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Axon Branch Removal at Developing
Synapses by Axosome Shedding

tensively here. Multiple motor neurons initially send
branches that converge at each muscle fiber’s synaptic
site (Balice-Gordon and Lichtman, 1990; Brown et al.,
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and Jeff W. Lichtman1,2,*
1976; Colman et al., 1997; Redfern, 1970; Riley, 1981;1Department of Molecular and Cellular Biology
Walsh and Lichtman, 2003). Within the first several post-Harvard University
natal weeks, however, all but one of the branches to7 Divinity Avenue
each neuromuscular junction weaken and ultimately dis-Cambridge, Massachusetts 02138
appear (Colman et al., 1997). This loss of inputs to mus-2 Department of Anatomy and Neurobiology
cle fibers is explained by branch trimming rather thanWashington University School of Medicine
motor neuron death (Brown et al., 1976; Keller-Peck etSt. Louis, Missouri 63110
al., 2001). The morphological correlates of input loss
during synapse elimination are disconnected axons in
the vicinity of neuromuscular junctions that sometimesSummary
end in enlarged tips. These swollen axon tips were
called, suggestively, “retraction bulbs” (Balice-GordonIn many parts of the developing nervous system, the
et al., 1993; Bixby, 1981; Korneliussen and Jansen, 1976;number of axonal inputs to each postsynaptic cell is
Riley, 1981). Recent time-lapse imaging has confirmeddramatically reduced. This synapse elimination has
that these structures are the distal tips of axons thatbeen extensively studied at the neuromuscular junc-
have been eliminated from neuromuscular junctionstion, but how axons are lost is unknown. Here, we
(Keller-Peck et al., 2001; Walsh and Lichtman, 2003).combine time-lapse imaging of fluorescently labeled
Still, the way in which these axon branches and theiraxons and serial electron microscopy to show that
terminal bulbs are removed is not understood.axons at neuromuscular junctions are removed by an

Several cellular mechanisms can account for howunusual cellular mechanism. As axons disappear, they
these axons disappear. The most popular idea is thatshed numerous membrane bound remnants. These
axons retract (like a fishing line that is brought in), and“axosomes” contain a high density of synaptic organ-
axonal contents are shuttled to other axon brancheselles and are formed by engulfment of axon tips by
(Riley, 1981), but axon retraction has not been directlySchwann cells. After this engulfment, the axosome’s
documented at the neuromuscular junction. Alterna-contents mix with the cytoplasm of the glial cell. Axo-
tively, axons may undergo a classic Wallerian-type de-some shedding might underlie other forms of axon loss
generation as suggested by some ultrastructural dataand may provide a pathway for interactions between
(Rosenthal and Taraskevich, 1977). However, Wallerianaxons and glia.
degeneration normally removes an entire axon arbor
rather than prunes a subset of an axon’s branches, asIntroduction
occurs during synapse elimination. Mechanisms similar
to Wallerian degeneration are involved in developmentalIn many parts of the developing nervous system, axonal
axon removal in Drosophila (Watts et al., 2004), but thebranches that establish synapses in prenatal life are
loss of inputs during mammalian synapse eliminationremoved a short time later. This axon branch and syn-
appears to be mechanistically distinct (Gillingwater etapse loss reduces the number of postsynaptic cells
al., 2003).driven by a neuron and at the same time reduces the

Alternatively, axons could be removed in a manner
number of different neurons that provide innervation to

that combines features of both of the cellular mecha-
each postsynaptic cell. For example, thalamic neurons

nisms mentioned above. For example, the removal pro-
in the retinogeniculate system lose approximately ten cess could involve disto-proximal disintegration of the
inputs for every one input that is maintained (Chen and axon (similar to the shortening of a burning fuse). In this
Regehr, 2000). Similar input elimination occurs in the case, axonal fragments would be left behind as the axon
cerebellum (Lohof et al., 1996), in parasympathetic and appears to retract. Indeed, other cell types use such
sympathetic autonomic ganglia (Lichtman, 1977; Licht- shedding to release excessive cellular contents (Denzer
man and Purves, 1980), and at neuromuscular junctions et al., 2000).
(Wyatt and Balice-Gordon, 2003). Because of the acces- One way to better understand how axons are removed
sibility of the neuromuscular junction, naturally oc- during development is to directly observe axon retrac-
curring synapse elimination has been studied most ex- tion using imaging techniques with better temporal and

spatial resolution than previously available. With the de-
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dynamic process, we use correlated confocal and serial the large remnants originated from retreating axons. In
the example shown in Figure 2A, a distal bulb and moreelectron microscopy.

These approaches revealed that naturally occurring proximal swollen part of the axon were connected by a
thin axonal bridge (Figure 2A, inset in first frame), whichaxon removal during development uses a previously

unrecognized cellular mechanism. As axons retreat disintegrated and thus left behind a large remnant (Fig-
ure 2A, asterisk). The disintegrating part of the bridgefrom neuromuscular junctions, they shed membrane-

enclosed “axosomes” that are entirely contained within itself gave rise to a string of minute remnants along its
original path (Figure 2A, inset in second frame). Thesurrounding glia. This mechanism is clearly distinct from

previously described forms of axonal degeneration and more proximal part of the bridge, which was thicker,
remained attached to the swollen axon segment. Thisactually leads to the mixing of axonal and glial cyto-

plasm. feature, a swollen axonal segment with a protruding
axonal process, was commonly seen in retreating axons
(Figures 2A and 2B; see also Figure 1A and Figure 4).Results
Eventually, such protrusions disappeared; in some
cases they shortened and appeared to be reabsorbedRemnants of Retreating Axons at Developing
into the more proximal axon, establishing a new terminalNeuromuscular Junctions
bulb. Although this shortening appears like axonal re-Using transgenic mice that express fluorescent proteins
traction, we typically saw minute remnants shed as thein the cytoplasm of motor axons (see Experimental Pro-
axons shortened (Figure 2B; see also Supplementalcedures), we monitored junctions as they underwent the
Movies S1, S2, and S4 and Supplemental Figures S1transition from multiple to single innervation. At neuro-
and S2 at http://www.neuron.org/cgi/content/full/44/4/muscular junctions in the second postnatal week, fluo-
651/DC1/). How much axonal content is lost as opposedrescence imaging showed three patterns: some neuro-
to shuttled back is not clear in all cases, but, in somemuscular junctions were contacted by two axons whose
situations at least, the vast majority of axonal shorteningterminals were segregated to largely nonoverlapping
can be accounted for by remnant formation (Figure 2Aregions (Gan and Lichtman, 1998), others were singly
and Supplemental Movie S3). Indeed, when we followedinnervated with a second bulb-tipped axon nearby (Kel-
retreating bulb-tipped axons near synapses (n � 15)ler-Peck et al., 2001; Walsh and Lichtman, 2003), and the
over time, we could see remnants in 87% of cases.rest were singly innervated. Previous time-lapse imaging
Fewer remnants (23%; n � 17) were seen at greaterhas indicated that neuromuscular junctions near such
distances from the neuromuscular junctions (Supple-bulb-tipped axons had lost innervation from that axon
mental Figure S1 and Supplemental Movie S2).within the previous day or two (Walsh and Lichtman,

The time-lapse images also provided insight into the2003).
mechanism that underlies remnant formation. Both largeWe followed 34 retreating axons over several days.
remnants (Figure 1C) and terminal bulbs (Figure 1B, lastNone of these bulb-tipped axons persisted for more
frame) underwent dramatic shape changes (�90%; n �than 48 hr. In some cases, the axon branch had entirely
67/70). These shape changes were often caused by thedisappeared back to its origin on the parent axon be-
formation of nonfluorescent fissures, which appearedtween views. Often, we observed that the bulb was far-
and disappeared within seconds (Figure 3A; Supple-ther from the junction at the second view, implying that
mental Figure S2 and Supplemental Movies S4 and S5the terminal axon branch was not removed all at once,
at http://www.neuron.org/cgi/content/full/44/4/651/but rather in a distal to proximal order. Unexpectedly,
DC1/). While almost all of these fissures disappearedwe observed four cases (12%) in which fluorescent rem-
without discernible consequence, in some cases theynants of the removed axon were still present at the
engulfed small regions of the axon’s cytoplasm, givingjunction (Figure 1A). None of these fluorescent remnants
rise to new remnants (Figure 3B and Supplementalpersisted for more than 24 hr. Looking at several hun-
Movie S6). It is possible that these fissures are Schwanndred neuromuscular junctions at this age, we noted two
cell processes impinging the axon (see below). Indeed,kinds of remnants: large spheres up to 10 �m in diameter
cells surrounding bulb-tipped axons were immunoreac-near the junction (Figure 1A) and groups of smaller
tive for S100, a well-characterized marker of Schwannspherules along what may have been the original path
cells. Further evidence supporting glial involvement wasof the axon (see below). Confocal reconstructions of
that the small remnants underwent rapid movementsbulb-tipped axons near singly innervated junctions re-
within a constrained volume, most likely because theyvealed that in 72% of cases (18 of 25) such remnants
were inside Schwann cells (see Supplemental Movie S1).could be seen.

To study the fate of these remnants with higher tempo-
ral resolution, we turned to acute explants of muscle Axosome Shedding as a Mechanism

of Axon Removalwhere movement artifacts (such as those occurring due
to respiration, pulse, and muscle movements) were mini- To confirm the identity of the processes impinging axon

bulbs and to reveal the structure of the remnants, wemized. We observed that larger remnants underwent
shape changes and lost their fluorescence over several imaged the same bulb with correlated light and serial

electron microscopy (Figure 4A and Supplemental Moviehours (n � 6; Figure 1B). The removal of these large
remnants occurred in steps as they divided into progres- S7 [http://www.neuron.org/cgi/content/full/44/4/651/

DC1/]; see also Gan et al., 1999 and Experimental Proce-sively smaller pieces, each of which typically disap-
peared within several minutes (Figure 1C). dures). Bulbs were easily recognized; they were entirely

sheathed in Schwann cells, contained randomly ar-In several cases (n � 5), we directly observed how
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Figure 1. Axonal Remnants Associated with
Axon Removal from Developing Neuromus-
cular Junctions

(A) In vivo time-lapse imaging of a neuromus-
cular junction innervated by two differentially
labeled axons (see Experimental Procedures)
at P11. The junction was followed for 3 days
as one axon (blue) was removed. On P13,
a large remnant of the blue axon (asterisk)
remains at the junction, while the distal bulb
of the blue axons is now �50 �m away. An-
other smaller remnant (arrow) appears near
a protrusion that extended from the bulb. The
remnants are no longer visible 1 day later
(P14). (B) A similar remnant (asterisk) can be
seen in an explanted muscle at P9. Near a
singly innervated junction (blue axon), a sec-
ond green bulb-tipped axon is visible. The
large remnant at the synapse changes shape
over 2 hr and finally disappears 1 hr later.
The bulb at the tip of the green axon also
undergoes several changes in shape. Arrow-
heads show sites where fissures in the bulb
appear. (C) Stepwise partitioning and dim-
ming of the large remnant shown in (B)
(grayscale image of green channel). Scale
bar, 10 �m in (A) and (B); (C) is a 620% magni-
fication of (B). High-resolution versions of fig-
ures and Supplemental Data can be down-
loaded at http://www.mcb.harvard.edu/
Faculty/Lichtman.html.

ranged mitochondria, and possessed a high density of A considerable number of axosomes were so close
clear vesicles (Figure 4E). The vesicle’s size (mean � to the bulb (�1 �m) that they would not be resolved as
41.7 nm; SD � 4.9) and clear circular appearance resem- separate entities with fluorescence imaging. For exam-
bled synaptic vesicles of age-matched singly innervated ple, in Figure 4, there were four membrane-enclosed
neuromuscular junctions (mean � 41.0 nm; SD � 4.6). vesicle-laden structures (diameter 300 nm) in the imme-

Surrounding most of the bulbs (n � 8/11), we found diate vicinity of the axon’s bulb. These ultrastructural
membrane bound spherical structures, ranging in size data suggest that light microscopic time-lapse imaging
from 220 nm to 894 nm (n � 13), which, based on serial might underestimate the extent to which axosome shed-
images, were not connected to the bulb (Figure 4). These ding contributes to axon removal. Electron microscopy
structures, which we named “axosomes,” contained the also provided support for the idea that glial cells may be
same organelles that were found in the bulb itself: clear instrumental in the formation of axosomes. In addition to
vesicles and occasional mitochondria (Figures 4C–4E). the four axosomes in Figure 4, there were three small
The strong resemblance of the constituents of axo- vesicle-filled buds on the bulb that were each connected
somes to that of bulbs argues that axosomes are derived by narrow (150 nm) stalks. These putative “proto-axo-
from bulbs and hence are the remnants previously ob- somes” were surrounded by impinging Schwann cell
served with fluorescence microscopy. Axosomes were fingers.
completely enveloped by Schwann cell fingers and often
were demarcated by both their own membrane and a

Axosome Shedding also Contributessecond parallel membrane from the Schwann cell (Fig-
to Synaptic Segregationures 4C–4E). In all but one case, the axosomes and their
Axon branches that terminate in bulbs are found notparental bulb showed no degenerative changes (like
only once synapse elimination is over, but also withinelectron-dense cytoplasm or disrupted mitochondria),
multiply innervated junctions as competing axons seg-indicating that axosomes are not formed by Wallerian-

type degeneration. regate from each other (Gan and Lichtman, 1998). Bulbs
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Figure 2. Remnant Formation from Bulb-Tipped Axons

(A) Confocal time-lapse series of an acute explant from a P12 mouse showing how disintegration of a thin axon bridge (marked by bracket
in first frame, shown enlarged to 200% in inset) leads to both the formation of a large remnant (asterisk) and a trail of small remnants (area
marked by bracket in second frame, shown enlarged in inset, 200%). The remainder of the bridge forms a protrusion on the more proximal
axon swelling, while the remnants disappear. (B) In a P10 muscle, small remnants form as a protrusion from a bulb retracts (frames from
Supplemental Movie S1 at http://www.neuron.org/cgi/content/full/44/4/651/DC1/). Scale bars, 5 �m in (A) and (B). Upper panel in each column
shows lower-magnification view of retreating axon; the boxed area is shown at higher magnification in lower panels.

within junctions were similar to the terminal bulbs al- branch of the green axon that extends into the blue
axon’s synaptic territory ended in a bulb that was liftedready described. For example, in Figure 5A (see also

Supplemental Movie S8 at http://www.neuron.org/ several micrometers from the surface of the muscle and
entirely sheathed by a Schwann cell process. The bulbcgi/content/full/44/4/651/DC1/), the photoconverted

Figure 3. Rapid Changes in the Shape of Axonal Bulbs

(A) A bulb from an acute P8 explant undergoes bouts of deformation and quiescence over 7 hr. The shape changes were caused by
nonfluorescent fingers that suddenly impinged the bulb’s outer contour and formed fissures (arrowheads; frames from Supplemental Movie
S5 at http://www.neuron.org/cgi/content/full/44/4/651/DC1/). (B) In some instances, these impingements (arrowhead) engulfed parts of an
axonal bulb, giving rise to remnants (arrow; details of frames from Supplemental Movie S6). Scale bars, 2.5 �m in (A) and (B). Left panel in
each row shows lower-magnification view of bulb; the boxed area is shown in higher magnification in time series.
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Figure 4. Double Membrane Bound Axosomes near Retreating Axons

(A) A surface rendering of a serial electron microscopic reconstruction of a bulb-tipped axon (green) superimposed on the confocal image of
the same site (inset: confocal image alone; this junction was fixed with glutaraldehyde, hence the high autofluorescent background; postsynaptic
acetylcholine receptors [red] are labeled by fluorescently tagged �-bungarotoxin). Several axonal remnants (brown) that surround the bulb
were reconstructed from the electron micrographs. (B) Three electron micrographs (shown in [C], [D], and [E] below) intersect the bulb where
these micrographs are located. Red, yellow, and blue circles have been inserted into the upper right corner of each micrograph for orientation.
A “proto-axosome” can be seen to bud off the surface of the bulb (white arrowhead). (C–D) A glial cell surrounds the axosomes (pseudocolored
brown), which contain vesicles and mitochondria. (E) The parent bulb (green) is laden with a high density of synaptic organelles with clusters
of vesicles and mitochondria scattered within the bulb. A small axosome (brown; arrow) is separated from the parent bulb. Scale bars, 5 �m
in (A), 1 �m in (B) (gray cube), 1 �m in (D)–(E) (scale bar in [D] also applies to [C]).

contained a dense accumulation of 40 nm (mean � tained fewer 40 nm vesicles (70.4 vesicles/�m3 for bulb
shown in Figure 6A) than bulbs near (�5 �m) neuromus-43.2 nm; SD � 5.1) vesicles in its distal tip and a large

cluster of mitochondria (Figure 5B) near the thin axon cular junctions (1027 vesicles/�m3 for the bulb shown
in Figure 4E). Immunostaining for a vesicle-associatedstalk. Immediately adjacent (�1 �m) to the bulb, there

were two axosomes embedded within Schwann cells protein, synaptophysin, also showed evidence of vesicle
loss associated with position, because bulbs and rem-(Figures 5A–5C). Although the bulb was photoconverted,

no reaction product was found in axosomes, indicating nants at or close to synapses showed 2- to 3-fold higher
levels of synaptophysin than those bulbs or remnantsthat they were not attached to the bulb at the time of

lipophilic dye labeling. Nonetheless, it is likely that these found in nerve fascicles (n � 95; p � 0.001 by Student’s
t test; Figure 6F).inclusions were at one time associated with the dye-

labeled axon, because they were immediately adjacent Interestingly, analysis of the cytoskeleton within bulb-
tipped axons provided evidence that the cytoskeletalto it and contained 40 nm vesicles (Figure 5C). Such

vesicle-filled profiles were not observed in regions of structure of these axons is defective. First, microtubules
were sparser than those in axons attached to neuromus-the Schwann cell that were �2 �m from the retreating

process. The most distal part of the bulb shown in Figure cular junctions. In one bulb-tipped axon, microtubules
were not visible at all. Second, neurofilaments always5 appeared to be in the process of being engulfed (Figure

5D). A slender Schwann cell process had intercalated appeared to be highly disorganized within bulbs (n �
11; Figure 4E and Figure 6D) in sharp contrast to intactinto a fissure in the bulb, leaving the proto-axosome

attached by only a very thin (�100 nm) stalk. These preterminal axons (Figure 4E and Figure 7B). In some
instances, another area of disorganized neurofilamentsobservations suggest that axon branches of segregating

terminals are removed in the same way that axons are was also found in retreating axons proximal to the disar-
ray in the bulb (Figure 7C). The absence of microtubulescompletely removed from neuromuscular junctions later

during the synapse elimination process. (the main tract for fast anterograde and retrograde trans-
port; Hirokawa et al., 1998) and the disarray of neurofila-
ments (a major cargo of slow axonal transport and po-Axonal Contents Are Transferred to Glial Cells

One consequence of axosome shedding would be the tentially a linker to other cargo molecules) might indicate
inhibited transport. Therefore, the difference in preva-removal of vesicles from the retreating axons as they

move farther from their former junctional sites. Indeed, lence of synaptic organelles between bulbs near and
away from synapses is explained by local shedding ofwe noted a dramatic difference between the axon bulbs

based on their position in relation to synaptic sites. axosomes and not caused by evacuation of synaptic
organelles by retrograde transport.Bulbs far from neuromuscular junctions (�25 �m) con-
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Figure 5. Axosome Shedding during Synap-
tic Segregation

(A) A surface rendering of the serial electron
microscopic reconstruction of a highly segre-
gated multiply innervated junction from a P7
mouse. The green axon was DiI labeled and
photoconverted (left inset shows confocal
image prior to photoconversion; DiI, green;
acetylcholine receptors, red). The photocon-
version product is visible as a dark precipitate
in electron micrographs. Both axons have a
bulb-tipped branch extending into the terri-
tory occupied by the competing input. Two
axosomes (pseudocolored brown) near the
green bulb are visible (arrows). Right inset
shows the location of the micrographs shown
in (C) and (D). (B) A semitransparent rendering
showing the contents of the green axon’s
bulb and the two axosomes nearby (brown;
arrows). The mitochondria (yellow) within the
bulb are clustered near the proximal thin axon
branch. The remainder of the bulb is filled
with 40 nm vesicles. (C) Electron micrograph
showing glial sheathing of axosome (arrow).
(D) Electron micrograph showing the intru-
sion of a glial finger (arrowhead) into the base
of a proto-axosome still connected to the
bulb by a thin stalk. Scale bars, 1 �m in (A)
(5 �m in left inset), 0.5 �m in (B) (gray cube),
and 1 �m in (D) (scale bar in [D] also applies
to [C]).

What is the ultimate fate of the shed axonal material? count for naturally occurring axon removal in mammals.
We chose to study this phenomenon at the developingClose inspection of confocal reconstructions of axonal

bulbs labeled with fluorescent proteins in some cases neuromuscular junction, as new tools have become
available to study cellular phenomena with better spatialrevealed a very weak fluorescent glow, which appeared

to delineate a Schwann cell associated with the bulb and temporal resolution. Our observations revealed an
unexpected mechanism (Supplemental Figure S3 at(10%; n � 11 near 110 bulb-tipped axons; Figure 8).

This fluorescence is most prominent in the nucleus of the http://www.neuron.org/cgi/content/full/44/4/651/
DC1/). Axosome shedding appears to constitute a differ-Schwann cell as expected for cytoplasmic fluorescent

protein, which can pass nucleopore complexes (Rib- ent means of axon removal, in which axonal material is
released into surrounding glial cells. We speculate thatbeck and Gorlich, 2001), and is excluded from mem-

brane bound organelles within the cytoplasm. Schwann intermixing of axonal and glial cytoplasm could serve
as a signal between neurons and glia.cells that were not associated with axons in the process

of being removed did not show such fluorescence (0.6%; The shedding of axonal material and the formation of
axosomes has to our knowledge not been describedn � 1 fluorescent Schwann cell at 171 singly innervated

junctions; p � 0.001). This observation suggests that previously. Many cell types, however, use shedding of
membrane bound material to accomplish importantaxosome material ultimately can become incorporated

by the engulfing Schwann cell. metabolic and signaling functions. For example, mega-
karyocytes form platelets by shedding the tips of long
cellular protrusions known as “proplatelets” (ItalianoDiscussion
and Shivdasani, 2003). Intriguingly, rings of microtu-
bules form within proplatelets before they are shed, simi-Historically, there have been two competing models to

explain axon removal during developmental synapse lar to ring-like microtubular structures described in re-
tracting axons in vitro (He et al., 2002) and in “budding”elimination: axon fragmentation akin to Wallerian degen-

eration (Rosenthal and Taraskevich, 1977) and axon re- synaptic boutons at the Drosophila neuromuscular junc-
tion (Roos et al., 2000). However, axosomes did nottraction (Bixby, 1981; Riley, 1981). While some forms of

developmental axon removal in flies can be explained contain major microtubular assemblies, and retreating
axons were largely devoid of microtubular tracks (whichby a degenerative process, which resembles Wallerian

degeneration (i.e., fast fragmentation of axon branches; is also true for axons undergoing disassembly in Dro-
sophila; Watts et al., 2003, 2004). Another example ofWatts et al., 2004), the known mechanisms do not ac-
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development, where they are known as “argosomes”
(Greco et al., 2001). While platelets and exosomes are
shed into the extracellular space, argosomes are taken
up by neighboring cells by “trans-endocytosis.” In cell
culture systems, similar ephrin-based signaling mecha-
nisms involving rac-dependent trans-endocytosis ap-
pear to mediate cellular retraction (Marston et al., 2003).
While exosomes in the immune system are known to
form through multivesicular bodies (a feature absent
in retreating axons at the neuromuscular junction), the
ultrastructural correlate of argosome formation is unre-
solved. An important question for future study of axo-
somes will be to clarify their relationship to other forms
of shed exovesicles during development. Recently, ul-
trastructural examination of synapses in the hippocam-
pus (Spacek and Harris, 2004) revealed that axons and
dendrites extend small protrusions into neighboring
neurons and glial cells. Some of these “spinules” appear
to finally end as double membrane bound inclusions in
the recipient cell due to trans-endocytosis. It has been
suggested that spinules are involved in regulating syn-
aptic competition in the CNS (Spacek and Harris, 2004),
so axosome-like structures perhaps not only play a role
during synaptic competition in the PNS, but similar
mechanisms could be of importance in the CNS. Re-
markably, numerous double membrane bound struc-
tures are seen in the developing cerebellum (Eckenhoff
and Pysh, 1979), where climbing fibers undergo large-
scale synapse elimination (Lohof et al., 1996).

Axosomes do not appear to be formed by the estab-
lished mechanisms of exovesicle shedding, which re-
quire either tubulin loops (platelets; Italiano and Shivda-
sani, 2003), multivesicular bodies (exosomes; Denzer
et al., 2000), or clathrin-coated pits (trans-endocytosis;
Spacek and Harris, 2004). So how do they form?

Figure 6. Organelle Content and Cytoskeleton Structure Change as In principle, axosome formation could be cell autono-Axons Retreat from Neuromuscular Junctions
mous. Alternatively, the active participation of another

(A) A confocal image of a bulb (arrow) that is in a nerve fascicle
cell type could be required. Wallerian degeneration is themore than 25 �m from neuromuscular junction sites. (B) A surface
classical example of axon-autonomous disintegration,rendering of a serial electron microscopic reconstruction of the bulb
with subsequent phagocytosis of remnants by scaveng-indicated by the arrow in (A) with a single electron micrograph inter-

secting it, which is shown in (C). (C) The bulb (green) contains few ing glial cells and macrophages (Hirata and Kawabuchi,
40 nm vesicles and is sheathed by Schwann cell processes. (D) 2002). Similar mechanisms govern the removal of cell
Localized neurofilament disorganization in axonal bulb (position of remnants after apoptosis (Henson et al., 2001), although
micrograph is outlined by the upper box in (C). Similar neurofilament

more active roles for phagocytic cells have been sug-disorganization can be found in the bulb in Figure 4E. (E) Six 40 nm
gested (Conradt, 2002). During axon pruning in inverte-vesicles clustered near the membrane of the bulb. Such vesicles
brate systems, the mechanism appears to be similar toare rare in bulbs far away from synapses (position of the micrograph

is outlined by the bottom box in [C]). (F) Confocal image showing Wallerian degeneration (Watts et al., 2003). The partici-
higher levels of synaptophysin immunoreactivity (blue) in a bulb that pation of glial cells in this process has been demon-
is close to a neuromuscular junction (white arrow) than in a bulb strated recently, but whether they actively dismantle
that is farther away (black arrow) from this or any other synapse

axons or whether they play a “scavenger” role (as they(inset shows synaptophysin staining alone). Scale bars, 25 �m in
do in classical Wallerian degeneration) is not entirely(A); 1 �m in (C); 0.25 �m in (D) and (E); 10 �m in (F).
clear (Awasaki and Ito, 2004; Broadie, 2004; Watts et al.,
2004). However, axosomes are morphologically distinct
from axonal fragments during Wallerian-type degenera-shedding in bone marrow-derived cells is the formation
tion (Gillingwater et al., 2003). Further, synapse elimina-of “exosomes,” small (50–100 nm) membrane bound
tion and axonal pruning at the neuromuscular junctionvesicles released by a wide variety of blood and immune
proceed normally in WLD-S mice, where Wallerian de-cells, including reticulocytes, platelets, B and T lympho-
generation is severely delayed (Gillingwater and Rib-cytes, and dendritic cells (Denzer et al., 2000). In reticulo-
chester, 2001). Considering that glial cells completelycytes, exosomes serve mainly to remove undesired
surround highly dynamic intact bulbs and small glial cellmembrane proteins like the transferrin receptor during
fingers intercalate into nascent axosomes, it appearserythrocyte maturation. However, exosome-like parti-
likely that glial cells are actively involved. In addition,cles appear to also have a major signaling function, not

only between immune cells, but also during Drosophila glial cells may actively help to maintain axons (Lin et
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Figure 7. Neurofilament Disorganization Prior
to Bulb Formation

(A) A surface rendering of a retreating axon
(same as Figure 4) has two electron micro-
graphs inserted proximal to the bulb. A red
and yellow circle appears in the upper right
corner for orientation. (B) The distal electron
micrograph through the axon (green) shows
two mitochondria, a few vesicles, and or-
dered neurofilaments. (C) The proximal elec-
tron micrograph through the axon (green)
shows a transition between ordered and
disorganized neurofilaments. The neurofila-
ments are disorganized both in the swollen
axon segment (shown here) and the more dis-
tal bulb that tips this axon (see Figure 4E;
also 6D for another example of disorganized
neurofilaments in a bulb). Scale bars, 0.5 �m
in (B) and (C).

al., 2000; Reddy et al., 2003), but whether this function during development and that throughout life the nervous
system enjoys an immune-privileged status (Wekerle etis disrupted during synapse elimination is not known.

We can only speculate at this time on the functional al., 1986), where certain antigens remain sequestered.
This same strategy of cellular containment is used dur-significance of axosome formation. Considering that

axosomes are fully enclosed within glial cells, their de- ing programmed cell death, where apoptosis allows for
controlled removal of large numbers of cells without thetachment and eventual dissolution would prevent the

uncontrolled release of cellular contents into the extra- detrimental effects of necrotic cell death (Henson et al.,
2001). In addition, axosomes themselves could serve ascellular space, thus mitigating an immune response.

This is especially important in light of the fact that, in signaling particles in the same way that exosomes and
argosomes do (Denzer et al., 2000; Greco et al., 2001).some parts of the brain, the majority of axons are lost

Figure 8. Axosome Shedding Leads to Mix-
ing of Axonal and Glial Cytoplasm

(A) Confocal image of a bulb-tipped axon near
a synapse. A thin axon stretch connects the
distal bulb with a proximal swelling. A weakly
fluorescent Schwann cell (black arrow) with
a process protruding toward the synapse can
be seen adjacent to the bulb. Inset shows
nuclear stain (blue) with DAPI. (B) and (C)
show other examples of glial cells labeled
by transfer of axonal cytoplasm. In (B), the
Schwann cell caps the axonal bulb. In (C),
a large remnant (asterisk) is seen inside the
labeled Schwann cell (black arrow), and
smaller axosomes are seen near the bulb and
the remnant (white arrows). Scale bars, 5 �m
in all panels.
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by extracting in-focus information from each image plane to createHowever, in these cases, the exovesicles in question
image mosaics. Control experiments (Walsh and Lichtman, 2003)largely carry cell membranes and little cytoplasm. Our
indicated that the dynamism that was witnessed in these studiesresults, in contrast, raise the interesting possibility that
was not induced by nerve damage, muscle damage, or photodam-

the signaling could be based on the admixture of the age. In a series of control experiments, triangularis sterni muscles
cytoplasm of the axon and the glial cell. This mechanism from mice that expressed YFP in all motor axons were fixed without

prior imaging. Confocal microscopy of these muscles confirmed theadds to the already well-described relationships be-
presence of fluorescent remnants near bulb-tipped axons, whichtween neurons and glia where trophic and synaptic inter-
appeared to have recently left a nearby neuromuscular junctionmediates are exchanged through extracellular release
(data not shown).by one cell type followed by reuptake by the other (Ned-

ergaard et al., 2003).
Regardless of the mechanism, the consequence of Ex Vivo Imaging in Muscle Explants

Neuromuscular explants were obtained from postnatal (P8–13) YFP-the signaling between the axosomes and glia may also
16 or YFP-16 � CFP-S transgenic animals. The triangularis sterniserve as a key to understanding a number of puzzling
and its innervating nerves were dissected in Neurobasal A mediumobservations about Schwann cells. For example, in our
(Invitrogen, Carlsbad, CA) by bilateral paravertebral cuts and re-

serial electron microscopic reconstructions, we often moval of the diaphragm and the intrathoracic organs. The tissue
noticed that competing axons were sheathed by differ- was pinned with 0.1 mm insect pins into a Sylgard-coated 3.5 cm

dish. The tissue was kept on a heated (34�C–36�C) stage in oxygen-ent Schwann cell tubes. However, only a single tube
ated (95% O2/5% CO2) Neurobasal A medium (perfusion rate, 0.5–1.0persists into adulthood. What is the fate of Schwann
ml/min). In this way, muscles could be kept alive until Walleriancells associated with the vacating axon? One possibility
degeneration lead to fragmentation of motor axons after aboutis that axosome-associated signaling serves as an indi-
10–12 hr (Parson et al., 2004). The following observations exclude

cator to the Schwann cell to migrate away or even un- a contribution of Wallerian degeneration to axosome shedding in
dergo an apoptotic cell death (Nakao et al., 1997). In the explants: (1) most observations that are described here were

made within the first 6 hr of explant preparation, well before Wal-fact, neonatal terminal and preterminal Schwann cells
lerian degeneration sets in—indeed, once the preparation nearedundergo apoptosis in response to denervation (Trach-
the end of its lifetime, axosome shedding was rarely seen; (2) intenberg and Thompson, 1996). Generally, Schwann cell
this preparation, Wallerian degeneration leads to fast wholesaledeath is believed to be due to loss of a survival signal.
fragmentation of entire axons, of which we saw no evidence in our

However, induction of cell death by exovesicles is a explants before 10–12 hr; (3) the intermediate stages of axosome
recognized mechanism in the immune system (Martinez- shedding that we describe were all also seen in fixed, unimaged ma-

terial.Lorenzo et al., 1999). Another curious feature of Schwann
Images were taken with a BX51WI microscope (Olympus, Melville,cells that have lost their associated axon in adults is

NY) equipped with a 20�, 0.5 NA water or a 100�, 1.0 NA waterthat they release acetylcholine (Dennis and Miledi, 1974;
objective lens and a z stepper (Ludl Electronic Products, Hawthorne,Miledi and Slater, 1968). Currently, it is unclear how glial
NY) and with a SensiCam camera (The Cooke Corp., Auburn Hills, MI)

cells obtain the cellular machinery required for neuro- controlled by MetaMorph software (Universal Imaging Cooperation,
transmitter release. Immune exosomes are known to Molecular Devices, Downingtown, PA). Other time series were ac-

quired on a BioRad confocal system (BioRad MRC-1024; Hercules,transfer antigen-presenting capability to nonprofes-
CA). Images were edited in Photoshop (Adobe, San Jose, CA). Tosional antigen-presenting cells (Denzer et al., 2000). In
obtain single planes from image stacks, in-focus information wascontrast to antigen presentation, neurotransmitter re-
manually extracted from each individual plane.lease requires a cytoplasmic apparatus, so axosome

contents would have to gain access to glial cytoplasm.
Cytoplasmic mixing could provide such materials. Immunostaining and Quantification

of Synaptophysin Content
Triangularis sterni muscles from YFP-16 transgenic mice were dis-Experimental Procedures
sected in Neurobasal A medium and fixed in 4% paraformaldehyde
in phosphate-buffered saline (pH 7.4). Synaptophysin was detectedIn Vivo Imaging

Double transgenic mice that expressed YFP in all motor axons (YFP- using a polyclonal antiserum (1:500; Zymed, San Francisco, CA)
and a Cy3-labeled donkey anti-mouse secondary antibody (1:1000;16 line) and CFP in a subset of motor axons (CFP-S) were used

(Feng et al., 2000). Molecular Probes). Immunostainings were scanned on a confocal
microscope (BioRad MRC-1024) using a 60�, 1.4 NA oil objective.Briefly (for details, see Walsh and Lichtman, 2003), in vivo imaging

techniques were utilized to allow for the repeated imaging (time Nuclei were counterstained with 4�,6-diamidino-2-phenylindole
(DAPI; Sigma, St. Louis, MO) and imaged on a Zeiss Axioplan micro-intervals ranging from several hours to several days; pups recovered

and returned to parents between views) of neuromuscular junctions scope with a 100�, 1.4 NA oil objective lens. Maximum intensity
projections were used to represent confocal stacks. To avoid ob-in neonatal mice that were undergoing the process of synapse elimi-

nation. Previously described transgenic mice that express spectral scuring cellular detail on some axons, in-focus information was
manually extracted from individual planes, and mosaic images werevariants of cytoplasmic GFP in subsets of motor neurons were used

(Feng et al., 2000), thus providing a vital presynaptic label. Fluores- created in Photoshop.
To estimate the content of synaptophysin in bulbs, images werecently conjugated �-bungarotoxin (Molecular Probes, Eugene, OR)

was used as a postsynaptic label (3% of acetylcholine receptors taken on a BX51WI microscope (Olympus, Melville, NY) equipped
with a SensiCam camera (The Cooke Corp., Auburn Hills, MI) andwere labeled). Images of individual junctions were taken using a

standard epifluorescence microscope (Eclipse E800; Nikon, Melville, a 40�, 1.15 NA water lens. Bulbs were delineated in the YFP channel,
and the synaptophysin immunoreactivity was measured in thisNY) with a cooled CCD camera (MicroMAX 512BFT; Roper Indus-

tries, Duluth, GA) and single and triple dichroic emission filters mask. The same mask was displaced away from the bulb, and the
background intensity was measured and subtracted from the first(Chroma Technology Corp., Brattleboro, VT). Exciting wavelengths

were provided by a xenon lamp and rapidly switched exciting filters measurement to obtain a semiquantitative estimate of synaptophy-
sin contents in bulbs near and away from synapses.(Lambda DG-4; Sutter Instrument Co., Novato, CA; filters, Chroma).

Stacks of images (1 �m steps) of individual junctions were obtained To identify the cells that are associated with bulb-tipped axons,
we stained with a polyclonal antibody for S100 (Dako, Carpinteria,(piezoelectric objective Z axis stepper; Physik Instrumente, Wald-

bronn, Germany), from which two-dimensional images were derived CA). Around the bulb-tipped axons, S100-positive cells were regu-
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larly seen, indicating that the cells adjacent to bulbs are Schwann obtained with both the minimal fold method and the cylindrical
diameters method (Fiala and Harris, 2001)cells.

EM Reconstruction and AnalysisIontophoretic Labeling
Electron micrographs were captured on film at 6700� and digitizedUnder pentobarbital anesthesia, sternomastoid muscles from P1–
with a scanner (Epson 1640SU; Long Beach, CA) at a resolution ofP10 mice were located and labeled with 5 �g/mL Alexa 488-conju-
600 dpi, montaged (Adobe Photoshop), and then imported into angated �-bungarotoxin (Molecular Probes) to stain acetylcholine re-
alignment and reconstruction software package (SEM Align andceptors as a guide for iontophoretic labeling of motor axons. Animals
Trace) developed by Kristen Harris and John Fiala (available at Syn-were fixed by transcardial perfusion of 2.5% glutaraldehyde and
apse Web [http://synapses.mcg.edu]). Briefly, each section is mi-2.0% paraformaldehyde in sodium cacodylate buffer (pH 7.4) con-
croaligned to an adjacent section either manually or by using fidu-taining Ca2	 (2 mM) and Mg2	 (4 mM). Although fixation with glutaral-
ciary markers between the two sections until there is no systematicdehyde resulted in a large background autofluorescence, endplates
rotation between the two sections. Following alignment of the entirecould still be easily located. Motor neurons were labeled by ionto-
series, surface contours were manually traced. Surface contoursphoretic application of 1,1�-dioctadecyl-3,3,3�,3�-tetramethylindo-
were joined and rendered in three dimensions to generate a surfacecarbocyanine (DiI; Molecular Probes). A 1.0% solution of DiI dis-
reconstruction of the desired object. Quantitative measurementssolved in 100% methylene chloride was loaded into a 5–10 M

(volume, surface area, object counts) were generated by the Tracepipette with a chlorided silver wire serving as internal electrode.
software from surface contour data. Objects that were smaller thanSmall DiI crystals formed at the tip of the pipette when electrical
the section thickness (vesicles) were corrected for section thicknesspulses (200 ms, 1–10 V, 1 Hz; SD9 Stimulator; Grass Instruments,
using the Abercrombie method for cell counting (Purves and Licht-West Warwick, RI) were passed between electrode and ground. This
man, 1985). Schwann cells were identified in electron micrographssmall crystal was then deposited at the edge of an endplate after
as cells bounded by a basal lamina that sheathed preterminal axonsslightly penetrating the cell membrane of the muscle fiber and nerve
or axon terminals.terminals. Through diffusion of DiI within the axolemma, terminals

of a motor unit were selectively labeled. Neuromuscular junctions,
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