1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Opin Neurobiol. Author manuscript; available in PMC 2018 December 01.

-, HHS Public Access
«

Published in final edited form as:
Curr Opin Neurobiol. 2017 December ; 47: 176-181. doi:10.1016/j.conb.2017.10.010.

Schwann cells participate in synapse elimination at the
developing neuromuscular junction

Young il Leel3, Wesley Thompsonl2, and Mark Harlow?!
1Department of Biology and Institute for Neuroscience, Texas A&M University, College Station, TX
77843

2University of Texas (adjunct), Department of Neuroscience, Austin, TX 78712

Abstract

During the initial stages of innervation of developing skeletal muscles, the terminal branches of
axons from multiple motor neurons form neuromuscular junctions (NMJs) on a small region of
each muscle fiber, the motor endplate. Subsequently, the number of axonal inputs at the endplate
region is reduced so that, at maturity, each muscle fiber is innervated by the terminals of a single
motor neuron. The Schwann cells associated with the axon terminals are involved in the removal
of these synapses but do not select the axon that is ultimately retained on each fiber. Schwann cells
perform this function by disconnecting terminal branches from the myofiber surface and by
attacking them phagocytically. Here we discuss how this behavior is regulated and argue that such
regulation is not unique to development of neuromuscular innervation but is also expressed in the
response of the mature NMJ to various manipulations and pathologies.

Introduction

The neuromuscular junction (NMJ) was the first synapse shown to undergo dramatic
remodeling during early development. This remodeling is now termed “synapse
elimination”. Because it was widely used as a model synapse to study synaptic transmission,
it was known that each muscle fiber in most mammalian muscles is innervated by a branch
of a single motor axon at a site near the center of each fiber (the “endplate”). Therefore, the
discovery that each endplate is innervated by multiple axons during early postnatal
development in rodent muscles came as a surprise [1]. This discovery was in fact a re-
discovery of the multiple innervation described anatomically in early immature muscles by a
student of Ramén y Cajal [2]. Very quickly it became clear that this multiple innervation was
created by a constant pool of motor neurons innervating each muscle. Each motor neuron
branched profusely and came to innervate an excessive number of endplates [3]. During
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early postnatal development, a competition among convergent axons for the sole occupancy
of each motor endplate occurs. This competition ensured that only one, but in all cases at
least one, of the initial inputs remained. The excess inputs were removed and the branching
of each motor neuron reduced. As a result, the sizes of the motor units (the number of fibers
innervated by each motor neuron) declined several-fold to the smaller adult level. Much of
the initial work was accomplished through physiological analysis of muscle innervation and
motor unit contractions. However, with the discovery of fluorescent proteins, their transgenic
expression in motor neurons, and the production of fluorescent alpha-bungarotoxin (a snake
toxin that functions as selective ligand for the nicotinic acetylcholine receptors (AChR)
concentrated in the postsynaptic membrane at the endplate), elegant imaging of the
elimination as it occurs at individual, identified endplates in living mouse muscles became
possible [4]. By this repeated imaging of the same NMJs in living animals (vital imaging),
the fate of individual axons competing for the same postsynaptic receptors could be
examined. This made it possible to determine that., at least in its final stages, the motor
axons compete for the same synaptic space on each muscle fiber. The winning axon
displaces the losing axon(s) and occupies the territory of the losers [4]. The winner is not
preordained as ablation of the axon of the apparent winning axon allows the apparent losing
axon to win [5]. A number of experiments motivated by studies showing the importance of
experience in development of the visual system were then conducted to demonstrate that the
course of neuromuscular synapse elimination is heavily influenced by neural activity.
Elimination could be slowed by inhibiting the transmission of impulses to NMJs and it could
be sped up by increasing the impulse activity [6]. Some technically impressive experiments
also demonstrated that the more active axon in the multiple innervation is favored in the
competition at each endplate [7,8].

Terminal Schwann cells

Glia (Schwann cells) are present at NMJs and could play a role in this synapse elimination.
Several non-myelinating “terminal Schwann cells” (tSCs, also known as “perisynaptic
Schwann cells”) are present at the NMJ. As shown by electron and light microscopy, their
processes cap the branches of the adult nerve terminals that occupy the synaptic “gutters,”
the depressions in the muscle surface where AChR are highly concentrated. The tSCs come
into close apposition with the muscle fiber only at the edges of these gutters. Therefore, the
tSCs mirror in the placement of their processes the distribution the nerve terminals
themselves. Like astrocytes in the brain, tSCs “tile” the nerve terminals [9] (Fig. 1A). That
is, each tSC covers its own contiguous territory of the nerve terminal within the NMJ with
very little overlap with its neighbors. This territorial behavior is absent during early
postnatal development and in adults following denervation and the consequent degeneration
of the nerve terminal, suggesting it results from competition among the tSCs for a
contiguous contact with nerve. Exactly how tSCs differ from the myelinating SCs that wrap
the motor axon right up to the nerve terminal and from other non-myelinating SCs that wrap
small caliber axons in peripheral nerves is not entirely clear. However, given the plasticity of
SCs in development and in injured nerves [10], it seems likely the cells are all derivatives of
common neural crest progenitors. Indeed, there is evidence of plasticity in the differentiation
of tSCs. Non-myelinating tSCs at the site of the nerve entry into the endplate at some NMJs
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appear to trans-differentiate and myelinate a segment of the nerve that was once synaptic.
This is accompanied by a corresponding loss of AChRs at this site within the endplate [11].

tSCs respond to transmitter release and have a role in reinnervation upon
nerve injury

Terminal SCs sense the presence of the innervating nerve terminal and probably the
postsynaptic muscle fiber [12]. Upon denervation of the NMJ, the tSCs remain behind at the
synapse but their behavior and their biochemistry change dramatically. The loss of the nerve
is known to alter the expression of a host of genes, both positively and negatively. For
instance, denervation leads to upregulation or downregulation of the intermediate filament
proteins nestin and glial fibrillary acidic protein, respectively [13,14]. Interestingly, initial
experiments by Katz et al. in frog discovered that, with a delay following denervation of
muscles, tSCs produce and release quanta of ACh [15]. This release differs from that from
nerve terminals [16] and may be explained by expression within SCs at denervated junctions
of the synthetic enzyme for ACh [17]; it is known that cells that are artificially loaded with
ACh can perform quantal release [18].

A prominent tSC behavior initiated by removal of the nerve is growth of long processes that
radiate away from the endplate through the spaces between the muscle fibers [19]. This
behavior may be initiated by the removal of signals normally provided to tSCs via
transmitter release from the nerve terminal. ATP and acetylcholine activate purinergic and
muscarinic receptors, respectively, and subsequently produce cytoplasmic Ca2* elevations
within tSCs [12]. The growth of these processes following denervation can be so extensive
that tSCs begin to abandon portions of the AChR sites within the endplates [20]. This growth
is not only initiated by denervation; it can be induced by blockade of impulse traffic to the
synapse or by blocking transmitter release from the nerve terminals (via botulinum toxin)
[21].

SCs in the peripheral nerves persist within the basal lamina (endoneurial) tubes and extend
processes — just like tSCs at NMJs — upon axon degeneration [22]. The SC growth is usually
confined to the tubes except where interruptions in these tubes occur [22]. These processes
support nerve regeneration and the extension of new nerve branches. The SC-filled tubes
account for the rapid regeneration of the innervation of muscles and, following simple, crush
injuries to the nerves, promote the regeneration of the same axons to the endplates to which
they were initially connected [23]. Following more extensive injuries (such as in the case of
severed nerves), regeneration is delayed due to the gap formed in these tubes and the
precision at which axons cross the gap and enter the corresponding tube distal to the lesion
is markedly less [23].

The processes extended from the tSCs are important for guiding nerve regeneration [21].
Once axons arrive back at endplates following denervation, they grow terminal sprouts along
tSC processes that have extended from these sites. This growth can lead to re-innervation of
adjacent endplates [21]. Terminal SCs also appear to account for the sprouting that explains
reinnervation of muscle fibers after partial denervation, i.e. where only a portion of the
NMJs in a muscle become denervated. The growth of tSCs processes from individual
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denervated endplates forms links with adjacent innervated endplates and guides the growth
of axons to the denervated endplates [24].

That SCs have the ability to stimulate nerve growth like this is clearly shown by experiments
in which pieces of nerve previously denervated so that they contain no axons are implanted
onto the surface of an innervated muscle. When SC processes extended from this nerve piece
grow into the zone of endplates in the host muscle, they induce extensive sprouts from the
nerves there. This growth extends along the processes of the growing glial cells [24]. The
ability of SCs to support nerve growth may change with the time they are deprived of axon
contact. For example, there is a deficiency in the growth of axons into peripheral nerves after
long periods of nerve absence and this deficiency is correlated with the atrophied status of
the SCs in the long-term denervated nerves [25].

tSCs are active during developmental synapse elimination

Given the ability of tSCs to influence nerve growth and their location at the endplates of
developing muscles, investigators have been interested in whether tSCs might play a role in
synapse elimination [12,26,27]. Smith et al. [27] conducted a detailed light and electron
microscopic study of this issue. They used fluorescence labeling of junctions in the
sternomastoid muscle of mice near the time of birth to show that several tSCs are present at
each endplate. At this stage the AChR are arranged in a plaque rather than the pretzel shape
of synaptic gutters present at the conclusion of synapse elimination approximately 2 weeks
after birth. Light microscopy suggested that nerve terminal coverage of these AChR is
incomplete and that tSCs (and their processes) come in close contact with a large fraction of
these receptors (Fig. 1A). An electron microscopic (EM) study, in which serial cross-
sections of NMJs were prepared and the entirety of NMJs digitally reconstructed, confirmed
that processes of the tSCs came into synapse-like apposition of the muscle cell membrane
(Fig. 1B). Nerve terminals could be identified by tracing processes containing synaptic
vesicles at the muscle surface through the serial sections. At postnatal day 3, up to 4-5
separate motor axons contact the muscle surface. These nerve processes came within 50 nm
of the muscle surface, a typical synaptic distance at mature NMJs. Accumulations of
vesicles and dense material suggested the presence of active zones. Thus, these junctions
were clearly polyneuronally innervated and this anatomical polyneuronal innervation was
found to disappear, as expected, over postnatal development. The major departure of this
study from a previous serial EM study, in which up to 10 inputs to young NMJs were shown
to be gradually eliminated from each junction [28], was the analysis of the distribution of
tSCs and their processes. These cells could be identified by their cell bodies located above
the junction. Their processes could be followed over the synapse and reconstructed. Up to 5
such tSCs were present at junctions in 3 day old sternomastoid muscle. The processes of
these tSCs were quite complex. They branched extensively, and confirming results from
light microscopy [9], interdigitated extensively and had not yet taken up territories as at
mature junctions. Taken together with the light microscopic observations of AChR and SC
processes, these findings strongly suggested that the tSCs appose AChRs in the developing
endplate. Measuring the total contact areas of tSCs and nerve terminals over the course of
the first few days after birth showed that tSCs were expanding their contacts at the expense
of the nerve terminals, suggesting displacement of the nerve contacts by SCs. Evidence of
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such displacement was found in the occurrence of fingers of SC processes penetrating into
the synaptic cleft between nerve terminals and the muscle fiber (Fig. 1B). Terminal SCs
were found to be phagocytosing bits of nerve terminals that were still in synaptic contact
with the muscle fiber. Most tSCs contained numerous examples of what appeared to be
nerve terminal debris. Analysis of the images showed that these tSC activities were directed
against all converging immature nerve terminals at each synapse. This argues strongly that
the tSCs themselves [27] are not selecting the winner in the competition at each endplate.
Nonetheless, the tSCs “attack” on all the nerve terminals appears to create vacated synaptic
sites that then can be competed for by the re-growth of nearby nerve terminal branches.
Indeed, such a model of random removal of nerve inputs over small portions of the
postsynaptic membrane and their stochastic re-occupation by nearby nerve terminals can
explain many of the features of neuromuscular synapse elimination [5].

Control of tSC activities

These observations raise the issue of why tSCs should behave in this manner at developing
NMJs but have a stable relationship with nerve terminals at adult junctions. Some of the
neonatal behaviors of tSCs reappear during repair/reinnervation of mature synapses. Why do
tSCs switch from a “maintenance” mode to a phagocytic or “repair” mode and vice versa
[10,12]? There are clearly a number of cytokines and trophic factors that likely play a role.
The expression of one of these factors, a motor axon-tethered isoform of neuregulinl
(NRG1-111), has a temporal peak that coincides with the period of synapse elimination [29].
Analogous NRG1-driven SCs behaviors also aid in the sorting and myelination of
developing axons as well as phagocytosis of axonal debris upon injury [30,31]. At
developing NMJs, overexpression of NRG1-111 by motor neurons exaggerates the neonatal
tSC behaviors and accelerates synapse elimination. Conversely, genetic perturbations that
reduce NRG1 signaling delay synapse elimination. Since a number of manipulations in
addition to expression of NRG1-111 can be shown to influence the rate of synapse
elimination, control of synapse elimination is clearly multifactorial. Neuronal activity, as
mentioned above, is clearly important [32—35]. There is evidence that NRG1 expression is
itself influenced by the level of activity of neurons [36,37], suggesting a mechanism by
which activity may lie upstream of NRG1-I11 regulation of tSCs.

Adult NMJs that have a highly stable pretzel of AChR can also be induced to undergo
remodeling by increasing the expression of NRG1-I11 in motor axons [29]. The AChR
become fragmented into small islands, the nerve terminals become varicose, and the number
of tSCs is increased (Fig. 2). Vital imaging of NMJs in these animals shows a continuous
turnover of some of these islands of AChR and continued growth of the motor axon
terminals. Ultrastructural examinations of these junctions show the tSC behaviors seen
during synapse elimination: intrusion of tSCs into the synaptic cleft and their phagocytosis
of nerve terminal processes. These observations suggest that the level of expression of
NRG1-111 by motor neurons might be a mechanism for controlling the behavior of tSCs even
in the adult. Since the same fragmented morphology seen in these adult junctions occurs in a
variety of experimental and pathological conditions, including alterations in transcription
factors, cell adhesion molecules, and in various dystrophies and myopathies [38-40], it is
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tempting to speculate that tSC behaviors could be responsible for the remodeling of NMJs in
various pathologies.

The phagocytic and intrusive properties of SCs at the developing or adult NMJs do not
represent special behaviors of these cells. Firstly, during the development of peripheral
nerves, SCs migrate along nerves, proliferate and invade the nerve bundles with their
processes, and separate axons [41], just as tSCs do at developing junctions. Following nerve
damage, the SCs distal to the injury site help phagocytose the debris and tSCs at endplates
intrude between the degenerating nerve terminal and the muscle fiber [42]. Terminal SCs
have also been shown to penetrate into and phagocytose withdrawing axon branches during
synapse elimination [43]. In myasthenia gravis, tSCs send phagocytic processes to invade
nerve terminals [44]; similarly, after the injection of myotoxins, tSCs send phagocytic
processes to separate the nerve and muscle endplate [45,46]. Cellular damage, either from
denervation or disease, can lead to the release of damage-associated molecular pattern
molecules (DAMPSs) [47-49]. In addition to being strong activators of the innate immune
response, recent evidence supports a role of DAMPs in the activation of SCs through
molecular pathways found in both immune cells and SCs, including pathways for toll-like
receptors and cytokines [50,51]. Indeed, invasion of damage sites by immune cells, in
addition to the activation of SC phagocytic and intrusive behaviors, is common in all these
conditions. Importantly, the changes in SC morphology after injury do not appear
appreciably different from those during synapse elimination. It is thus likely that the SC
behaviors capable of producing presynaptic changes seen during early postnatal
development are reactivated to repair injured synaptic sites formed by regenerating axon
terminals.

Conclusion

Schwann cells engage in activities that remodel synapses and nerve terminals under many
circumstances throughout the life of the animal. These activities include intrusion into
synapses and phagocytosis. Such activities must be carefully regulated to allow synaptic
maintenance. Observations suggest that tSCs may promote synapse elimination by creating
vacant synaptic sites that then can be reoccupied by the competing axon terminals. However,
there is no evidence at present that these cells select the victor in this competition.
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Highlights

. Terminal Schwann cells actively participate in neuromuscular synapse
elimination

. Neuregulinl type-Ill is a key regulator of neonatal terminal Schwann cell
behaviors

. Neonatal Schwann cell-like behaviors cause alteration of normally stable
adult nmjs

. Neonatal Schwann cell behaviors are reactivated in various nmj pathologies
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A mature NMJ neonatal NMJ

Figure 1. The arrangement of the cellular components at mouse neuromuscular junction
(A) At mature NMJs, each tSCs (shown in shades of green) covers a non-overlapping

portion of the nerve terminal (blue) that in turn covers the postsynaptic AChRs (indicated in
red). At neonatal NMJs, this partitioning of terminals by tSCs has not yet been established
and these cells interdigitate. Processes of the neonatal tSCs (in shades of green) make
synapse-like apposition to the portions of the postsynaptic AChR aggregates unoccupied by
the immature nerve terminals (in shades of blue). (B) Confocal images of the postsynaptic
AChR aggregate (AChR), the motor axon terminals (nerve) and Schwann cells (SC) at a
neonatal NMJ. As illustrated in (A), a significant portion of the oval-shaped AChR aggregate
is not apposed by the innervating motor axon terminals, but rather by the processes of tSCs.
(B) Electron micrograph of a single section in a serial series showing a tSCs consuming a
portion of the presynaptic motor axon terminal (NT) that is still in contact with the target
muscle fiber (M). A phagocytic vesicle containing components of the nerve terminal
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(arrowhead) is situated within tSC cytoplasm and has almost completely pinched off (double
arrowhead) from this nerve terminal. Scale bars: 10 um in (B) and 500 nm in (C).
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Control | NRG1-lll overexpression |

Figure 2. Changes to morphology of adult NMJs in response to NRG1-111 overexpression by
motor neurons

Unlike the mature NMJs of control mice, those in animals that overexpress NRG1-111 show
signs of remodeling. The postsynaptic AChR aggregates are no longer found in “pretzel-
like” continuous gutters, but in fragmented islands that are innervated by varicose
presynaptic terminal branches. Some AChR-islands are abandoned by the motor terminal
branches (arrowhead) and appear to be in the process of elimination. In addition, there is a
significant increase in the number of tSCs, some of which extend long processes within and
beyond the synaptic area. Scale bar: 10 um.
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