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Abstract

Synaptic connections initially formed during nervous system development undergo a significant 

transformation during nervous system maturation. Such maturation is essential for the proper 

architecture and function of the nervous system. Developmental synaptic transformation includes 

“synapse elimination,” a process in which multiple immature presynaptic inputs converge at and 

compete for control of a common postsynaptic target. This developmental synaptic remodeling is 

best understood at mammalian neuromuscular junctions. It is well established that neuromuscular 

activity provides the impetus for the pruning of redundant motor axon inputs. Despite the 

dominant influence neuromuscular activity exerts on developmental synapse elimination, however, 

the downstream mechanisms of neuromuscular activity that affect synapse elimination remain 

poorly understood. Conversely, although several cellular and molecular effector mechanisms are 

known to impact synapse elimination, it is unclear whether they are modulated by neuromuscular 

activity. This review discusses how the motor neurons, synaptic glia and muscle fibers each 

contributes to the developmental phenomenon, and speculates how neuromuscular activity may 

modulate these contributions.
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Introduction

During postnatal maturation, a significant fraction of the initially over-abundant synaptic 

connections is pruned throughout both central and peripheral nervous systems (CNS and 

PNS, respectively) [5, 17, 29, 31, 44, 48, 59]. Developmental synapse elimination, a cellular 

process in which redundant immature synaptic connections no longer required in mature 

nervous systems are removed, is essential for proper wiring and function of a mature 
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nervous system. The critical importance of this developmental process is evidenced by a 

growing body of literature that implicates the contribution of synapses elimination in the 

CNS (and continued activity-driven synapse remodeling) to learning and memory [25, 37, 

81], and its defects to the genesis of various neurodevelopmental and neuropsychiatric 

disorders [38, 50, 84].

Many recent studies describe novel and mechanistic insights to the process of developmental 

synapse elimination in various regions of the CNS – including the cerebellum, the 

hippocampus and the lateral geniculate nucleus [10, 39, 54]. The reader is referred to many 

excellent reviews that treat developmental CNS synapse elimination in greater detail [13, 33, 

34, 84]. Developmental synapse elimination, however, is most extensively studied and best 

understood at developing rodent neuromuscular junctions (NMJs). The accumulation of 

effort and current understanding of developmental neuromuscular synapse elimination – the 

topic of the current review – stem from several key properties that make the NMJ an ideal 

preparation for early investigations [86]: its peripheral location (which increases its 

accessibility compared to CNS synapses), simple architecture (single site of innervation for 

each muscle fiber), large size (orders of magnitude greater than those formed in the CNS 

amongst neurons), unambiguous functional readout in the form of muscle contraction in 

response to presynaptic (nerve) stimulation, and the early identification of the 

neurotransmitter (acetylcholine; ACh). The availability of biological reagents that allow 

specific labeling synaptic structures and/or modulate synaptic transmission, including α-

bungarotoxin (α-BTX) and d-tubocurare, makes the NMJ an attractive model synapse. 

Shared features of developmental synapse elimination, such as dependence on synaptic 

activity and the involvement of glia and cell recognition molecules, render findings at NMJs 

pertinent to understanding the parallel processes that occur in CNS.

Innervation of individual muscle fibers in immature animals by multiple motor axons was 

initially described anatomically more than a century ago by Tello [75], a student of Ramon y 

Cajal. A functional observation (and “rediscovery”) of such polyneuronal innervation in 

neonatal rodent muscle fibers was produced nearly seven decades later through intracellular 

recordings of neonatal muscle fibers [61]. The endowment of multiple presynaptic inputs at 

the NMJ of every muscle fiber at birth is likely to have resulted from an effort by the 

developing nervous system to ensure innervation – and, consequently, proper development – 

of every nascent muscle fiber. In rodents, polyneuronal innervation of muscle fibers is lost 

during the first three weeks of postnatal growth and maturation. Through a successive 

removal of each of the redundant presynaptic motor inputs, every muscle fiber is innervated 

by a single motor axon. The number of motor neurons and their target muscle fibers remain 

unchanged during synapse elimination, indicating that the process proceeds by pruning only 

the local branches of motor axons [1, 5, 35]. The non-overlapping, single innervation of each 

muscle fiber is necessary for the orderly recruitment of motor units (a motor neuron and the 

collection of muscle fibers it innervates) during force generation [28].

Developmental neuromuscular synapse elimination is multi-factorial: multiple experimental 

manipulations impact the timing and outcome of neuromuscular synapse elimination. 

Despite the current wealth of information derived from nearly five decades of research, there 

are still noticeable gaps in our understanding of this developmental phenomenon. This 
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current article is not meant to be a comprehensive or exhaustive review of the literature on 

developmental neuromuscular synapse elimination. Moreover, discussion is limited to 

observations made during early postnatal stages and does not include studies of synapse 

elimination that occur in adult muscles following injury-induced denervation and subsequent 

reinnervation of motor endplates by multiple motor axons. A more thorough review of the 

literature may be found elsewhere [45, 51, 85]. This article is meant to (1) summarize how 

the motor neurons, synaptic glia and muscle fibers are known to contribute to the 

developmental phenomenon and (2) speculate how the synapse modifying cellular activities 

may be regulated.

Neuromuscular activity

That motor neuron electrical activity exerts a powerful influence on developmental synapse 

elimination is well established. This parallels the experimental findings that demonstrate 

CNS synapse elimination is dependent on neural activity, including the proper segregation of 

retinal ganglion cell terminals within the lateral geniculate nucleus of the visual system [65]. 

Thompson, Kuffler and Jansen were the first to demonstrate that “a block of impulse 

conduction in motor nerves interferes with the processes which lead to the establishment of 

the mature pattern of innervation” within skeletal muscles [79]. Neuromuscular blockade – 

both pre- and postsynaptic using botulinum and α-BTX, respectively – similarly delays the 

completion of synapse elimination [4, 9]. Conversely, polyneuronal innervation was 

eliminated more rapidly when the activity of innervating axons was increased via electrical 

stimulation [53]. These and a number of additional studies reviewed elsewhere [19, 85] 

provided ample support for the central role neuromuscular activity/use plays during the 

removal of supernumerary motor inputs. The questioned remained, however: how does 

neuromuscular activity influence synapse elimination?

Surgically reducing the number of motor axons that innervate a muscle during the period of 

synapse elimination leads to the remaining motor axons innervating a greater number of 

muscle fibers than would without any experimental interventions [23, 78]. These findings 

are consistent with the idea that the elimination of extra motor inputs from developing NMJs 

necessitates an active competition amongst the convergent motor axons at individual 

endplates. Walsh and Lichtman [83] demonstrated, via repeated vital imaging of developing 

NMJs in living animals, such competition between motor axons during the final phase of 

synapse elimination. The eventual winner overtakes the postsynaptic acetylcholine receptor 

(AChR)-rich surface relinquished by the losing axon for the sole control of the NMJ. On the 

other hand, selective and chronic stimulation of a subset of motor units results in the 

stimulated motor neurons innervating more muscle fibers than normal, at the expense of the 

non-stimulated motor units that innervate the same target muscle [62]. This observation 

further supports there is active competition between axon terminals converging on common 

target muscle fibers, and also suggests that more active axons possess an advantage. 

Inducible-inactivation of the gene that encodes choline acetyltransferase (ChAT; the enzyme 

responsible for the synthesis of the neurotransmitter ACh) produces mice in which varying 

subsets of motor neurons are silenced [6]. In the resulting mosaic ChAT mice, a silent motor 

axon terminal persists only if all others in direct competition at the same developing 

endplate have also been rendered silent. ChAT-inactivated motor neurons are otherwise 
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removed from other endplates by active, and thus more competitive, motor axons. The 

persistence of polyneuronally innervated muscle fibers where all of the motor inputs were 

rendered inactive further indicates that relative activity among competing axons, rather than 

their absolute ability (or inability) to elicit postsynaptic responses, helps determine the 

relative competitiveness of each convergent axon.

Patterns, in addition to the abundance, of action potential activity emitted by competing 

motor axons is another evidently important factor. Developmental neuromuscular synapse 

elimination can occur despite surprisingly low overall activity. About half of the muscle 

fibers achieve single innervation by postnatal day (P) 9 in mouse soleus muscles even when 

innervating motor neurons of wake, behaving animals fire at a median frequency of less than 

1 Hz [55] (activation frequencies of ~10-25 Hz have been reported for neonatal rats [7, 20]). 

The temporal relationship of the activities within a pool of competing motor neurons as well 

as the intrinsic discharge patterns of individual motor neurons (and thus activity pattern of 

motor units) contribute significantly to the elimination of redundant inputs at developing 

NMJs. Personius and Balice-Gordon [55] found that, within the mouse soleus muscle, 

activities of about 67% of motor units temporally correlated with at least one other motor 

unit at P2 while only about 10% of motor units displayed temporally correlated activity 

during the second postnatal week, and none during the third week. These findings are in 

good agreement with a similar study performed using developing rat muscles by Cangiano 

and his colleagues [7] who further determined that pruning of redundant motor inputs 

necessitates at least a 25-ms offset in spikes produced by competing axons [21]. The 

postnatal appearance of divergent motor neuron spike timing apparently allows the postnatal 

muscle fibers to discriminate between a number of presynaptic inputs, and maintain/

strengthen the inputs able to produce coincident contractions in a Hebbian fashion (Fig. 1). 

The postnatal switch to asynchronized motor unit activity appears co-incident with 

diminution of electrical coupling of motor neurons in the spinal cord and results, at least 

partly, from a developmental decline in the expression of connexin proteins responsible for 

producing gap junctions [12, 56]. Genetic inactivation of one such connexin (Cx40) leads to 

asynchronized motor neuron activity and precocious synapse elimination [56], while 

persistently elevated expression of connexins in motor neurons leads to prolonged 

maintenance of synchronized motor unit activity and delays synapse elimination [57]. One 

may speculate whether glial cells – whose contributions to developmental synapse 

elimination both in CNS and at NMJs (discussed below) are now well documented [43, 84] 

– remove gap junctions, and thus also contribute to the gradual reduction of electrical 

coupling between motor neurons [56].

Thompson [77] demonstrated chronic stimulations of soleus muscles (a muscle with 

predominantly type I or “slow” twitch muscle fibers), each with an identical number of 

stimuli, can produce different rates of synapse elimination when presented using distinct 

spike patterns. Patterns of stimulation meant to mimic activities of “fast” motor neurons 

accelerated the loss of extra motor inputs, while no such alterations were observed with a 

pattern that mimicked activities of “slow” motor neurons. Coincidently, this precocious loss 

of polyneuronal innervation following chronic “fast” stimulation of soleus muscle is 

accompanied by a shift in contraction characteristics from that of a “slow” muscle to one 

that resemble a “fast” muscle. These observations appear also to suggest a potential 
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relationship between the timing of synapse elimination and contractile properties of the 

target muscle.

Evidence now indicate that all three cellular components of mammalian NMJs – presynaptic 

motor axon terminals/branches, non-myelinating glia (terminal Schwann cells; tSCs) and 

postsynaptic muscle fibers – all actively participate in synapse elimination. The ways in 

which the components of the NMJ are known to contribute to synapse elimination are 

discussed in the following sections. Neuromuscular activity likely regulates some, if not all, 

of the cellular/molecular effectors that impact the outcome of developmental synapse 

elimination. The downstream effectors through which neuromuscular activity exerts its 

influence on synapse elimination, however, remain largely unknown. Thus, while it may be 

tempting to assign activity of motor neurons or the muscular system as the dominant 

upstream modulator of these effectors, it would be premature in the absence of any direct 

empirical support.

Terminal Schwann cells

Recent studies provide a compelling argument for active tSC participation in the competition 

that underlies developmental synapse elimination. Ultrastructural examination of neonatal 

NMJs, by Thompson and colleagues, revealed two tSC behaviors not observed at mature 

singly innervated NMJs: robust phagocytosis of motor axon terminals still in contact with 

AChR-rich postsynaptic muscle membrane as well as their own affinity for the postsynaptic 

membrane [42, 69]. These activities appear to promote removal, albeit randomly, of 

redundant motor axon terminals still in contact with endplates through their (1) consumption 

(tSC phagocytosis) and (2) physical displacement from postsynaptic AChR-rich membrane 

by the intrusion of tSC processes into the synaptic cleft (Fig. 2 A,B). Indeed, exaggeration of 

these tSC behaviors through transgenic overexpression of type-III neuregulin1 (NRG1-III) 

on motor axons, accelerates the time course of synapse elimination in vivo [42]. Turney and 

Lichtman [82] put forth an in silico simulation that recapitulates many of the features of 

synapse elimination previously noted including synaptic segregation [26], a reversal of 

postsynaptic occupancy where an axon with a smaller territory is the ultimate winner [83], 

and loss of all but one neuron from many. A central assumption of their simulations was that 

“maintenance of synaptic contacts is imperfect and that at regular intervals an axon 

withdraws from an individual synaptic site at random.”[82] The study left unaccounted the 

cause(s) of such random withdrawal and the subsequent takeover of now-vacant postsynaptic 

sites by any one of the remaining axons whose branches are nearby. The neonatal tSC 

behaviors – phagocytosis and displacement of axon terminals – provide an explanation of 

the “random” axon withdrawal that drives the Turney-Lichtman simulations.

It remains undetermined, however, whether the axon terminal-displacing activities of tSCs 

are modulated by motor neuron activity (Fig. 2B). Such modulation could be done in at least 

two possible ways that need not be mutually exclusive. NRG1-III transcript levels are 

increased in cultured CNS neurons in response to increased activity [46]. Similarly, synaptic 

deposition of a secreted isoform of NRG1 is activity-dependent [47]. One may, thus, 

imagine a scenario in which motor neuron activity levels regulate axonal expression of the 

membrane-tethered NRG1-III to elicit subsequent tSC behaviors to promote synapse 
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elimination. Direct experimental evidence in support, however, does not yet exist. 

Alternatively, motor neuron activity may directly activate tSCs (Fig. 2C). Neonatal tSCs are 

sensitive to ATP [18], which is stored and released together with ACh from synaptic vesicles 

of motor axon terminals [68]. Pharmacological inhibition of a purinergic receptor P2Y1R 

delays neuromuscular synapse elimination [18]. Moreover, tSCs appear able to recognize 

and respond specifically to the more active of the competing axons at individual synapses 

[18]. Regardless, cellular/molecular mechanism(s) that lie downstream to this purinergic 

activation of tSCs and promotes synapse elimination remains undefined. One open 

possibility is that tSC behaviors – such as their affinity for AChR-rich postsynaptic 

membrane and phagocytosis of immature axon terminals – are a point of convergence for 

NRG1-III and ATP signaling pathways (Fig. 2C).

Skeletal muscle fibers

The profound influence of neuromuscular activity pattern on neuromuscular synapse 

elimination [77] has raised obvious curiosity about potential influence muscle fiber type may 

also exert on the developmental phenomenon. Initial inquiries into the subject revealed no 

distinction in the rates of synapse elimination between fast and slow muscle fibers [2, 16, 67, 

71]. A recent study, in contrast, provides evidence of a causal relationship between the fiber 

type constituency and the rate of synapse elimination of a target muscle [41]. Comparison of 

muscles with different fiber type makeup (soleus vs. extensor digitorum longus) revealed 

that a greater fraction of muscle fibers remained polyneuronally innervated in muscles with 

more type I (or “slow”) twitch muscle fibers. In agreement, the soleus muscle of transgenic 

animals that contained fewer type I “slow” fiber type eliminated polyneuronal innervation 

earlier (see also [40]). Finally, a direct intramuscular comparison of NMJs situated either on 

type I or type II (“fast”) twitch fibers demonstrated an overall delay in the loss of 

polyneuronal innervation for type I fibers.

The exchange of signals known to occur between presynaptic nerve terminals and their 

target muscle fibers as well as tSCs at the NMJs, and the influence both components exert on 

each other, adds a layer of complexity in determining the contributions of each to synapse 

elimination. This is especially true when considering the relationship between the rate of 

synapse elimination and muscle fiber types. As stated above, distinct patterns of 

neuromuscular use alter both muscle fiber contraction properties [8, 49, 77] and the rate of 

synapse elimination [77]. Altered muscle fiber properties, however, need not be a co-

byproduct of presynaptic influence. The fact that a muscle fiber-specific genetic 

manipulation that reduced the number of type I muscle fibers accelerated synapse 

elimination [41] – together with an apparently normal development of muscle fiber types 

and their distribution within fetal muscles that had been rendered aneural [14] – argues that 

muscle fibers are not an indifferent object of competition amongst innervating axons, but 

actively exert influence during the process. Results of another recent study, whose findings 

indicate that “fast/slow identity” of postsynaptic muscle fibers can influence that of the 

innervating motor neurons [11], are consistent with this idea.

Each mature motor unit contains only a single fiber type [36]. This homogeneity of muscle 

fiber type within a motor unit was long thought to be a product of selective innervation [24, 
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27, 80]: axons of a motor neuron seek and synapse with target muscle fibers of appropriate 

contractile properties. More recent studies [11, 22], however, demonstrate a significant 

degree of fiber type heterogeneity within motor units. Such heterogeneity would be expected 

following pervasive innervation of target muscles during early development [74] and 

suggests preferential pruning of motor inputs with incompatible activity patterns during 

refinement of neuromuscular connections during postnatal maturation. Whether by selective 

innervation or through nondiscriminant innervation followed by selective pruning of 

mismatched synaptic partners, either or both of the presynaptic motor axon terminals and 

postsynaptic muscle fibers must possess the means to discriminate between appropriate and 

incompatible synaptic partners (Fig. 1). The mechanisms responsible for bringing about the 

appropriate matching of pre- and postsynaptic partners remain obscure. Molecules that 

promote maintenance/stability or withdrawal of nerve terminals have been collectively 

labeled synaptotrophins and synaptotoxins, respectively [64, 70]. A quick survey of the 

literature reveals several candidate molecules. Class 1 major histocompatibility complex 

(MHC1) molecules – whose gene inactivations have recently been shown to delay synapse 

elimination (both at the NMJ and lateral geniculate nucleus of the visual system [39, 76]) – 

could serve as recognition tags for compatible synaptic partners. Ephrin-A3, a repulsive 

axon guidance molecule, recently found to be expressed specifically by type I (slow) twitch 

fibers [72], may actively repel immature axons of “fast” motor neurons. Moreover, although 

the protracted synapse elimination in muscles of neural cell adhesion molecule (NCAM) 

deficient animals appear to stem from altered presynaptic activity [60], the reported 

upregulation of NCAM on surface of denervated muscle fibers [15] may be construed as an 

attempt to provide a more permissive substrate for axons that come to innervate them. 

Secreted factors present another class of molecules that may be regulated by activity or 

differentially expressed by muscle fiber types to influence synapse elimination. These 

include brain-derived neurotrophic factor (BDNF), whose expression and functional 

maturation are activity-dependent [30, 32], fibroblast growth factor binding protein 1 

(FGFBP1) whose absence retards synapse elimination [73], and glial cell line-derived 

neurotrophic factor (GDNF), whose transgenic overexpression in muscle prolongs the period 

of synapse elimination [52]. It is presently unclear whether distinct patterns of synaptic 

activity differently modulate muscle expression of BDNF, FGFBP1, GDNF, MHC1 or 

NCAM.

Motor neuron

There are a couple of potential mechanisms via which motor neurons could actively 

contribute to axon withdrawal during synapse elimination. A recent study demonstrated 

branch-specific local microtubule severing and disassembly that mediate motor axon branch 

loss [3]. Pharmacological microtubule stabilization delays neuromuscular stabilization. Mice 

lacking neurofilament light chain also display delayed neuromuscular synapse elimination 

[63]. These findings implicate regulation of axonal cytoskeleton in the removal of 

supernumerary motor axons from NMJs. Genetic inactivation of caspase-3, which fully 

protects cultured sensory neurons from trophic factor withdrawal-induced axon 

degeneration, produced a delay in the developmental pruning of retinocollicular axons [66]. 

These and other mechanisms – active locally within terminal branches of motor neurons, 
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therefore, could impact the timing of synapse elimination. These mechanisms, however, are 

unlikely to act autonomously, but in response to external selection cues or pressures such as 

the supply of target-derived trophic factor(s) (BDNF and/or GDNF) and hostile tSC 

behaviors at developing NMJs, both of which may be activity-dependent. In fact, delayed 

neuromuscular synapse elimination in glial neurofascin (Nfasc155) deficient mice appears to 

be a product of Schwann cell-mediated modulation of motor axon cytoskeleton [63].

Conclusion

On the one hand, there has been an identification of a number of cellular and molecular 

effectors that influence developmental neuromuscular synapse elimination in recent years. In 

many instances, however, the mode of regulation for these effectors remains unknown. On 

the other, while neuromuscular activity has long been known to impose its unquestioned 

influence over the loss of excess motor inputs during development, its downstream effectors 

remain obscure. One recent finding of note is the unexpected influence of glutamatergic 

transmission at NMJs on neuromuscular synapse elimination [58]: the rate of synapse 

elimination correlates with the degree of NMDA receptor activation. This supposedly 

involves tSC-mediated conversion of N-acetylaspartylglutamate, released from motor nerve 

terminal, into glutamate, which then binds and activates muscle NMDA receptor to produce 

Ca2+ influx [58]. It is unclear how this NMDA-mediated pathway, which requires the 

participation of all three cellular components of NMJs, interacts with neuromuscular activity 

and pathways that contribute to synapse elimination. One apparent certainty is the need for 

additional effort in determining the relative contributions of each of the cellular components 

and the nature of the influence neuromuscular activity imposes on the multitude of effector 

mechanisms that bring about synapse elimination.
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Highlights

• Neuromuscular synapse elimination is activity-driven

• More active motor neurons possess a competitive advantage

• Motor axons, Schwann cells and myofibers all actively participate in synapse 

elimination

• Neuromuscular activity-modulated effector mechanisms remain obscure
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Figure 1. 
Compatibility-based matching and elimination of potential motor axon-muscle fiber parings.

Evidence suggests non-discriminate and pervasive innervation of all muscle fibers (i & ii) 
during the initial formation of NMJs. (A) A significant portion of the motor neuron pool that 

innervates a common target muscle is electrically coupled and show a synchronized pattern 

of action potential discharges (1 & 2). (B) As postnatal maturation proceeds, electrical 

coupling between motor neurons start to dissipate and motor neurons begin showing signs of 

asynchronized activity patterns. In addition, muscle fiber types differentially express, at 
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synaptic sites (red), surface recognition markers and/or attractive/repulsive guidance cues 

(round or pointed) recognized by converging motor axon terminals. Motor axons that 

express the appropriate receptors possess a competitive advantage. (C) During the latter 

stages of synapse elimination, motor neurons are no longer electrically coupled and allow 

matching of motor axons activity patterns with postsynaptic muscle fibers with compatible 

contractile kinetics.
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Figure 2. 
Motor axon-derived molecules regulate synapse-pruning activities of tSCs at developing 

NMJs.

(A) tSCs engage in two motor input pruning activities: they compete for postsynaptic contact 

with the nerve and consume nerve terminals via phagocytosis. Concurrently, postsynaptic 

AChRs (red cross hatches) are eliminated from portions of the muscle membrane left vacant 

or occupied by tSCs and no longer receiving neurotransmission. Some recently abandoned 

postsynaptic sites are occupied on a stochastic basis by sprouts of nearby nerve terminals, 
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and the process continues until a single motor input remains (see [82]). (B,C) Motor axon 

terminal influences tSC behaviors in two ways: presentation of NRG1-III on axolemma (red 

inset in A, enlarged in B) and neurotransmission (green inset in A, enlarged in C). (B) 

Axon-tethered NRG1-III enhances (1) displacement and (2) phagocytosis of nerve terminals 

by tSCs. NRG1-III levels may be modulated by motor neuron activity. (C) During 

neurotransmission, ATP is coreleased with ACh from synaptic vesicles. ATP binds and 

activates P2Y1R purinergic receptors and leads to an increase in Ca2+ concentration in tSC 

soma. Downstream effectors that affect synapse elimination remains obscure. Increased 

cytoplasmic Ca2+ may lead to enhanced phagocytosis and displacement of nerve terminals 

by tSCs.
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