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Abstract
Neuromuscular system is constituted of multi-fibrillar muscles, tendons, motor neurons and associated muscle stem cells. 
Stereotyped pattern of muscle innervation and muscle-specific interactions with tendon cells suggest that neuromuscular 
system develops in a coordinated way. Remarkably, upon regeneration, coordinated assembly of all neuromuscular compo-
nents is also critical to rebuild functional muscle. Thus, to ensure muscle function, the neuromuscular system components 
need to interact both during development and regeneration. Over the last decades, interactions between muscles and tendons, 
muscles and motor neurons and between muscles and muscle stem cells have been extensively analysed and documented. 
However, only recent evidence indicates that muscle stem cells interact with motor neurons and that these interactions 
contribute to building functional muscle both during development and regeneration. From this perspective, we discuss here 
the relationship between muscle stem cells and motor neurons during Drosophila neuromuscular system development and 
adverse impact of affected muscle stem cell–motor neuron interactions in regenerating vertebrate muscle.
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AMPs, the muscle stem cells of the fruit fly

During Drosophila development, two waves of myogenesis 
take place, each of which leading to the generation of fully 
functional neuromuscular systems. The first, embryonic 
wave leads to the formation of larval body wall muscles 
that ensure crawling behaviour; while, the second wave takes 
place during metamorphosis to generate, in addition to adult 
body wall muscles, the flight and leg muscles necessary for 
the locomotion of the adult fly. Both larval and adult fly 
muscles develop specific myotendinous and neuromuscu-
lar junctions (MTJ and NMJ) that ensure their connection 
to tendons and motor neurons. Furthermore, the specified 
during the first myogenic wave muscle stem cells (MuSCs) 
called adult muscle precursors (AMPs) [1] also contribute 
to coordinated development of the larval neuromuscular 
system. AMPs are generated during mid-embryogenesis 
from the subset of muscle progenitors cells that undergo 
asymmetric cell division giving rise to AMPs and to muscle 

founder cells (FCs) [2, 3]. In each abdominal hemisegment, 
six AMPs are specified (Fig. 1a). They are located at ste-
reotyped positions and tightly associated with set of neigh-
bouring muscles. AMPs send out numerous short filopodia 
enabling their contact with muscles [4] and long cellular 
processes aligning with the PNS nerves [5]. While the FCs 
enter the myogenic differentiation process, the AMPs stay 
quiescent and undifferentiated during the embryonic and first 
part of the larval life. They get then reactivated at mid larval 
stage [2, 4] to generate pool of the myoblasts, which will 
then build the adult muscles. In parallel, they also generate 
a restricted population of adult MuSCs, which were recently 
found associated with the multi-fibrillar flight muscles of the 
adult fly [6, 7]. All these properties make the Drosophila 
AMPs similar to vertebrate MuSCs.

Identity and diversity of the AMPs

The muscle founder cells, which support the identity of the 
future muscles, fuse with surrounding fusion competent 
myoblasts, and serve as seeds for individual muscles in the 
embryo. Each FC is characterised not only by the expres-
sion of muscle differentiation factor Mef2 but also by a 
combinatorial code of identity factors (iTFs) that determine 
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individual properties of a muscle it gives rise to [8]. In con-
trast to FCs, the AMPs express general muscle stem cell 

markers such as the myogenic b-HLH transcription factor 
Twist [9] and zinc finger homeobox factor Zfh1 and are 
characterised by the expression of Notch targets Him and 
E(spl)m6 (Table 1) [4, 5]. Him and Zfh1 are able to coun-
teract Mef2-driven myogenic differentiation [10, 11]. Notch 
plays a critical role in the reactivation of dormant AMPs 
[4] and in the maintenance of adult fly MuSCs stemness 
[7]. Similarly, in vertebrates, Notch promotes the quiescent 
MuSCs state [12, 13] and as demonstrated for Notch2 also 
ensures the progression of MuSCs into reactivated state [14]. 
Like FCs, the AMPs also express a code of iTFs highlight-
ing their diversity. For example, both the anterior and the 
posterior lateral AMP express the homeodomain transcrip-
tion factors Ladybird (Lb), while only the anterior one is 
Krüppel (Kr) positive (Table 1) [5]. Interestingly, Lb- and 
Lb/Kr-positive lateral AMPs are located in close vicinity of 
lateral transverse (LT) Kr-expressing muscles and the Lb-
positive segment border muscle (SBM) suggesting that the 
same iTF code underlies spatial positioning of both embry-
onic muscles and AMPs. In a similar way, the ventral AMPs 
expressing Slouch (Slou) and Pox meso (Table 1) [5] lie 
close to Slou/Pox-meso-positive ventral VA3 and VT1 mus-
cles. The fact that AMPs express specific iTFs could make 
them competent for the formation of a given type of muscle 
in the adult fly. Furthermore, it was demonstrated that EGF 
signalling is required for specification and maintenance of 
lateral, dorso-lateral and dorsal but not ventral AMPs [5] 
indicating an additional level of AMPs diversity.

Dormant AMPs associate with peripheral 
nerves

The AMPs lie dormant during embryonic life and get 
reactivated at the larval stage. To get insight into cell 
shape and behaviour of quiescent AMPs, we generated 

Fig. 1  Spatial positioning and shapes of AMPs, the Drosophila 
muscle stem cells. a M6-GFP AMP sensor, as previously shown 
by Figeac et  al. [5] detects six AMPs in each abdominal hemiseg-
ment (green). Arrowheads point to one ventral (vAMP), two lateral 
(lAMPs), two dorso-lateral (dlAMPs) and one dorsal AMP (dAMP). 
Embryonic body wall muscles are stained with anti-β3-Tubulin 
(blue). b, c, d AMP shapes in living embryos revealed using cell 
membrane tagged M6-gapGFP sensor (refer to Aradhya et  al. [4]). 
Notice that newly specified AMPs (b) adopt rounded shapes with 
numerous filopodia and become more elongated in a later embryonic 
stage (c). d An in vivo view of lateral AMPs associated with the seg-
ment border muscle (SBM). Arrow points to the SBM

Table 1  Drosophila genes specifically expressed in AMPs, adult Drosophila MuSCs and their vertebrate counterparts expressed in vertebrate 
MuSCs

Drosophila gene Expression in
AMPs

Expression in adult Dros-
ophila MuSCs

Reference Vertebrate orthologue Expression in vertebrate MuSCs Reference

Twi All AMPs Not expressed [5–7] Twist1, Twist2
Myf5

Subset of MuSCs (Twi2)
Activated MuSCs

[31]
[20]

Zfh1 All AMPs All MuSCs
short isoform (Zfh1-RA)

[6, 7] ZEB1 In quiescent MuSCs [18]

Gsb Not expressed Not known Pax 7 All MuSCs [19, 20]
Gsb Not expressed Not known Pax 3 Subset of MuSCs [19, 20]
Notch effector:
E(spl)M6

All AMPs GMR30C06 (Notch-Gal4) [5, 6] Notch effectors:
Hes1, Hey1, HeyL

In quiescent MuSCs [12, 13]

Him All AMPs Not known [5, 10] No orthologue
Lb Subset of AMPs Not known [5] Lbx1 Not known
Slou Subset of AMPs Not known [5] Nkx1.1 Not known
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the AMP-sensor line expressing a cell membrane-targeted 
GFP (gap-GFP) [5]. Live imaging experiments showed 
that directly after specification, AMPs are of rounded 
shape and send out numerous filopodia (Fig. 1b). Some 
of the filopodia get in contact with navigating motor 
neurons and these connections are stabilised promoting 
an extended AMPs shape (Fig. 1c, Fig. 2). Mechanisms 
driving AMP cell shape change as well as molecules that 
ensure their interactions with motor neurons are not yet 
known. In parallel, AMPs associate with specific set of 
somatic muscles. For example, the two Lb-positive lateral 
AMPs (Fig. 1d) get associated with the Lb-expressing 
SBM. Later in embryonic development, AMPs send long 
cellular processes, which follow the main neural branches 
of the peripheral nervous system (PNS) (Fig. 2). This 
allows quiescent AMPs to form network of intercon-
nected cells, while their cellular bodies are extended on 
cognate muscles. Consistent with these observations, we 
found that AMPs contact with muscles and PNS ensure 
their proper spatial positioning whereas interconnections 
between AMPs play a role in the maintenance of elon-
gated AMPs shape.

AMPs attract motor neurons and ensure 
proper innervation of embryonic muscles

As stated before, embryonic AMPs contact specific set of 
muscles, which behave as their niche and use nerves as 
support for long protrusions. Interestingly, AMPs are also 
located in the path of navigating intersegmental (ISN) and 
segmental a (SNa) motor neuron branches (Fig. 2). Our 
recent data [1] show that navigating ISN contacts first the 
dorso-lateral AMPs and then dorsal AMPs to target spe-
cific set of muscles (Fig. 2a). This suggests guiding role 
of dorso-lateral and dorsal AMPs in defining ISN trajec-
tory. Indeed, when dorsal AMP positioning is affected, the 
ISN trajectory shifts to meet the displaced AMP. However, 
loss of dorso-lateral and dorsal AMPs does not prevent 
ISN-dependent muscle innervation. In contrast, loss of lat-
eral AMPs impedes innervation of the SBM muscle by the 
navigating SNa. In fact, in normal development, the SNa is 
sub-divided into dorsal and lateral branch innervating the 
lateral transvers muscles (LTs) and segmental border mus-
cle (SBM), respectively. Lateral branch defasciculates from 
SNa in the close vicinity of lateral AMPs, before innervating 
the SBM. In vivo experiments showed an active filopodia 

Fig. 2  Quiescent AMPs are in 
the path of navigating motor 
neurons. Lateral views of five 
hemisegments of mid stage 
(A, A’) and late stage (B, 
B’) M6-gapGFP Drosophila 
embryos stained for GFP to 
reveal AMPs (green, arrow-
heads) and their cellular exten-
sions (arrows) and for Fasciclin 
2 (purple) to detect motor 
neurons (refer to Lavergne 
et al. [1]). Notice that in the 
mid-stage embryos, dorsal 
AMPs send cellular protrusions 
ventrally to interact with the 
navigating ISN nerve (arrow in 
A’) and are in the path of the 
ISN in the later embryonic stage 
(arrow in B’). Similarly, lateral 
AMPs send filopodia and start 
to interact with SNa (arrow in 
A’) in mid-stage embryos. This 
interaction triggers defascicula-
tion of the lateral SNa branch 
(arrow in B’), which innervates 
SBM muscle
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dynamic of lateral AMPs, which extend filopodia toward the 
SNa enabling defasciculation of the lateral branch (Fig. 2b). 
Consistently, loss of lateral AMPs cells leads to the absence 
of lateral branch indicating instructive role of lateral AMPs 
in fasciculation and proper innervation of SBM muscle. How 
the quiescent AMPs guide navigating motor axons and con-
tribute to proper muscle innervation remain unknown, but 
the AMP-specific expression of sidestep, one of the cell 
adhesion molecules involved in muscle innervation, makes 
it a potential player [1].

Motor neurons ensure survival 
of reactivated AMPs

At the beginning of larval life, the AMPs are still intercon-
nected by long cellular processes. Shortly after this network 
is lost, however, individual AMPs keep contact with the 
neighbouring muscles [4] and with motor neurons. To stay 
in their niche, AMPs adopt extended shapes along the larval 
muscles and in contact with innervating them motor neurons 
(Fig. 3a). This observation prompted us to test whether the 
association of AMPs with muscles and motor neurons could 
play a role in driving AMPs exit from the dormant state [4]. 
It was shown that AMPs require nutrient-dependent switch 
in metabolism and need muscle niche-derived inductive 
molecules to enter proliferation. Induction of Insulin/TOR 
pathway in AMPs or forced secretion of Drosophila Insulin-
like peptide from the muscle (dIlp6) but not from the neural 
cells positively regulated AMPs reactivation. Interestingly, 
the increased Notch and dMyc activities also induced the 

reactivation of AMPs. The activation of Notch in dividing 
symmetrically AMPs was found to be ligand independent 
and involving accumulation of Deltex (Table 1) [4, 15]. 
Thus, AMPs get reactivated via the muscle niche-induced 
Insulin/Notch/Myc cascade. Furthermore, genetic epistasis 
experiments revealed that Notch acts downstream of Insulin 
pathway and dMyc functions downstream of Notch promot-
ing AMPs exit from the quiescent state [4, 12]. One remain-
ing question is the role of persisting AMPs association with 
the motor neurons (Fig. 3b). It has been previously suggested 
that the motor axons could serve as templates for migration 
of proliferating AMPs [16]. Our recent data show that motor 
neurons ensure not only AMPs distribution but also their 
maintenance [1]. Indeed, genetic ablation of SNa leads to 
the loss of anterior lateral AMPs normally associated with 
the SNa; while, the posterior lateral AMPs aligned on the 
transverse nerve (TN) stay unaffected [1]. Altogether, these 
results point to a crosstalk between AMPs and motor neu-
rons, with the quiescent AMPs attracting navigating motor 
axons, which hereafter ensure survival of activated AMPs 
in the larval stages.

Activated AMPs give rise to adult Drosophila 
muscles and MuSCs

At the beginning of pupa stage, the majority of generated 
during embryogenesis muscles undergo tissue histolysis 
and get replaced by the adult musculature. Adult muscles 
originate from the activated AMPs, which differentiate into 
adult FCs and fusion competent myoblasts [17]. Depending 

Fig. 3  Activated AMPs keep 
associated with motor neurons 
(refer to Lavergne et al. [1]). 
All views show lateral AMPs, 
which in larval stages are sub-
divided into two subpopulations 
one lying anteriorly and one 
posteriorly (green in A”,B”,C”) 
to the SBM muscle (blue in 
A”,B”). The anterior lAMPs 
(arrowheads in A) are associ-
ated with lateral branch of SNa, 
while the posterior lAMPs 
align on the transverse nerve 
(TN). Notice that reactivation of 
AMPs takes place in 2nd larval 
instar (arrowheads in A and A” 
point to two lAMPs, issue of the 
first division) and leads to gen-
eration of two pools of activated 
AMPs in 3rd instar (brackets in 
B and B”) which remain aligned 
on SNa and TN nerves
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on their dorsal–ventral and anterior–posterior position in the 
embryo, the AMPs will build specific adult fly muscles. For 
example, the anterior, thoracic AMPs associated with imagi-
nal discs give rise to adult flight and leg muscles; whereas, 
abdominal AMPs are at the origin of the adult body wall 
muscles. Activated abdominal AMPs are distributed along 
the peripheral nerves (Fig. 3b), which as we demonstrated 
are required for their maintenance [1]. Interestingly, like dur-
ing the first embryonic myogenic wave, some of the adult 
muscle progenitors do not follow differentiation programme 
and become adult Drosophila MuSCs. They stay quiescent 
under the basal lamina of the myofibers but in the response 
to the muscle injury undergo Notch-activated proliferation 
and fuse with the damaged muscle fibres [6, 7], thus sharing 
anatomical and functional features with vertebrate MuSCs, 
the satellite cells. In contrast to embryonic and larval AMPs, 
the adult fly MuSCs do not express Twi but can be identified 
by the persistent expression of Zfh1, an ortholog of verte-
brate satellite cell marker ZEB [18] known to counteract 
myogenic differentiation [11]. Genetic analysis revealed the 
existence of two different Zfh1 isoforms, Zfh1-long and an 
alternate Zfh1-short [7], whose respective levels appear to 
control the balance between AMPs stemness and differentia-
tion. In contrast to the short, the long Zfh1 isoform contains 
the seed for miR-8, whose action decreases Zfh1 protein 
level. The activated AMPs mainly expressing the Zfh1-
long and exposed to miR-8 progressively lose Zfh1 protein 
and enter differentiation whereas a subset of AMPs with a 
Notch-induced expression of Zfh1-short sustain Zfh1, escape 
differentiation and become adult fly MuSCs [7]. Developed 
by Boukhatmi and Bray GFP sensor (Enh3-GFP) allows to 
recognise the arising from the activated AMPs adult MuSCs 
[7]. However, whether motor neurons that trigger AMPs 
maintenance are also instructive to adult Drosophila MuSCs 
remains to be investigated.

Vertebrate MuSCs and their interactions 
with motor neurons

Vertebrate MuSCs also called the satellite cells ensure skel-
etal muscle growth, maintenance and regeneration. In a qui-
escent state, they are tightly associated with muscle fibres 
and located beneath the basal lamina in a specialised niche. 
When activated upon stress such as muscle injury, satel-
lite cells generate the pool of myogenic progenitors, which 
get committed, differentiate and repair damaged myofibers. 
Importantly, activated MuSCs are also able to self-renew 
via asymmetric cell divisions, which allow to restore the 
quiescent satellite cell pool. Large body of evidence [19, 20] 
including recent single-cell RNAseq analyses [21–23] show 
that satellite cells (like Drosophila AMPs) are heterogenous 
both in terms of markers they express and their behaviour. 

All satellite cells express Pax7; however, only a subset of 
them co-express Pax7 and Pax3. MuSCs expressing high 
levels of Pax7 exhibit slow division rate; whereas those with 
a low Pax7 expression divide fast and are committed to dif-
ferentiation [24]. The activated satellite cells are also posi-
tive for myogenic regulatory factor Myf5, and could arise 
from Myf5-positive cells or via asymmetric division from 
Myf5-negative quiescent satellite cells. Thus, the activated 
satellite cells differ from those residing within their niche; 
however, whether different muscle types associate with par-
ticular subsets of MuSCs remains an open question. Below 
we discuss observations suggesting that the vertebrate sat-
ellite cells not only repair muscles by fusing with damaged 
fibres but also, like their Drosophila counterparts, interact 
with motor neurons and play a role in proper innervation of 
regenerating muscle. The muscle–nerve connections allow 
executing voluntary muscle functions and when they do 
not form properly or are severed, muscles degenerate. This 
occurs in pathological states of neuromuscular diseases, and 
also happens to some extent in healthy individuals during 
ageing. Liu et al. [25] by tracking satellite cells in mice after 
severing muscle–nerve connections, observed that the satel-
lite cells accumulated around the regenerating neuromus-
cular junctions and that in satellite cell deficient mice mus-
cle–nerve connections were severely affected after healing. 
Thus, this work provided experimental evidence for the role 
of vertebrate MuSCs in neuromuscular junction regeneration 
in response to denervation and it was further supported by 
finding that satellite cell depletion was sufficient to induce 
neuromuscular junction degeneration in young mice [26]. 
Consistent with their key role, recent study [27] demon-
strated that after muscle denervation, satellite cells keep all 
their stem cell features. The relationships between satellite 
cells and motor neurons also appear to underlie the patho-
mechanisms of spinal muscular atrophy (SMA), a frequent 
recessive autosomal neuromuscular disorder characterised 
by degeneration of motor neurons associated with muscle 
atrophy. Mutations in the survival of motor neuron gene 
(SMN1) encoding ubiquitously expressed protein involved 
in assembly of spliceosomal RNPs are responsible for SMA 
[28] However, whether SMA phenotype is primarily due 
to SMN loss in motor neurons, muscles or satellite cells 
remains a subject of discussion. Nicole et al. [29] observed 
that SMN reduction in satellite cells has a critical impact on 
the severity of SMA. Reduced SMN levels in satellite cells 
were sufficient to worsen SMA phenotype leading to the 
loss of satellite cells, decrease in the number of regenerat-
ing fibres and early mutant mice lethality. Thus it is reason-
able to suggest that loss of SMN in satellite cells promotes 
motor neuron survival and muscle innervation by Liu et al., 
[25, 26] negative effect of satellite cell depletion on muscle 
innervation it is reasonable to suggest that loss of SMN in 
satellite cells promotes motor neuron survival and muscle 
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innervation. Indeed, in co-cultures of SMA satellite cells 
with myofibres and motor neurons, myofiber innervation 
was affected with motor neurons undergoing apoptosis prior 
innervation; whereas in co-cultures involving control satel-
lite cells, innervation of myofibers by motor neurons took 
place normally [30]. Overall, these data point to the role of 
satellite cells in proper muscle re-innervation after injury. 
Whether vertebrate MuSCs play a similar role during muscle 
development remains an open question.

Conclusion

Muscle stem cells represent an integral component of neu-
romuscular system ensuring muscle growth, regeneration 
and homeostasis. Growing body of evidence suggests that 
MuSCs actively interact with their cellular environment 
including the innervating muscles motor neurons. The role 
and molecular mechanisms underlying these interactions 
only begin to be investigated. We focused here on the Dros-
ophila model, and on observations that reveal impact of qui-
escent MuSCs on the innervation of developing muscles and 
on the association of activated MuSCs with motor neurons, 
which in turn ensure MuSCs maintenance. Because MuSCs 
are also required for efficient re-innervation of regenerating 
vertebrate muscles, we conclude that interactions between 
muscle stem cells and motor neurons play a conserved role 
in the formation of functional muscle.
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