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Abstract
Peripheral nerve section with subsequent disconnection of motor neuron (MN) cell
bodies from their skeletal muscle targets leads to a rapid reactive response involving
the recruitment and activation of microglia. In addition, the loss of afferent synapses
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on MNs occurs in concomitance with microglial reaction by a process described as
synaptic stripping. However, the way in which postaxotomy-activated microglia adjacent to MNs are involved in synaptic removal is less defined. Here, we used confocal
and electron microscopy to examine interactions between recruited microglial cells
and presynaptic terminals in axotomized MNs between 1 and 15 days after sciatic
nerve transection in mice. We did not observe any bulk engulfment of synaptic
boutons by microglia. Instead, microglial cells internalized small membranousvesicular fragments which originated from the acute disruption of synaptic terminals
involving the activation of the necroptotic pathway. The presence of abundant extracellular vesicles in the perineuronal space after axotomy, together with the increased
expression of phospho-mixed lineage kinase domain-like protein and, later, of extracellular vesicle markers, such as CD9, CD63, and flotillin, indicate that the vesicles
mainly originated in synapses and were transferred to microglia. The upregulation of
Rab7 and Rab10 in microglia interacting with injured MNs, indicated the activation of
endocytosis. As activated microglia and synaptic boutons displayed positive C1q
immunoreactivity, a complement-mediated opsonization may also contribute to
microglial-mediated synaptic disruption. In addition to the relevance of our data in
the context of neuroinflammation and MN disease, they should also be taken into
account for understanding functional recovery after peripheral nerve injury.
KEYWORDS

afferent synapses, extracellular vesicles, exosomes, microglia, motor neuron, nerve axotomy,
necroptosis
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remodeling (Weinhard et al., 2018); although, interestingly, these
authors have not reported any evidence for phagocytosis of den-

The disconnection of motor neuron (MN) cell bodies from their

dritic spines. Instead, synaptic pruning occurs by selective partial

skeletal muscle targets, as occurs after peripheral nerve injury, leads

phagocytosis of synaptic structures. The term trogocytosis, a name

to rapid and profound reactive responses in the affected regions of

borrowed from the immune system process in which cells ingest

the spinal cord. These reactive changes involve not only the severed

small parts of their targets, was adopted to describe this process

neuronal cell bodies, but also their neighboring astroglial and micro-

(Dopfer, Minguet, & Schamel, 2011).

glial cells. In addition, the distal stump of injured peripheral nerve

Although the elimination of synaptic inputs in axotomized MNs

undergoes progressive disintegration in the context of Wallerian

and its association with microglial cell activation have been widely

degeneration (Coleman & Freeman, 2010; Conforti, Gilley, &

described for some time, the mechanism by which the afferent synap-

Coleman, 2014); conversely, the proximal stump regenerates as a

tic terminals disappear from the surface of injured MNs needs to be

consequence of the intrinsic growth capacity of the injured MN and

reexamined in depth. In a recent study (Salvany et al., 2019), we have

of locally derived growth promoting factors (Chen, Yu, & Strickland,

reported that the degeneration of synaptic inputs on axotomized

2007). It seems that changes in retrograde signaling along with

MNs occurs in a close relationship with processes of recruited

proximal axonal events inform the cell body of the distally located

microglia. This involves bouton terminal disruption and fragmentation

injury in order to activate a complex cellular response, which is

into vesicular structures that seems to be “ingested” by microglia. It

eventually directed either to regeneration or, in certain cases, to cell

was suggested that this process may be comparable to that described

death (Pollin, McHanwell, & Slater, 1991; Rishal & Fainzilber, 2014).

as synaptic trogocytosis.

The conspicuous structural changes that MN cell bodies suffer after

Here, by using ultrastructural and confocal microscope imaging,

axonal interruption are classically described within the concept of

we revisited this issue by performing a more detailed examination

chromatolysis: a retrograde response mainly focused on alterations

of changes in perineuronal afferent inputs and glial cells in injured

in the endoplasmic reticulum (ER) and in other organelles

spinal cord MNs following sciatic nerve transection. We provide

(Lieberman, 1971). Nevertheless, peripheral nerve transection also

new data concerning the way in which synapses disintegrate during

affects the stability of synaptic inputs on the corresponding MN cell

the local sterile neuroinflammation induced by a distal axonal lesion.

bodies (Alvarez et al., 2020; Brannstrom & Kellerth, 1998; Sumner,

It is known that peripheral nerve injury entails permanent changes

1975; Sumner & Sutherland, 1973). Pioneering studies by Blinzinger

within the spinal cord and brain circuitry that makes incomplete the

and Kreutzberg (1968) have shown that the loss of the afferent syn-

functional restoration and clinical recovery (Alvarez et al., 2011;

aptic boutons on MNs following axotomy is mediated by recruited

Delgado-Garcia, Del Pozo, Spencer, & Baker, 1988; Lundborg, 2003;

perineuronal microglial cells, leading to the introduction of the syn-

Navarro, Vivo, & Valero-Cabre, 2007). For this reason, a more pre-

aptic stripping concept. This notion is usually referred to as the

cise knowledge of the biological process involved in the loss and

glial-mediated detachment of presynaptic terminals from the cell

remodeling of afferent MN synaptic boutons after traumatic nerve

bodies or dendrites of axotomized MNs, and has been extended to

lesions will provide new understanding and help to improve thera-

other

peutic interventions.

damaged

CNS

neurons

(Kettenmann,

Kirchhoff,

&

Verkhratsky, 2013). This process has been considered as favorable
for the survival and functional recovery of injured neurons and,
thereby, microglia should act in a protective manner (Cullheim &
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Thams, 2007; Kettenmann et al., 2013). In the seminal article on
this subject (Blinzinger & Kreutzberg, 1968), it is stated that, in
axotomized facial MNs, microglia-mediated synaptic removal occurs

2.1 | Animals, surgical procedures, and tissue
preparation

in the absence of presynaptic bouton degeneration or phagocytosis.
Conversely, microglia-mediated phagocytosis of synaptic elements

All the experiments were performed using adult CD1 mice obtained

has been frequently reported within the context of both the post-

from Envigo (East Millstone, NJ). Mice were housed five to six per

natal remodeling of synapses and under a variety of pathologic con-

cage with ad libitum access to food and water under a 12 hr light/dark

ditions (Cullheim & Thams, 2007; Tremblay, Lowery, & Majewska,

cycle. All animal experimentation procedures were performed

2010). It has been suggested that, during development, microglia

according to the European Committee Council Directive and the

engulf and phagocyte synaptic boutons in order to eliminate super-

norms established by the Generalitat de Catalunya (published as law

numerary

complement

in the Diari Oficial de la Generalitat de Catalunya 2073, 1995). All

(Paolicelli et al., 2011; Schafer et al., 2012; Sipe et al., 2016). How-

synapses

by

a

mechanism

involving

experiments were previously evaluated and approved by the Commit-

ever, the direct investigation of the way by which microglia ingest

tee for Animal Care and Use of our university.

and destroy synaptic terminals has been barely addressed. This has

Adult (postnatal day [P] 60–90) mice were subjected to unilateral

been examined in detail by correlative advanced microscopical tech-

sciatic nerve transection. Animals were anaesthetized using a solution

niques

consisting of a combination of ketamine (100 mg/kg) and xylazine (10

in

the

hippocampus

during

developmental

synaptic
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mg/kg). The sciatic nerve was exposed at the femoral level and trans-

24 hr in the same fixative, at 4 C, and then cryoprotected at 4 C with

ected; a ligature was performed in the proximal segment in order to

30% sucrose in 0.1 M PB containing 0.02% sodium azide. Transverse

prevent spontaneous reinnervation. To minimize suffering, mice were

cryostat sections (16 mm thick) were collected on gelatin-coated glass

subjected to postoperative analgesia with two subcutaneous injec-

slides.

tions of buprenorphine (0.05 mg/kg): one immediately after surgery
and the other 24 hr after the intervention. Lumbar spinal cord samples
were obtained 1, 3, 7, and 15 days after axotomy.
The colony stimulating factor 1 receptor (CSF-1R) specific kinase

2.2 | Multiple fluorescent labeling and confocal
microscopy

inhibitor (PLX5622, Elmore et al., 2014) was generously provided by
Plexxikon Inc. (Berkeley, CA), and formulated in AIN-76A standard

Cryostat sections were permeabilized with PBS containing 0.1%

chow by Research Diets Inc. (New Brunswick, NJ). Two-month-old

Triton X-100 for 30 min, blocked with either 10% normal goat

male CD1 mice, specific-pathogen-free housed, were treated with

serum or normal horse serum in PBS for 1 hr at room temperature,

either vehicle or 1,200 mg/kg chow PLX5622 for 7 days. After that

and then incubated overnight at 4  C with an appropriate primary

time, the mice had their sciatic nerves surgically intervened

antibody mixture. The primary antibodies used are listed in

according to the procedure described above. The mice were then

Table 1.

treated with the same dose of chow PLX5622 for a further 7 days.

Once previously washed with PBS, sections were incubated for 1

To verify PLX5622 consumption by the mice, their weight was moni-

hr with a combination of appropriate secondary antibodies labeled

tored; no significant weight reduction was observed. To assess the

with one of the following fluorochromes (1:500): Alexa Fluor

effectiveness of PLX5622 in depleting microglial cells, the number of

488, Alexa Fluor 546 (ThermoFisher Scientific, Waltham, MA), cyanine

Iba1-positive glial cells was assessed in serially sectioned brain

3, or cyanine 5 (Jackson Immuno-Research Laboratories, West Grove,

striatal area. The treatment with PLX5622 resulted in a 45% reduc-

PA). Finally, the spinal cord sections were labeled with blue fluores-

tion

cent NeuroTrace Nissl staining (1:150; Thermo Fisher Scientific) and

in

brain-resident

microglial

cells

evaluated

after

Iba1

immunostaining.

mounted using an antifading medium containing 0.1 M Tris–HCl

Mice were anesthetized and transcardially perfused with 4% PFA
in 0.1 M phosphate buffer (PB) pH 7.4. Samples were postfixed for

TABLE 1

buffer (pH 8.5), 20% glycerol, 10% Mowiol, and 0.1% 1,4-diazabicyclo
[2.2.2]octane.

Primary antibodies used for immunocytochemistry

Target

Source

Host species

Used concentration

C1q

Abcam (ab182451)

Rabbit monoclonal

1:1,000

CD9

Abcam (ab92726)

Rabbit monoclonal

1:350

CD11c

AbDserotec (MCA1369T)

Hamster monoclonal

1:50

CD63

Abcam (ab217345)

Rabbit monoclonal

1:100

CD68

AbDserotec (MCA1957T)

Rat monoclonal

1:100

Flotillin

Abcam (ab41927)

Rabbit polyclonal

1:150

Ionized calcium-binding adaptor molecule 1 (IBA1)

Abcam (ab5076)

Goat polyclonal

1:500

Mac2

Cerdalane (CL8942AP)

Rat monoclonal

1:800

MLKL (phospho S345)

Abcam (ab196436)

Rabbit monoclonal

1:100

PDC6IP-Alix

Sigma-Aldrich (HPA011905)

Rabbit polyclonal

1:50

Rab4

Abcam (ab109009)

Rabbit monoclonal

1:170

Rab5

Abcam (ab218624)

Rabbit monoclonal

1:1,000

Rab7

Abcam (ab137029)

Rabbit monoclonal

1:100

Rab8A

Abcam (188574)

Rabbit monoclonal

1:500

Rab9

Abcam (ab2810)

Mouse monoclonal

1:200

Rab10

Abcam (ab237703)

Rabbit monoclonal

1:500

SV2

Developmental Studies Hybridoma Bank

Mouse monoclonal

1:1,000

Synaptophysin

Synaptic Systems (101004)

Guinea pig polyclonal

1/500

TMEM119

Abcam (ab209064)

Rabbit polyclonal

1:300

VAChT

Synaptic Systems (139105)

Guinea pig polyclonal

1:500

Abbreviation: VAChT, vesicular acetylcholine transporter.
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The slides were then examined under a FluoView FV-500 or

enhancement by incubating the sections in a solution containing 2.6%

FluoView FV-1000 Olympus laser-scanning confocal microscope

hexamethylenetetramine (Merck, Darmstadt, Germany), 0.2% silver

(Olympus, Tokyo, Japan). The MNs were imaged after obtaining opti-

nitrate (Merck), and 0.2% disodium tetraborate (Merck) for 10 min, at

cal sections (0.5 or 1 mm) of cell bodies. Digital images were analyzed

60 C. Sections were rinsed in distilled water and treated with 0.05%

using FV10-ASW 3.1 Viewer (Olympus) and the ImageJ (National

gold chloride for 2 min. Finally, the sections were rinsed and incubated

Institutes of Health [NIH], Bethesda, MD) software.

in 2.5% sodium thiosulfate (Merck) for 2 min. Tissue was postfixed in

Immunolabeled profiles of the different protein markers examined

2% OsO4 and flat embedded in Embed 812.

were then manually counted on a screen for each MN soma. In axotomy

For postembedding immunogold analysis, lumbar spinal cords

experiments, we only analyzed cell bodies located in the pes 9 region of

were sectioned at 200 μm using a McIlwain Tissue Chopper (Mickle

the lumbar 6 spinal cord segment, which corresponds to the sciatic

Laboratory Engineering, Gomshall, UK). After glycerol cryoprotection,

motor column (Watson, Paxinos, Kayalioglu, & Heise, 2009). The pool of

samples were plunged rapidly into liquid propane (−184 C) cooled by

axotomized MNs was identified by their close interaction with recruited

liquid nitrogen and processed for freeze substitution, using a Leica

Iba1-stained microglial cells. The intensity of microgliosis was evaluated

EM system (Leica Microsystems, Wetzlar, Germany). Tissues were low

by analyzing the percentage of either MN perimeter covered by

temperature embedded in Lowicryl HM20 resin (Electron Microscopy

microglia or the neuropile area adjacent to MNs occupied by microglia.

Sciences), following a protocol similar to that described elsewhere

The expression of CD68 in microglia was measured as the percentage of

(Rubio & Wenthold, 1999). Ultrathin sections were collected using an

the area of CD68-positive puncta with respect to Iba1-positve profiles.

Ultracut UC6 ultramicrotome (Leica) and picked up on formvar-coated

The complexity of microglial branching was calculated as the number of

nickel grids. They were washed in PBS and in 50 mM glycine, and then

triple-point branches after analysis of the skeleton using ImageJ software

blocked in 5 and 1% BSA. Sections were incubated for 1 hr with anti-

(AnalyzeSkeleton [2D/3D] from http://imageJ.net/AnalyzeSkeleton) in

phospho-mixed lineage kinase domain-like protein (MLKL; 1:10) at

3D projected images of iba1-immunostained cells. The number of affer-

room temperature. After being rinsed in 0.25 Tween 20, they were

ent synaptic boutons contacting MNs was evaluated on synaptophysin-

blocked in 1% BSA and incubated in 12 nm gold-conjugated goat anti-

immunolabeled sections after tracing a line along the periphery of the cell

rabbit IgG (1:30, Sigma-Aldrich, St. Louis, MO), for 30 min at room

soma and manually counting the number of pixel profile picks. The

temperature. After being washed in PBS and distilled water, sections

colocalization of presynaptic markers with the other proteins that were

were counterstained with uranyl acetate and lead citrate. All observa-

examined was evaluated after pixel profiling around a line traced at the

tions were performed on a transmission electron microscope JEOL

periphery of the MNs using the ImageJ plugin developed by Pierre

JEM 1010 (Akishima, Tokyo, Japan).

Bourdoncle (bourdoncle@ijm.jussieu.fr).

2.4
2.3

|

|

Statistical analysis

Electron microscopy
The data were expressed as the mean ± SEM. The statistical analy-

Animals were perfused with either 2% PFA and 2% glutaraldehyde in PB

sis was assessed by a Student's t test, or by one- or two-way analy-

(for conventional electron microscopy [EM]) or 4% PFA and 0.1% glutar-

sis of variance followed by the post hoc Bonferroni's test. The level

aldehyde in PB (for ultrastructural immunolabeling). Dissected tissues

of significance was established at p ≤ .05. GraphPad Prism 6 soft-

were postfixed for 24 hr, at 4 C, in the same fixative solution. The sam-

ware was used for statistical analysis and graph presentation

ples were sectioned at 200 μm using a vibratome and postfixed with 1%

of data.

OsO4 for 2 hr, and then contrasted with 0.5% uranyl acetate for 30 min;
all these procedures were conducted at 4 C. After that, the samples
were processed for Embed 812 (Electron Microscopy Sciences, Hatfield,

3
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PA) according to standard procedures. Ultrathin sections were counterstained

with

Reynold's

lead

citrate.

For

Iba1

ultrastructural

3.1

|

Microglial recruitment to axotomized MNs

immunolabeling with the preembedding procedure, 50-μm-thick
vibratome sections were blocked in a solution containing: 10% BSA and

Twenty four hours after nerve transection, Iba1, a pan-marker for

0.02% saponin in PBS, for 1 hr, prior to incubation with goat polyclonal

both resting and activated microglia (Ito et al., 1998), revealed a

anti-Iba1 antibody (diluted 1:500 in 10% BSA/PBS containing 0.004%

noticeable accumulation of these cells in areas of the spinal cord sur-



saponin), at 4 C, for 2 days, and washed five times in 1% BSA/TBS (3

rounding injured MNs. Recruited microglia extended large filopodia,

× 1 min and 2 × 10 min). The sections were then incubated for 2 hr with

which tended to contact MN surfaces, and increased in number and

a secondary anti-goat biotinylated antibody (1:100, Vector Laboratories)

complexity from 1 to 7 days after axotomy (Figure 1a–e,o–q). More-

and visualized using Vectastain Elite ABC (Vector Laboratories), followed

over, microglial morphology evolved from an amoeboid-like pattern,

by incubation in a 0.05% 3,3-diaminobenzidine /0.01% H2O2 mixture. In

seen 1 day after axotomy, to a highly ramified form 7 days post-

some cases, peroxidase reactive sites were subjected to silver

axotomy (Figure 1q). Double labeling for Iba1 and the lysosomal-
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F I G U R E 1 Microglial
recruitment and activation
around motor neuron
(MN) somata after sciatic nerve
axotomy. (a–e) Spinal cord
sections displaying Nissl stained
axotomized MN pools (blue) in
combination with both Iba1 (red,
as a general marker of microglia)
and CD68 (green, for detection of
lysosomes in activated microglia).
Representative images taken on
Days 0, 1, 3, 7, and 15 (numbers
in yellow) after lesion are shown.
(f–j) Details of size and
distribution of CD68-positive
particles in individual
Iba1-positive microglial cells are
shown after 0, 1, 3, 7, and
15 days postaxotomy (numbers in
yellow). (k–n) In recruited
microglial cells,
Iba1-immunolabeling (red)
colocalizes with TMEM119
(green), as shown. (o–q)
Quantification of MN surface
occupancy by microglial cell
processes, ratio of Iba1/CD68
occupied area (p), and complexity
of microglial processes measured
as a number of triple-point
branches (q) at different times
after axotomy. Data in graph are
shown as mean ± SEM, from 9 to
14 MNs (o,p), and 1,900–2,300
microglial branches (q), from nine
mice, in projected Z-stacks;
*p < .05; **p < .01; ***p < .001;
****p < .0001, one-way analysis
of variance (ANOVA),
Bonferroni's post hoc test. Scale
bars: e = 20 μm (valid for a–d);
j = 10 μm (valid for f–i);
n = 10 μm (valid for k–m) [Color
figure can be viewed at
wileyonlinelibrary.com]

associated protein CD68, which is present in phagocytic cells

this period; in fact, the opposite occurred: microglial mobilization was

(da Silva & Gordon, 1999), demonstrated that once recruited, micro-

observed to increase until 7 days after lesion (Figure 1o). Microglia

glial cells displayed significant phagocytic activity in very close prox-

enwrapping axotomized MNs displayed positive TMEM119 immuno-

imity to axotomized MN cell bodies (Figure 1f,j). The number of

staining (Figure 1k–n), a specific marker of resident adult microglia,

CD68-positive particles within the microglial cytoplasm was observed

which is absent in peripheral macrophages (Bennett et al., 2016).

to be already increased at 1day postaxotomy and reached their maxi-

Whereas recruited microglial cells did not express activation markers

mum number 3 days postlesion, before a subsequent decline (Figure

such as CD11c or Mac-2 (not shown), they exhibited other features

1p). The reduction in the number of CD68 particles found at 7 and

indicative of an inflammatory response. For example, these cells were

15 days after surgery did not entail a decrease in microgliosis during

coated by endogenous IgGs, probably as a consequence of the local

6
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disruption of the blood brain barrier, and of the increased expression

aberrant activation of this mechanism may account for synaptic

of Fc receptors at the microglial membrane (Supplementary Figure

destruction in neurodegenerative diseases (Hong et al., 2016; Schafer

1a–c). This finding is in agreement with previous observations (Liu,

et al., 2012; Stevens et al., 2007). We therefore wondered whether

Aldskogius, & Svensson, 1998). In addition, the component of the

unwanted synaptic boutons on axotomized MNs could also be tagged

classic complement pathway C1q was also notably upregulated in the

by complement before loss. C1q immunoreactivity was analyzed for

recruited perineuronal microglia as early as 24 hr after axotomy, with

its colocalization with the general presynaptic protein marker syn-

a further and transient increase at 7 days postlesion (Figure 2a–i). C1q

aptophysin. At the peak of C1q immunoreactivity, 7 days post-

mediates synapse elimination during normal development and the

axotomy, there was partial colocalization (Pearson's correlation

F I G U R E 2 C1q expression is
upregulated during microglial activation
and recruitment that occurs in the vicinity
of axotomized motor neurons (MNs). (a–
e) Spinal cord MNs are visualized with
fluorescent Nissl staining (gray) in
conjunction with C1q- (green) and
Iba1-immunostaining (red) at different
times after axotomy, as indicated
(d = days). (f) Detail of recruited microglial
cells adjacent to 1-day-axotomized MN
soma (delimited by a dotted line); the
boxed area is shown at a higher
magnification in split and merged green
and red channels (VAChT is shown in
blue). (g) Quantification of the intensity of
C1q fluorescence in Iba1-positive profiles;
data are shown as mean ± SEM; **p < .01,
and ***p < .001 versus 0 days (control;
Student's t test; n = 4–7 mice per
condition). (h,i) C1q-immunoreactivity
(green) partially colocalizes with afferent
synaptophysin-immunostained synaptic
boutons (red, Synphys) surrounding a
7-day-axotomized MN (visualized by Nissl
staining, gray); the colocalized pixels are
depicted in white in the enlarged panel.
Scale bars: e = 40 μm (valid for a–d); (f)
and enlarged boxed area = 10 μm;
i = 20 μm (valid for h) [Color figure can be
viewed at wileyonlinelibrary.com]
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coefficient = .28) between C1q and the synaptophysin signal at the

accumulation of large endocytic-like, or autophagosomal-like, vesicles

surface of the MN cell bodies (Figure 2h,i).

was found, irrespective of the synapse subtypes, at all the time-points
examined (1–15 days postlesion).
Due to the synapse detachment and loss, large areas of MN

3.2

|

Loss of synaptic inputs on axotomized MNs

plasma membrane were devoid of presynaptic terminals. The widened
extracellular space surrounding MN cell bodies contained a consider-

The loss of afferent synapses on MNs, induced by peripheral axotomy,

able amount of free vesicular-like particles (Figure 3b and Supplemen-

was assessed after quantification of presynaptic synaptophysin pun-

tary Figure 4a–f). The accumulation of extracellular vesicles (EVs) was

cta on the periphery of lesioned MN somas (Supplementary Figure

particularly prominent near MN surfaces denuded of synaptic termi-

2a–d). The number of synaptophysin-positive spots per 100 μm of

nals, suggesting that they resulted from the disruption of synaptic

MN perimeter was: control = 162.4 ± 2.74, and 7 days postaxotomy =

boutons. This was confirmed by examining the ultrastructural changes

87.03 ± 2.2 (mean ± SEM, n = 85 and 109 measurements, respectively,

in synaptic boutons at early stages of the disruption (24 hr after nerve

from three animals; p < .0001). This agreed with the reported data

injury). At this time-point, some afferent boutons undergoing cellular

which refer to the loss of about 50% of presynaptic terminals during

membrane rupture leading to the release of intracellular vesicular

the first week postaxotomy (Oliveira et al., 2004). We next evaluated

components to the extracellular space were observed (Figure 3c–e).

the impact of the pharmacologically induced reduction of the micro-

The EVs displayed a marked variability in size, ranging from 100 to

glial cell population on MN synaptic loss after nerve transection. To

2,000 nm (Figure 3g), and a great diversity of shapes. However, they

do this, we orally administered the selective CSF1R inhibitor PLX5622

were usually circular in appearance and exhibited either unilamellar or

(Elmore et al., 2014). The recruitment of microglia on the periphery of

multilamellar organization (Figure 3f and Supplementary Figure 4d–f).

MN somata at 7 days postaxotomy was also substantially reduced by

As expected, recruited microglial cells were seen adjacent to injured

PLX5622

=

MNs, and EVs were also abundant near the surface of some of these

25.98 ± 1.03 [n = 43], and axotomy + PLX5622 = 10.53 ± 0.61 [n

glial cells (Supplementary Figure 4c). Overall, these alterations

= 22]; p < .0001; from six control and four PLX5622-treated animals).

affected S and F synaptic types at a similar degree, although C-

In parallel, the effects of PLX5622 treatment on MN synapse loss

boutons appeared to be reluctant to the acute disruption.

(percentage

of

microglial

occupancy:

axotomy

were quantified after synaptophysin immunostaining, resulting in a

Many remaining synaptic terminals displayed remarkable changes

moderate (10%) increase in the number of synapses that remained

in the distribution and size of their vesicles and endocytic-

after 7 days of peripheral nerve injury. The number of synaptophysin

autophagosomal like vacuolar structures. This was found at all time-

positive spots per 100 μm of MN perimeter was: axotomy =

points examined (1–15 days postlesion) and irrespective of the

87.03 ± 2.2 (n = 109), and axotomy + PLX5622 = 95.57 (n = 173),

synapse subtypes. During microglial recruitment, some Iba1-labeled

from three animals (p < .001).

microglial end-foot profiles contacted still well preserved, but partially

We next analyzed the organization of synaptic terminals con-

detached, presynaptic boutons (Figure 4a–i); in this case, the nerve

tacting the surface of normal and injured (axotomized) MN cell bodies

terminals usually exhibited an abnormal accumulation of vacuoles

of adult mouse by transmission EM. In intact MNs, almost the entire

regionally segregated from the areas in where the synaptic vesicles

surface of the cell bodies and their proximal dendrites was covered by

accumulated (Figure 4h,i). Other microglial profiles appeared adjacent

densely packed synaptic terminals and cellular processes separated by

to extracellular multilamellar bodies. Many structurally preserved

a very narrow cleft (20 nm wide) of extracellular space (Figure 3a).

nerve terminals, which withstand the acute (1–3 days) lytic disruption,

Applying the classical morphological criteria previously established

exhibited an abnormal accumulation of multivesicular bodies (MVBs),

(Bodian, 1975; Conradi, 1969), it was possible to recognize the S, F, C,

and endocytic and double-membrane bounded autophagosomal-like

and M types of afferent bouton (Supplementary Figure 3a–e). This

structures. This suggests that an imbalance in the turnover of synaptic

arrangement was noticeably altered as a consequence of peripheral

vesicles occurs prior to full synaptic degeneration seen at more

nerve transection.

advanced stages postlesion). Figure 5a–c, shows a striking example of

In contrast to the normal organization of synaptic afferents con-

Iba1-labeled microglia, taken 7 days after axotomy, exhibiting a con-

tacting MN surface, early (1–3 days) after lesion, a conspicuous detach-

tinuous sequence of early interaction, and posterior engulfment and

ment of the presynaptic membrane from its postsynaptic counterpart

internalization of EVs near the surface of an axotomized MN. The

was observed in many nerve terminals (Figure 3a,b and Supplementary

panels in Figure 5d–h show vacuoles of identical morphology in differ-

Figure 4a–f). Additionally, the narrow extracellular space seen in normal

ent locations, including inside synaptic terminals, in the extracellular

CNS was found to be highly enlarged. When the presynaptic compart-

space and in double-membrane bounded intracellular microglial inclu-

ment was partially detached, axosomatic terminals maintained some

sions. This strongly suggests a sequential trafficking process from syn-

focal adherence to the MN surface at the puncta adherentia sites, which

apses to microglia by means of extracellular intermediaries. Several

are considered to be purely adhesive structures (Peters, Palay, & Web-

microglial processes, seen at 7 days postaxotomy, and extensive accu-

ster, 1976) (Supplementary Figure 4b). Many synaptic terminals, includ-

mulations of this type of vesicle are depicted in Figure 5i.

ing C-boutons, displayed noticeable changes in the distribution and size

The structural alterations in the postsynaptic regions facing dam-

of their synaptic vesicles and related vacuolar structures. An increased

aged presynaptic terminals were more difficult to assess and to
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F I G U R E 3 Ultrastructural analysis of the periphery of motor neuron (MN) cell bodies, adjacent synaptic afferents and cell structures in the
spinal cord. (a) Under noninjured conditions, MN somata (shaded in red) are densely covered by terminal afferent synaptic boutons (shaded in
green), with a narrow extracellular space. (b) Twenty-four hours after axotomy, the extracellular space (shaded in yellow) is widened and synaptic
terminals (green) are markedly detached from the MN surface (red); in addition, a number of extracellular membrane-bound vesicles (arrows) can
be seen “floating” in the extracellular space. (c) A nerve terminal afferent (green) contacting an MN dendrite (red) displaying a rupture of the
presynaptic membrane and release of vesicular elements to the extracellular space (yellow), 24 hr after axotomy; the area delimited by the dashed
rectangle is shown enlarged in (d), in which the points of rupture of presynaptic membrane are indicated with arrows; vesicles captured during
their release to the extracellular space can be seen (red *); blue * indicates a large vesicle still remaining intracellularly. (e) A drawing based on
image shown in (c), in which the process of rupture and release of extracellular vesicles (EVs) is more clearly depicted (SVs, synaptic vesicles; Vac,
presynaptic vacuolar formation; dashed red lines indicate the sites of membrane disruption). (f) A detail of extracellular vesicles which are
accumulated near MN surface 24 hr after axotomy, showing their pleomorphic appearance ranging from unilamellar (*) to multilamellar (arrow)
organization. (g) Frequency distribution histogram of diameter of EVs that were accumulated at the perineuronal space adjacent to MN surface
(n = 203 EVs), 24 hr after axotomy. Scale bars: (a) and (b) = 1 μm; (c), (d), and (f) = 500 nm [Color figure can be viewed at wileyonlinelibrary.com]

segregate from the broad cytoplasmatic organelle changes character-

was observed. This was sometimes found in close relation to altered

istic of chromatolytic neurons. However, in dendritic shafts, which are

axodendritic boutons and microglial processes.

more restricted cytoplasmic regions adjacent to presynaptic terminals,

At 7 days after axotomy, the MN surface was notably depleted of

an abnormal accumulation of vacuolar and phagosome-like structures

synaptic boutons, and the surrounding extracellular space was largely
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F I G U R E 4 Ultrastructural analysis of the interactions of Iba1-immunostained microglial profiles (shaded in blue) with synaptic afferents
(shaded in green) on motor neuron (MN) cell bodies (shaded in red) 7 days postaxotomy. (a) Microglial processes in close proximity to altered
synaptic boutons and a widened extracellular space (shaded in yellow) are depicted. (b) A higher magnification detail of a synaptic bouton
(delimited by a dotted square) in (a) containing clustered synaptic vesicles in the active zones (sv), normal mitochondria (m) and abnormal
concentrically arranged membranes of presumably endocytic origin (*). (c) Microglial cell processes (blue) interacting with altered and disrupted
presynaptic boutons (green) on a 7-day-axotomized MN (red). (d) A higher magnification view of the corresponding area delimited in (c) showing a
complex multilamellar body located near the MN surface and in close contact with a microglial process, presumably derived from a disrupted
presynaptic bouton. (e) A detail of a partially detached presynaptic terminal contacted by microglial processes (which is delimited in (c)), showing
abnormal accumulation of endocytic-like vesicles (*), enlarged in (f); m = mitochondria. (g,h) Microglial processes (blue) contacting an altered
afferent synaptic bouton (green) at the surface of MN cell bodies (red). (i) A detail of the area delimited in (h) showing an abnormal accumulation
of membranous structures (*) in the region in which the synaptic terminal is closest to the microglial end-foot process; note the normal clustering
of synaptic vesicles in the zone contacting the postsynaptic MN. Scale bars: a = 2 μm, b = 1 μm, c = 2.5 μm, d and e = 1 μm, f = 500 μm, g = 1 μm
(valid for h), and i = 500 nm [Color figure can be viewed at wileyonlinelibrary.com]

expanded. Additionally, microglial cells recruited to the vicinity of

at a lower density than that observed at 1–3 days postaxotomy. Many

MNs, emitted processes that contacted to some of the remaining

of the remaining axosomatic terminal boutons displayed a variety of

axosomatic synaptic boutons or to the synaptically denuded MN sur-

involutive changes. These included: global darkening, the clumping of

face (Figure 5j). EVs were also present in the perineuronal space, but

synaptic

vesicles,

and

the

accumulation

of

endosomal-

or
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F I G U R E 5 Ultrastructural analysis of the interactions of microglial cell bodies (shaded in blue) with motor neuron (MN) cell bodies (shaded in
red) 7 days after axotomy. (a) Extracellular multilamellar bodies and vesicles (*) are seen interposed between an Iba1-immunostained microglial
cell and an axotomized MN cell body; note that extracellular membranous structures appear in sites that would normally be occupied by
presynaptic boutons on an uninjured MN soma. This suggests that the extracellular material came from disrupted synaptic terminals. (b,c)
Extracellular vesicles interact with microglial cell surfaces and undergo a process of enwrapping (b, [a high magnification detail of the indicated
region in a]) and engulfment; in (c) there is a sequence of early contacts leading to a final engulfment (shown by the arrows). (d) A microglial cell
profile (blue) covering the surface of an axotomized MN cell body (red), which appears to be completely denuded of synaptic terminals; note the
presence of abundant double-membrane endocytic/phagocytic inclusions inside the microglial cytoplasm (detailed in e). (g,h) An example of a
microglial process (blue) close to an axotomized MN cell body (red); microglia interact with a single-membrane-bounded extracellular vesicle
(black *) and contain a double-membrane vesicular inclusion (red *), presumably resulting from extracellular vesicle endocytosis (g). The microglial
nature of the processes containing a double-membrane bounded inclusion (red *) is demonstrated by Iba1 ultrastructural immunolabeling (h). (i) A
microglial cell process (blue) interacting with a surface of an axotomized MN cell body (red), which is depleted of afferent synaptic terminals; note
the abundance of double membrane-bounded inclusions (enlarged in (f)), presumably resulting from phagocytosis of EVs. (j) A microglial cell (blue)
covering large areas of an axotomized MN surface (red) depleted of synaptic afferents (only a few of them remain, shaded in green); the microglial
cell displays few phagocytic inclusions and a cytoplasmic organization suggestive of a less activated state. The extracellular space found in some
panels is shaded in yellow. Scale bars: (a, c, d, and i = 1 μm; b) 250 nm; (e–h) = 500 nm; and (j) = 2.5 μm [Color figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 6 Changes in the organization of afferent synaptic terminals on motor neuron (MN) surfaces at 15 days postaxotomy. (a) An MN cell
body displaying a wrinkled nucleus (light blue) and several detached synaptic terminals (green) with a widened extracellular space (yellow).
(b) Another area of an axotomized MN (red) covered by altered synaptic boutons (green, detailed in d) interacting with a recruited microglial cell
(blue); note that the microglial cell cytoplasm is devoid of endocytic/phagocytic inclusions, which is suggestive of a resting state. (c–f) Details of
structural alterations observed in afferent synaptic terminals on a 15-day-axotomized MN; partial detachments of presynaptic and postsynaptic
membranes (black asterisks), synaptic vesicles (sv) and mitochondria (m). Double-membrane encircled-endocytic-like structures are indicated by
red asterisks. A multivesicular body (blue, *) is shown in (c); the accumulation of highly folded intracellular membranes (c, arrows). (e) An
accumulation of phagosome/lysosome inclusions (arrows). (f) An example of abnormally clustered and densely packed synaptic vesicles (sv) is
depicted in terminal 1, in conjunction with an endocytic-like vacuole; compare with the less clustered arrangement of synaptic vesicles (sv) in
terminal 2, which also shows a multivesicular body (arrow), a double-membrane containing endocytic-like vesicles (*), and several mitochondria
(m). (g) A control afferent synapse containing round synaptic vesicles (sv) clustered at the active zone (arrow); m = mitochondria. (h,i)
Quantification of the number of endocytic/autophagosome-like vacuoles (h) and multivesicular bodies (MVBs, i) in synaptic terminals contacting
15-day-axotomized MN bodies. Data are presented as mean ± SEM; *p < .05, and ***p < .001 versus Ctrl, Student's t test; n = 52–73 terminals
from two animals per condition. Scale bars: a = 5 μm, b = 2 μm, and c–g = 1 μm [Color figure can be viewed at wileyonlinelibrary.com]
autophagosomal-like vacuoles, as well as MVBs containing distinctive

axotomized MN cell bodies. These areas were completely devoid of

intraluminal vesicles.

synaptic terminals and displayed a narrow gap between the neuronal

Moreover, at 15 days after axotomy, recruited microglial cells
were often seen covering extensive areas of the surface of

and microglial cell membranes, similarly to that occasionally seen at
7 days postaxotomy (Figure 5j).
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It is known that axonal interruption in adult rats does not entail

These dying neurons were usually spatially related with altered micro-

MN death, as occurs in young rats. In contrast, in adult mice, there is a

glial cells showing extensive vacuolation, and distended ER and

slow loss of axotomized MNs in association with exacerbated micro-

perinuclear spaces, which are signs of cellular stress (Bisht

gliosis (Kiryu-Seo, Gamo, Tachibana, Tanaka, & Kiyama, 2006;

et al., 2016).

Yamada, Nakanishi, & Jinno, 2011). In concordance with these obser-

At

15 days

postlesion, axotomized

cell

bodies

displayed

vations, we occasionally found some MNs that displayed a completely

hyperconvoluted nuclei (Figure 6a) and a reduced number of afferent

disrupted ultrastructural organization (Supplementary Figure 5a,b).

synaptic terminals exhibiting a variety of structural alterations:

FIGURE 7

Legend on next page.
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detachment from the postsynaptic membrane, and a conspicuous

cell bodies, were depleted at points in which phospho-MLKL-positive

accumulation of endosome and autophagosome-lysosome-like inclu-

particles accumulated (Figure 7m–o). This is consistent with the

sions. Some terminals appeared to be clearly degenerated, appearing

assumption that phospho-MLKL-positive particles are derived from

dark in color and with clumped synaptic vesicles (Figure 6b–i).

disrupted synaptic terminals. This was further corroborated by in situ
localization of phospho-MLKL by means of postembedding immunogold EM. A selective labeling of vacuoles in presynaptic bouton con-

3.3 | Activation of the necroptotic pathway is
involved in synaptic disruption on axotomized MNs

tacting MNs and in EVs located near MN surfaces was noticed (Figure
7p–q). Negligible labeling was observed in control sections after omitting the primary antibody. A positive immunofluorescence signal was

Necroptosis is a regulated form of caspase-independent cell death

also detected in the nuclei of neuronal cells both in control and

that is mediated by receptor-interacting protein kinase 3 (RIPK3) and

axotomized conditions; although it is known that MLKL can translo-

MLKL. In this type of programmed cell death, a rupture of cellular

cate to the nucleus during necroptosis (Yoon, Bogdanov, Kovalenko, &

membranes occurs leading to the release of intracellular components;

Wallach, 2016, this aspect, was not further explored in our context.

phosphorylation of MLKL by RIPK3 and its targeting to cell membranes is directly involved in the disruption of membrane integrity
(Gong, Guy, Crawford, & Green, 2017; Grootjans, Vanden Berghe, &
Vandenabeele, 2017; Wang et al., 2014). Broken plasma membrane
may determine the formation of “bubbles” at the cell surface and the
secretion of necroptotic EVs (Gong, Guy, Olauson, et al., 2017; Raden,

3.4 | Identification of EV protein markers in
association with an inflammatory response and
synaptic disruption adjacent to axotomized MN cell
bodies

Shlomovitz, & Gerlic, 2020). Interestingly, all these events fit very well
with the ultrastructural observations we made during early stages

EM analysis revealed that synaptic damage and local microglial

(1–3 days) of afferent synapse acute disruption in axotomized MNs.

recruitment, occurring near axotomized MNs, involved the generation

For this reason, we explored, by immunolocalization of phospho-

and probable transcytosis of EVs. We therefore further explored

MLKL (Figure 7a–l), whether the activation of the necroptotic path-

whether any of the already identified proteins enriched in EVs, other

way is involved in central synapse loss on injured MNs. In fact, a

than necroptotic EVs (Raden et al., 2020), were locally accumulated

monoclonal antibody against phospho-MLKL has been used as spe-

during this form of aseptic neuroinflammation. According to the

cific immunocytochemical marker for necroptosis in human diseased

ExoCarta database (http://www.exocarta.org), which catalogs molecu-

tissue (Wang et al., 2014). Using the same antibody, a positive

lar EVs components, we used antibodies against CD9, CD63, flotillin,

phospho-MLKL immunoreactivity was detected near the surface of

and PDC6IP-Alix in order to explore their presence in the ventral horn

axotomized MNs early (24 hr) after peripheral nerve injury; this was

of the spinal cord during the neuroinflammatory response. Tissue

not seen in control noninjured MNs. The phospho-MLKL signal was

samples were taken from mice at 7 days after sciatic nerve transec-

noticed in form of small puncta clustered at discrete regions of MN

tion. Each EV marker was combined with Iba1 and VAChT

surface and closely related to processes of reactive microglia (Figure

immunolabeling to simultaneously visualize microglia and cholinergic

7a–l). When individual sections of confocal z-stacks were analyzed in

synaptic profiles. In some cases, either the general synaptic bouton

detail, it was noticed that many phospho-MLKL positive puncta were

marker SV2 or synaptophysin was used instead of VAChT.

located in the narrow gap interposed between microglial and neuronal

CD9, a member of tetraspanin family, is the protein most fre-

cells. Synaptophysin-positive puncta, which normally surround MN

quently identified in exosomes. Small CD9-positive profiles were seen

F I G U R E 7 Activation of the necroptotic protein effector phospho-MLKL near the surface of injured motor neuron (MN) cell bodies and
dendrites, 24 hr after axotomy. (a–d) In noninjured MN cytoplasm, phospho-MLKL-immunoreactivity (green) is weak; only a positive signal is
detected in nuclei; some Iba1-positive microglial profiles (red) can be observed; MN somata were visualized by fluorescent Nissl staining (gray).
(e–h) Twenty-four hours after axotomy, clusters (delimited by arrows) of phospho-MLKL-positive particles (green) can be observed near the
surface of injured MN cell bodies. Recruited Iba1-positive microglial cell profiles (red) are seen in a close relationship with clustered phosphoMLKL-positive particles (green); MN somata are visualized with fluorescent Nissl staining (gray). (i–l) Clustered phospho-MLKL-positive particles
(green) are seen at a site enwrapped by a recruited Iba1-positive microglial cell (red), which is located on a dendrite of an MN (delimited by
dashed line on a fluorescent Nissl stained image, gray) 24 hr postaxotomy; a detail of the distribution of Iba1 and phospho-MLKL is shown in the
enlarged inset in (l). (m–o) Clusters of MLKL positive particles (green), adjacent to the surface of a MN soma 24 hr postaxotomy, are interposed
between the still remaining synaptophysin positive puncta (red), indicating that activated MLKL was associated to sites with disrupted synaptic
boutons. The absence of colocalization of both phospho-MLKL-positive and synaptophysin-positive puncta is shown in the pixel intensity profile
(o) obtained along the line drawn in (n). (p) Postembedding immunogold localization of phospho-MLKL at the membrane of extracellular vesicles
(red *) interposed between an axotomized MN (red) and a microglial cell (blue); a synaptic terminal (green) displaying some labeled vacuoles (blue
*) is also seen; extracellular space is shown shaded in yellow. The area delimited by dashed line in (p) is shown enlarged in (q), in which gold
particles are more clearly visible in association with the membrane of EVs (arrows). Scale bars: (h) = 20 μm (valid for a–g), (k) = 20 μm (valid for i–l),
(m) = 10 μm, (p) = 200 nm, and (q) = 100 nm [Color figure can be viewed at wileyonlinelibrary.com]
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inside MN cytoplasm and also scattered in the adjacent neuropile

boutons (Figure 8b,e,f). In addition, CD9-positive particles were

(profile diameter = 0.53 ± 0.01 μm, n = 163) (Figure 8a). A slight

noticed attached to the surface of processes of microglial cells rec-

CD9-positive signal was also present in VAChT-labeled cholinergic

ruited near axotomized MN cell bodies (Figure 8c,d). An ultrastructural

afferent terminals. However, after axotomy, there was a notable accu-

examination of C boutons on 7-day-axotomized MNs showed

mulation of CD9-immunoreactive particles in association with cholin-

increased pleomorphism in their synaptic vesicular content; this

ergic terminals, but not with any of the other afferent synaptic

included an accumulation of large double-membrane bounded vesicles

FIGURE 8

Legend on next page.
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(Figure 8g–j), which presumably corresponded to the CD9-positive

of spinal cord tissue, Alix-immunoreactivity was detected in the form

puncta observed under the confocal microscope.

of small particles distributed within the MN cytoplasm; the particles

CD63 is another protein belonging to the tetraspanin family

delineated subdomains that probably represent intracellular mem-

which is enriched in EVs and has been used in the characterization of

brane compartments such as ER or Golgi areas. In addition, the anti-

EV subtypes and found in neuronal exosomes (Kowal et al., 2016;

body used strongly detected intranuclear inclusions, which probably

Men et al., 2019). In control MNs, CD63 immunostaining revealed a

corresponded to nuclear speckles; we suggest that this localization

perinuclear punctate pattern that was reinforced at the MN periphery

could have been due to an unspecific cross reaction of the antibody

(Figure 9a). Overall, the CD63-positive puncta were more abundant

used. This pattern of MN immunostaining did not change very much

and larger than the CD9 positive particles (diameter: 0.71 ± 0.01 μm,

in the axotomized MNs that were covered by microglial cell processes

n = 993). Axotomized MNs (7 days after nerve transection) showed an

(Supplementary Figure 7a,b).

increased number of CD63 puncta surrounding their injured somata;
they were otherwise covered by recruited microglial cells (Figure 9b–
f). In sharp contrast to the CD9 immunostaining, no association of
CD63-positive particles and afferent cholinergic terminals was

3.5 | Altered distribution of Rab GTPase proteins
in MNs and microglia after axotomy

observed. However, when CD63 immunolabeling was combined with
SV2 immunostaining, it was possible to observe a close relationship

The Rab GTPase family of small-molecular-weight proteins comprises

between CD63 puncta located at the MN surface and axosomatic

more than 60 gene products, with most of its members playing a role

synaptic terminals (Supplementary Figure 6a,b).

in vesicular trafficking in eukaryote cells (Zerial & McBride, 2001).

Flotillin is another protein often used as an exosomal marker

They are also critically involved in the regulation of the synaptic func-

which has been detected in all types of EVs, baring or not tetraspanins

tion at presynaptic and postsynaptic sites (Mignogna & D'Adamo,

(Baietti et al., 2012; Kowal et al., 2016). Flotillin is associated with

2018). Taking into account the dramatic changes that occur in the

“lipid rafts,” which are membrane subdomains that are enriched in

structural organization of the synaptic vesicular compartment

cholesterol and sphingolipids and also localized in human neuronal cell

observed in the synaptic terminals of axotomized MNs by EM, we

bodies (Bickel et al., 1997; Girardot et al., 2003). It has also been

used immunocytochemistry to analyze whether the localization of

shown that flotillin is involved in recycling the vesicle-mediated traf-

some of the Rab-GTPase proteins in MNs and adjacent cells changed

ficking of synaptic proteins and synaptogenesis (Bodrikov, Pauschert,

as a consequence of axotomy. Antibodies against Rab 4, 5, 7, 8A,

Kochlamazashvili, & Stuermer, 2017). In spinal cord MNs, we noted

9, and 10 were used in sections of spinal cord taken from mice 3 or

that flotillin immunostaining displayed a particulate pattern (diameter

7 days after sciatic nerve axotomy. Ventral horn MNs from both the

profile: 0.59 ± 0.01 μm, n = 424). In axotomized cell bodies with

ipsilateral (lesioned) and contralateral (control) sides were examined,

extensive microglial covering, flotillin-positive particles were seen to

after triple fluorescent immunostaining, for the simultaneous identifi-

accumulate on the surface of neuronal cell bodies and, in particular, at

cation of each Rab protein. This was performed in combination with

the microglia-neuronal interface (Figure 9g–l).

Iba1 and VAChT, which were, respectively, used as microglial and cho-

Another abundant component in the exosome proteome is

linergic synapse markers.

PDC6IP-Alix, a protein originally identified in relation to the apoptotic

Rab4-immunoreactivity revealed a pattern in the form of small

signaling pathway and later found to be connected to endocytic mem-

particles scattered within the MN cell bodies, with no overt

brane trafficking and exosome formation (Odorizzi, 2006). On sections

changes being found after axotomy. The Rab4 signal was, however,

F I G U R E 8 CD9-immunoreactive puncta accumulate into VAChT-positive synaptic afferents (C-boutons) on motor neurons (MNs) at 7 days
postaxotomy; CD9-positive particles also interact with recruited microglia. (a) A control MN cell body (delimited by a dotted line) displaying VAChTpositive synaptic terminals (blue, arrowed) and faint CD9-positive puncta (green); arrowed synapses are shown at higher magnification in the
neighboring panels (a). (b) A 7-day-axotomized MN (delimited by a dotted line) displaying VAChT-positive synaptic terminals (blue, arrowed) and
faint CD9-positive puncta (green); arrowed synapses are shown at higher magnification in the right-hand panels (b); note the increase in size and
number of CD9 particles compared to the control. (c) Microglial cells (Iba1 immunostained, red) recruited in close proximity to a 7-day-axomized MN
(delimited by a dotted line) interact with CD9-containing particles (encircled), as shown at higher magnification in the right-hand panel (c).
(d) Another example of an axotomized MN showing recruited microglia (red) contacting CD9-positive particles (green, encircled). (e) Pixel intensity
(arbitrary units [a.u.]) profile along a line (yellow) traced on the VAChT-positive synapses (blue) contacting MN surface, in order to simultaneously
analyze CD9-immunoreactivity (green) as depicted; arrows point out the association between the CD9-signal and VAChT-positive peaks. (f)
Quantification of CD9 fluorescence intensity on VAChT-positive C-boutons on 7-day-axotomized MN. (g,h) Electron microscope micrographs
showing C-boutons on a control (g) and a 7-day-axotomized MN (h; synaptic terminals, shaded in green; MN cell body, shaded in red; and
postsynaptic subsynaptic cistern, shaded in blue and enlarged in the insets); abnormally large vesicular structures (*) and dilated SSC are seen after
axotomy in (h); m = mitochondria; (i,j) Quantification of the size (i) and shape (j, aspect ratio of vesicular membranous structures in C-boutons; data
are shown as mean ± SEM; *p < .05, ***p < .001, and ****p < .0001 versus Ctrl, Student's t test; n = 95–140 C-boutons (f)), and 262–351 C-bouton
synaptic vesicles (i,j) (two animals per condition). Scale bars: a = 10 μm (valid for b); enlarged areas from a = 2 μm (valid for enlarged areas from b);
c = 20 μm; enlarged area from c = 10 μm; d = 15 μm; and h = 1 μm (valid for g) [Color figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 9 (a–f) CD63-immunoreactivity in control and 7-day-axotomized motor neurons (MNs). (a) A control MN showing CD63-immunolabeling
in the form of abundant particles (green); no association is found with VAChT-positive synaptic terminals (blue). (b) After axotomy, many CD63-positive
particles (green) are seen interacting with microglial cells (Iba1-immnunolabeled, red) recruited at the MN surface; the boxed are is shown enlarged in
(c). (d–f) Pixel intensity (arbitrary units [a.u.]) profile along a line (yellow) traced along the periphery of the control and axotomized MN cell bodies,
showing the increase in CD63-positive particles postaxotomy. (g–l) Flotillin-immunoreactivity in control and 7-day-axotomized MNs. (g) A control MN
showing flotillin-immunolabeling in the form of abundant particles (green); no association is found with VAChT-positive synaptic terminals (blue).
(h) After axotomy, many flotillin-positive profiles (green) are seen in close proximity to microglial cells (Iba1-immnunolabeled, red) recruited at the MN
surface; the boxed area is shown enlarged in (i). (j–l) Pixel intensity (arbitrary units [a.u.]) profile along a line (yellow) traced along the periphery of the
control and axotomized MN cell bodies, showing the increase in flotillin-positive particles postaxotomy. Scale bars: e = 10 μm (valid for a, b, d);
c = 5 μm; k = 15 μm (valid for g, h, j); and i = 5 μm [Color figure can be viewed at wileyonlinelibrary.com]
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higher in the neuronal processes occupying the MN neuropile

been shown that Rab7 is required for the fusion between pinosomes

(including the MN axons), and this was substantially increased fol-

and lysosomes and for their size-based sorting (Chen et al., 2015). In

lowing axotomy. Similar results were found for Rab5 (Supplementary

sections of spinal cord, Rab7 displayed a noticeable punctate pattern

Figure 8a–d).

of immunoreactivity in the MN soma, under both control and

Rab7 is a factor which is recruited by nascent phagosomes and is

axotomized conditions. The size of the Rab7-positive particles was:

essential for their fusion with late endosomes and/or lysosomes

0.50 ± 0.01 μm (n = 220). Recruited microglia close to axotomized

(Bucci, Thomsen, Nicoziani, McCarthy, & van Deurs, 2000; Harrison,

MNs displayed a notable accumulation of Rab7-positive particles

Bucci, Vieira, Schroer, & Grinstein, 2003). In microglial cells, it has

(Figure 10a–c). It should be noted that Rab7-positive particles located

F I G U R E 1 0 Expression of Rab
GTPase proteins (green) in motor neurons
(MNs) and microglia (red) in a basal
condition and after axotomy, as indicated.
(a–c) Compared to control, Rab7-positive
particles accumulate in recruited
microglial cells adjacent to 3-dayaxotomized MNs, as depicted in the
enlarged boxed area in (c). (d–f) Abundant
small Rab8A-positive profiles are seen
inside microglial cells covering a 7-dayaxotomized MN; the area delimited by a
square is shown at higher magnification in
(f). (g–k) Numerous Rab10-positive
particles are mainly seen at the interface
between microglia and the soma of a
7-day-axotomized MN; the area delimited
by a square is shown enlarged in (i); (j,k)
corresponds to spliced green and red
channels from (h); the peripheral
distribution of Rab10-positive particles on
MN soma is clearly visible in (j). (l–o)
Illustrate the accumulation of
Rab10-positive particles inside microglia
covering the surface of a 7-dayaxotomized MN; an enlargement of the
boxed area is shown in (o). Scale bars:
h = 20 μm (valid for a, b, d, e, g, j, and k);
i = 5 μm (valid for c and f); n = 20 μm
(valid for l,m); and o = 5 μm [Color figure
can be viewed at wileyonlinelibrary.com]
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inside microglial cells were significantly larger than those present in

phagocytosis by microglia have also been reported. Our results in spi-

MN somata (1.13 ± 0.15 μm, n = 13, p < .0001).

nal cord, unambiguously demonstrate that a severe disruption of syn-

Rab8A has been shown to be enriched in macropinocytotic vesi-

aptic afferents to MNs occurs early after peripheral nerve

cles of activated macrophages (Wall et al., 2019). It has also been

transection in conjunction with prominent distant aseptic microglial

reported that Rab8A interacts with flotillin in the tubulovesicular

mediated neuroinflammation. In agreement with the description

recycling compartment (Solis et al., 2013). We found that Rab8A-

Blinzinger and Kreutzberg (1968), we observed that in advanced

immunoreactiviry was present in MN somata in the form of small pun-

stages of microglial migration toward axotomized MNs, large areas of

cta (diameter: 0.55 ± 0.01 μm, n = 209), under both control and

the MN cell body surface appeared to be completely devoid of synap-

axotomized conditions. Some postaxotomy-activated microglial cells,

tic contacts and the vacant spaces were occupied by flattened micro-

which interacted with MN somata, showed an accumulation of small

glial cells. In these areas, signs of synaptic degeneration were rarely

Rab8A-positive particles (Figure 10d–f). It is interesting to note that

visible. Nevertheless, this clearly contrasts with what occurs during

this location was highly comparable with the one that we found for

the early steps of interaction between recruited microglial cells and

flotillin in microglial cells after axotomy.

axotomized MN cell bodies and their synapses. The partial discor-

Rab10 has been identified as a novel protein which is predomi-

dance between observations could therefore have resulted from lim-

nantly localized in tubular endosomes (Etoh & Fukuda, 2019). As far

ited spatial and temporal sampling in different models of MN

as we know, no data have previously been published regarding Rab10

axotomy.

in microglia. Our findings relating to Rab10 after axotomy would seem

We observed that the way in which synaptic terminals are elimi-

to be of particular interest. Under control conditions, Rab10 was pre-

nated in the MN axotomy paradigm did not comprise their bulk

sent in the form of small, homogeneously distributed, dots (diameter:

engulfment by microglia. Instead of this, microglial cells internalize

0.49 ± 0.008, n = 543) within the MN soma, while no particular asso-

small membranous vesicular fragments arising from the disruption of

ciation was observed with microglial cells. Seven days after axotomy,

synaptic terminals, which, presumably, were previously primed by

the Rab10 particles migrated to the periphery of the MN cell body

their close proximity with microglial processes. It should be noted that

and many particles were also observed in association with microglial

processes from early recruited microglial cells postaxotomy preferen-

cells covering lesioned MNs (Figure 10g–o).

tially contacted presynaptic boutons rather than the MN surface.
Other microglial filopodia interacted with vesicular elements coming
from the disassembly of previously altered synaptic boutons.

4

|

DISCUSSION

The ultrastructural organization of the area adjacent to the surface of MN somata abruptly changes as soon as 24 hr after peripheral

During the developmental establishment of neuronal networks,

nerve transection. During this early acute alteration, some synaptic

microglia play a fundamental role via a process of activity-dependent

terminals exhibit a rupture of presynaptic membranes with the con-

synaptic pruning and remodeling in order to achieve a stable neural

comitant release of intracellular vesicles that further accumulate at

function and establish robust behavior. In adults, however, synaptic

the extracellular space. This overall picture fits well with a process of

loss is considered an early sign of various neurodegenerative condi-

necroptosis, and this was corroborated by the localization of the

tions, including MN diseases (Fogarty, 2019; Vukojicic et al., 2019). It

membrane-disrupting effector MLKL at sites where presynaptic termi-

has been suggested that a reactivation of synaptic elimination mecha-

nals degenerate and in neighboring EVs. Our negative results after

nisms similar to those operating during development may occur in

western blot analysis could be because only a proportion of MNs in

these disorders (Stephan, Barres, & Stevens, 2012). Accepting the

ventral horn belong to the axotomized sciatic nerve pool, and the

putative relevance of the synaptic alteration within the context of

corresponding

MN pathology, we used a peripheral nerve lesion paradigm, which

compartments at a given time. Thus, the expression of necroptotic

resulted in prominent microglial activation, to explore its impact on

molecular markers such as phospho-MLKL, would be hard to detect in

the fate of MN synaptic inputs. Microglial activation around

the whole extracts. In any case, we think that, the accuracy of data

axotomized MNs is an extensively documented process, but its effect

from the in situ immunolocalization, both at the confocal and EM

on afferent synaptic bouton organization has been poorly addressed

levels, are enough robust to show the involvement of the necroptotic

with rather confusing results. For a long time, it was assumed that

pathway in the acute synaptic disruption occurring on axotomized

activated microglia recruited close to MN cell bodies play a role as

MNs. As this probably occurs in the absence of the death of its paren-

“synaptic strippers”; however, whether stripping represents a simple

tal neuron, we must assume that a necroptotic program may be locally

and reversible synaptic withdrawal or, conversely, leads to the degen-

activated in presynaptic axon terminals, as described for a form of

eration and phagocytosis of synapses, has yet to be clearly established

apoptosis spatially confined to axons or synapses (Cusack, Swahari,

(Aldskogius, 2011; Alvarez et al., 2020; Linda et al., 2000; Möller et al.,

Hampton Henley, Michael Ramsey, & Deshmukh, 2013; Mattson, Kel-

1996; Moran & Graeber, 2004; Sumner, 1975). In axotomized facial

ler, & Begley, 1998).

synaptic

disruption

occurs

in

restricted

sub-

MNs, Blinzinger and Kreutzberg (1968) have described how active

Sites where phospho-MLKL-containing vesicles accumulate were

microglia displaced intact synaptic terminals from neuronal perikarya;

usually closely associated with microglia that was attracted to

the absence of degenerating synaptic boutons and lack of apparent

axotomized MNs. One of the possible microglial-derived factor that
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may initiate the activation of necroptotic pathway is tumor necrosis

are released extracellularly (Gong, Guy, Olauson, et al., 2017). MLKL

factor, as occurs in other neuropathological conditions (Chen et al.,

also associates to endosomes to facilitate the generation and release

2019; Ito et al., 2016; Pasparakis & Vandenabeele, 2015). However,

of EVs, independently of death induction (Yoon, Kovalenko,

one important aspect not resolved here is whether activated microglia

Bogdanov, & Wallach, 2017). These data are of interest because they

induces a synaptic damage that precedes synaptic disruption or, con-

may also account for the vacuolar changes we observed in synaptic

versely, an altered, neuronal-autonomous, synaptic function, is as a

terminals that escape from the acute “explosive” disruption. These

primary event which promotes a chemotactic effect on microglia.

terminals remain, at least several days, in contact with MNs, display

Experiments in which microglial proliferation has been prevented

abundant MVBs and endosome-like vesicles, and are often in contact

by means of antimitotic agents have not demonstrated any significant

with microglial processes. Thus, in these terminals, the enhanced

change in afferent synaptic loss on axotomized MNs (Graeber, Streit, &

endosomal trafficking may be also a source of EVs other than “lytic

Kreutzberg, 1989; Svensson & Aldskogius, 1993). Our results

EVs.” These EVs would correspond, based on their molecular compo-

obtained with the CSF1R blocking agent PLX5622 showed only

sition, to exosomes. In these cases, phospho-MLKL, would work

10% of synaptic loss prevention, despite the 46% reduction in

antagonizing, instead of stimulating, the execution of lysis during

microgliosis; this suggests a poor correlation between the strength of

necroptosis (see Yoon et al., 2017); this would result in the structural

the microglial reaction and the number of synaptic boutons which are

maintenance of synaptic terminals exhibiting a conspicuous alteration

eliminated. A lack of correlation between synaptic stripping and

in their vacuolar system. Moreover, this scenario is in concordance

microglial function has also been observed in MNs devoid of CSF1

with the increased density of particles displaying positive immunore-

(Akhter, Griffith, English, & Alvarez, 2019; Rotterman et al., 2019) and

activity for exosomal markers we found near the surface of

also in other conditions involving synaptic degeneration or plasticity

axotomized MN somata 7 days postlesion. Thus, different populations

(Perry & O'Connor, 2010; Tremblay & Majewska, 2011).

of EVs such as necroptotic vesicles, plasma membrane-derived vesi-

To a variable degree, nonacutely disrupted synaptic terminals

cles, and vesicles derived from MVBs should be produced in a sepa-

contacting axotomized MNs showed an accumulation of membrane-

rate spatiotemporal sequence during the complex reactive cellular

bound organelles, such as endosome-like and phagosome-like vacu-

events occurring near the surface of axotomized MNs. However, we

oles, which are indicative of altered vesicle recycling and synaptic

cannot exclude that a part of EVs may be secreted by microglia

function. Early studies on synaptic structure and function have

(Paolicelli, Bergamini, & Rajendran, 2019). Another point that should

described how increased synaptic activity results in an accumulation

be considered here is the existing link between necroptosis and

of extensive presynaptic membrane infoldings which are generated as

inflammation, by increasing the production and release of cytokines

a consequence of the blocking of the vesicle recycling process

and chemokines (Orozco et al., 2019), as well as by activating the

(Haimann, Torri-Tarelli, Fesce, & Ceccarelli, 1985; Solsona, Esquerda, &

inflammosomal pathway, involving caspase 1 activation and cytokine

Marsal, 1981). Along these lines, it should also be noted that changes

IL-1β secretion (Conos et al., 2017).

in the activity of MN afferent synapses occurs soon after peripheral

The degenerative signs we found in synaptic terminals 2 weeks

nerve injury (Bichler et al., 2007). An accumulation of comparable vac-

after nerve transection are very similar to those described in other

uolar intermediates has been observed in presynaptic terminals when

“synaptopathies” in the context of human prion diseases (Sikorska,

the conversion of bulk endosomes into synaptic vesicle is inhibited

Liberski, Giraud, Kopp, & Brown, 2004). Dark degenerating terminals

(Wu et al., 2014). We have also observed double-membrane

have also been described in the initial stages of prion disease pathol-

autophagosome-like vesicles similar to those found after autophagy

ogy (Jeffrey et al., 2000; Šišková, Reynolds, O'Connor, & Perry, 2013),

promotion by rapamycin (Hernandez et al., 2012), or by Sonic hedge-

even in the absence of the direct involvement of microglial cells

hog (Petralia et al., 2013) or Basson depletion (Okerlund et al., 2017;

(Šišková et al, 2009). This suggests that, at least in this case, synaptic

Waites et al., 2013). In synaptic terminals, synaptic vesicles or proteins

degeneration and removal may be part of an autonomous neuronal

are eliminated by autophagy (Lüningschrör & Sendtner, 2018). Since

process. Nevertheless, delayed microglia activation occurs in these

the induction of reactive oxygen species (ROS) rapidly provokes a pre-

models.

synaptic promotion of autophagy (Hoffmann et al., 2019), it could be

In the MN axotomy paradigm, the disconnection of cell bodies

assumed that activated microglia in the proximity of synaptic termi-

from the periphery is the stimulus that rapidly changes the MN status

nals would release ROS (Block, Zecca, & Hong, 2007), resulting in local

in a way that is coped with its immediate environment: that is, extra-

protein and organelle damage and in the activation of autophagic

cellular matrix, afferent synapses and glial cells. For example, it is con-

pathways. In addition, massive and spatially restricted microglial over-

ceivable that MNs or synapses rapidly switch from “do not eat me” to

activation state may result in more extensive neurotoxic damage

“eat me” signals, which are sensed by microglia. Mobilized microglia

affecting MN survival as it is occasionally seen after axotomy.

may release various factors, including matrix metalloproteinases (Kim

Additionally, it should be taken into account that activation of

et al., 2007; Konnecke & Bechmann, 2013), thrombospondin (Möller

MLKL does not definitively result in an irreversible commitment to cell

et al., 1996), and free radicals, which affect the extracellular matrix in

death. In certain conditions, MLKL-dependent membrane damage can

the

be repaired to promote cell survival. In these circumstances, active

Oohashi, & Pizzorusso, 2019). This may have consequences such as

MLKL induce the formation of bubbles at the surface of the cells that

the widening of the extracellular space (i.e., local edema) or the

immediate

MN

environment

(perineuronal

net;

Fawcett,
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detachment of presynaptic from postsynaptic structures. This would

The ultrastructural morphology that we observed in the EVs

also contribute to weakening the blood-spinal cord barrier, which has

“floating” in the perineuronal net of axotomized MNs was highly pleo-

been shown to be disrupted in spinal cord after peripheral nerve

morphic and exhibited a broad variation in size. These vesicles appear

lesions and to contribute to the influx of inflammatory mediators

to belong to a heterogeneous population of EVs which includes

(Echeverry, Shi, Rivest, & Zhang, 2011); this is consistent with the

exosomes and other EVs (in example, lytic or necroptotic vesicles).

endogenous IgGs that we have seen surrounding capillary vessels near

Used in a restrictive form, the term “exosome” is usually applied to

axotomized MNs and also decorating the surface of recruited micro-

small vesicles (50–100 nm) of endosomal or MVB origin that are

glial cells. It is interesting to note that IgG extravasation exists during

released from cells. Other membrane vesicles released by the outward

the initial stages of disease in ALS mouse models, in conjunction with

budding of cells include a heterogeneous population of elements with-

muscle denervation and before MN death (Zhong et al., 2008). At the

out this size limitation that can even exceed 1 μm in length and that

same time as escaped IgGs bind to the surface of microglial cells, pre-

have sometimes been referred to as microvesicles or ectosomes. The

sumably through Fc receptor upregulation, C1q also becomes over-

more general term of EVs has been used for a collective denomination

expressed in microglia. It is conceivable that C1q produced by

of these elements (Cocucci & Meldolesi, 2015; Colombo, Raposo, &

microglia binds vesicular debris coming from disrupted synaptic termi-

Thery, 2014; Kowal et al., 2016). Exosomes can be released from neu-

nals in order to promote their opsonization and phagocytosis, in a

rons in an activity-dependent manner (Fauré et al., 2006). In our sys-

comparable way to what happens during the clearance of apoptotic

tem, we have seen synaptic boutons displaying a prominent

cells (Galvan, Greenlee-Wacker, & Bohlson, 2012) or developmental

concentration of MVBs; this suggests that they could be a source of

synaptic remodeling and pathological synaptic loss (Hong et al., 2016;

exosome secretion in the perineuronal milieu. Other larger and pleo-

Schafer et al., 2012; Stevens et al., 2007). However, we must also

morphic vesicles observed in this enlarged extracellular space originate

point out that, in the absence of C1q, synapse elimination on MNs fol-

from a disruption of synaptic terminals and should be considered as

lowing axotomy is not reduced (Berg et al., 2012). This is probably

cellular debris (Baxter et al., 2019). Similar alterations in membrane

due to a redundancy mechanism involved in the loss of afferent syn-

integrity may be induced by complement-mediated cytolysis, a condi-

apses on lesioned MNs.

tion that should be further evaluated in MNs postaxotomy. We dem-

We observed a type of double-membrane-bound vacuoles with

onstrate that the fate of most of the EVs generated in the perineuronal

an analogous morphology inside of synaptic terminals and internalized

space of axotomized MNs is their elimination by microglial cell phago-

within microglial cells. This suggested that they could form part of a

cytosis. These data are in concordance with the progressive and tran-

category of membrane vesicles that originated in nonacutely broken

sient accumulation of CD68-positive puncta inside recruited and

synapses and were subsequently transferred to microglia. In line with

perisomatic microglia which, in turn, is indicative of lysosomal activity.

this interpretation, it was possible to detect free intercellular interme-

However, the intimate relationship between exosomal markers such as

diates of this particular morphological type of vesicles. This observa-

CD9, CD63, and flotillin with the microglial cell surface indicates a pre-

tion is in concordance with the presynaptic secretion of EVs. The

vious process involving the endocytic trapping of EVs. The presence of

increased expression of EV markers such as CD9 and CD63, together

Rab7 and Rab10 in microglia interacting with injured MNs is an indica-

with the presence of flotillin adjacent to neuronal surface and in close

tor of the activation of endocytic activity by these cells.

relation with microglial processes, would be concordant with this

Overall, our data reveal new mechanisms by which afferent syn-

hypothesis. In an “in vitro” model of synaptic elimination, exosomes

apses are removed from acutely injured MNs after peripheral nerve

released by PC12 cells promoted microglial activation, with subse-

transection. Although microglial cells are actively involved in eliminat-

quent synaptic phagocytosis and pruning (Bahrini, Song, Diez, &

ing fragments of damaged presynaptic terminals, there is a lack of evi-

Hanayama, 2015).

dence to support any bulk engulfment of synaptic boutons. EVs are

The increase in CD9-containing particles restricted to the C-

intermediate elements in this process of synaptic removal, which pre-

boutons contacting axotomized MNs, is particularly intriguing. Sev-

sents certain homologies with those described under the concept of

eral quite particular properties of vesicular trafficking and trans-

synaptic trogocytosis during microglia-mediated synaptic removal dur-

cytotic transfer have been identified in this type of terminals (Caleo

ing development (Weinhard et al., 2018). Nevertheless, further studies

et al., 2018). We noticed that a pattern of vacuole accumulation in

are required for a more general validation of this phenomenon of syn-

conjunction with dark degeneration predominated in C-boutons of

aptic piecemeal phagocytosis. Since the reduction of synaptic inputs

axotomized MNs; this phenotype is not usually seen in other types

in MNs is an early event in amyotrophic lateral sclerosis (ALS)

of synapses. C-boutons are also preferential chemoattractive sites for

(Chang & Martin, 2009; Jiang, Schuster, Fu, Siddique, & Heckman,

microglial filopodia during their mobilization postaxotomy (Salvany

2009; Sasaki & Iwata, 1996; Schutz, 2005; Sunico et al., 2011;

et al., 2019). This indicates that the fate of afferent synaptic termi-

Vaughan, Kemp, Hatzipetros, Vieira, & Valdez, 2015) and spinal mus-

nals on axotomized MNs is not entirely homogeneous and depends

cular atrophy (SMA) pathology (Cerveró et al., 2018; Mentis et al.,

on their neurotransmitter-specificity. It has also been reported that

2011; Tarabal et al., 2014; Vukojicic et al., 2019), a more precise

axotomy in MNs favors the predominant loss of excitatory inputs

understanding of the fundamental mechanisms involved in the

with respect to other input types (Alvarez et al., 2011; Spejo &

microglia-synapse interaction in the injured MNs may help to define

Oliveira, 2015).

new therapeutic interventions. The impact of our observation on the
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pathogenetic mechanisms underlying ALS deserves further attention
since the role of necroptosis in this disease remains controversial
(Dermentzaki et al., 2019; Ito et al., 2016; Re et al., 2014). In any case,
our results may prove significantly relevant in the context of functional recovery after peripheral nerve injury, in which the restoration
of synaptic inputs to MNs is incomplete in spite of successful nerve
regeneration and muscle reinnervation (Rotterman, Nardelli, Cope, &
Alvarez, 2014).
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