caress J, 
Oppenheim RW, Milligan C (2013) Characterization of 
early pathogenesis in the SOD1(G93A) mouse model of 
ALS: part II, results and discussion. Brain Behav 3:431-
457. 

Voig t  T,  Meyer  K ,  Baum O,  Schümper l i  D  (2010) 
Ultrastructural changes in diaphragm neuromuscular 
junctions in a severe mouse model for Spinal Muscular 
Atrophy and their prevention by bifunctional U7 snRNA 
correcting SMN2 splicing. Neuromuscul Disord 20:744-
752. 

Wirth B, Karakaya M, Kye MJ, Mendoza-Ferreira N (2020) 
Twenty-five years of spinal muscular atrophy research: 
From phenotype to genotype to therapy, and what comes 



REVIEW ARTICLE

Conditioning Medicine 2024 | www.conditionmed.org

Conditioning Medicine | 2024, 7(1): 15-21

21

next. Annu Rev Genomics Hum Genet 21:231-261. 
Woldeyesus MT, Britsch S, Riethmacher D, Xu L, Sonnenberg-

Riethmacher E, Abou-Rebyeh F, Harvey R, Caroni P, 
Birchmeier C (1999) Peripheral nervous system defects 
in erbB2 mutants following genetic rescue of heart 
development. Genes Dev 13:2538-2548. 

Yarden Y, Sliwkowski MX (2001) Untangling the ErbB 
signalling network. Nat Rev Mol Cell Biol 2:127-137.


