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Functional regeneration after axonal injury requires transected axons
to regrow and reestablish connection with their original target tissue.
The spontaneous regenerative mechanism known as axonal fusion
provides a highly efficient means of achieving targeted reconnection,
as a regrowing axon is able to recognize and fuse with its own
detached axon segment, thereby rapidly reestablishing the original
axonal tract. Here, we use behavioral assays and fluorescent reporters
to show that axonal fusion enables full recovery of function after
axotomy of Caenorhabditis elegans mechanosensory neurons. Fur-
thermore, we reveal that the phospholipid phosphatidylserine, which
becomes exposed on the damaged axon to function as a “save-me”
signal, defines the level of axonal fusion. We also show that success-
ful axonal fusion correlates with the regrowth potential and branch-
ing of the proximal fragment and with the retraction length and
degeneration of the separated segment. Finally, we identify discrete
axonal domains that vary in their propensity to regrow through fu-
sion and show that the level of axonal fusion can be genetically
modulated. Taken together, our results reveal that axonal fusion re-
stores full function to injured neurons, is dependent on exposure of
phospholipid signals, and is achieved through the balance between
regenerative potential and level of degeneration.

axonal fusion | axonal regeneration | phosphatidylserine |
nervous system repair | Caenorhabditis elegans

pontaneous, complete functional repair of damaged or injured

nerves is a rare naturally occurring event, particularly in the
central nervous system. Significant advancements in our un-
derstanding of neuronal regeneration have been made possible
through the development and optimization of UV laser axotomy
(1, 2). Using the nematode Caenorhabditis elegans, it is now pos-
sible to sever GFP-labeled axons with a high degree of efficiency
and with minimal damage to the surrounding tissues. This tech-
nology has aided the discovery of many conserved cellular and
molecular pathways that govern a neuron’s ability to regenerate,
including the finding that increased levels of intracellular calcium
and cAMP facilitate the branching of a regrowing axon toward its
postsynaptic target via p38 and JNK MAPK cascades (3-6). Ad-
ditional studies have revealed other important intrinsic mecha-
nisms that govern neuronal regeneration in C. elegans, such as the
role of microtubule stabilizers (7, 8), serotonin expression (9), and
the insulin and Notch signaling pathways (10, 11). However, very
little is known on how targeted reinnervation occurs, and there is
even less understanding of how damaged neurons accomplish
functional recovery postinjury. Yanik et al. (2) previously dem-
onstrated that spontaneous functional recovery is possible after
transection of the C. elegans GABAergic motor neurons, but the
precise mechanistic and molecular details of how this occurs have
not been determined.

C. elegans is one of several invertebrate species that have been
shown to possess the ability to spontaneously regenerate injured
axons via a mechanism of axonal fusion (5, 12-17). This highly
efficient type of repair is characterized by the ability of the prox-
imal segment of a transected axon to regrow and reconnect with

E10196-E10205 || PNAS | Published online November 6, 2017

its original target tissue. Regeneration through this mechanism
can restore the continuity of both the cell membrane and cyto-
plasm (17). We have recently shown that the process of axonal
fusion is mechanistically similar to the way in which apoptotic cells
are recognized for engulfment; phosphatidylserine (PS) is flipped
to the outer membrane for recognition by both secreted and
transmembrane proteins that mediate interactions between op-
posing membranes (18). After reconnection has been established,
the two axonal membranes are fused together through the actions
of the fusogen Epithelial Fusion Failure 1 (EFF-1) (5, 18). We
have also previously shown that approximately one-third of pos-
terior lateral microtubule (PLM) axons severed in the final larval
stage [larval stage 4 (L4)] of development regenerate through
axonal fusion, whereas the remainder are able to regrow but do
not fuse (17-19). However, the regrowth capacity of these neurons
after early developmental stages is simply not sufficient to extend
the axon for its entire normal length beyond the site of damage,
making functional repair difficult to achieve. Axonal fusion over-
comes this limitation and is, therefore, a more efficient mechanism
of repair.

Genetic tractability combined with its short lifespan make C. elegans
an optimal model in which to study the effects of aging on re-
generation. Previous research has established a decrease in overall
regrowth as the animal ages, as well as a decrease in the determi-
nistic guidance of novel regrowth (1, 4, 6, 10, 20, 21). In this study,
we show that regenerative axonal fusion restores full function to the
C. elegans PLM neurons after laser-induced axotomy, reestablishing
active transport within the axon. We show that the amount of PS
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“save-me” signals exposed on the axonal membrane strongly
correlates with the level of axonal fusion and increases with
age. Thus, despite the decrease in regrowth that occurs in aged
animals, a higher percentage of reconnection events is made
possible because of enhanced levels of externalized PS, in-
creasing the potential for complete repair of the transected
PLM axon by fusion. Furthermore, we reveal that the length of
retraction between the two axon segments after injury and the
amount of regenerative branching also contribute to the per-
centage of axons regrowing through fusion. We also show that
genetically enhancing the regrowth capacity of PLM increases
the frequency of axonal fusion. Taken together, these findings
define axonal fusion as a fully functional mechanism of repair.

Results

Axonal Fusion Fully Restores Function to Transected Neurons. To
determine whether regenerative axonal fusion (Fig. 14 and Fig.
S1A4) conveys functional recovery, we focused on the bilateral pair
of PLM neurons that mediate forward acceleration upon gentle
mechanical stimulation applied to the posterior half of the ani-
mal’s body. We assayed PLM function using the light touch assay
(22). To facilitate our analyses and to make them more precise, we
focused on a single PLM neuron by killing one of two neurons and
then performing axotomy on the remaining one. One of the PLM
neurons was ablated 20 h posthatching, and the axon of the con-
tralateral PLM neuron was transected 24 h later at the L4 stage
(Fig. 1B). A light touch assay was performed on these animals at
both 24 and 48 h postaxotomy followed by epifluorescence mi-
croscopy analysis to determine if the axon had regrown through
axonal fusion. As shown in Fig. 1C, we found no functional re-

Fig. 1. Axonal fusion restores complete function to
transected PLM neurons. (A) Image and schematic of
regenerative axonal fusion 24 h postaxotomy in a
PLM neuron. The closed arrowhead designates the
cut site, and the open arrowhead designates the
fusion site. Anterior is left and ventral is down for
this and all following images. The posterior ventral
microtubule (PVM) neuron is also visible in this im-
age. (Scale bar: 25 pm.) (B) Schematic representation
of a dorsal view to show how PLM function was

covery at 24 h postaxotomy, whereas at 48 h striking recovery was
apparent in animals in which axonal fusion occurred (Fig. 1 D and
F). Significant deterioration of function occurred in the absence of
axonal fusion (Fig. 1 D and E). The functional recovery observed
after axonal fusion was indistinguishable from the function of
PLM neurons in control animals in which a mock axotomy was
performed (Fig. 1 D, G, and H), showing that axonal fusion re-
stores full neuronal function. Touch assays performed in animals
with one PLM ablated and the axon of the second PLM severed
6 h before analysis revealed that neuronal function rapidly de-
clines after axotomy (Fig. S1B). Interestingly, the reduction in
function at this time point was almost identical to that found at
24 h postaxotomy in animals without fusion (Fig. S1C). This in-
dicates that PLM function does not significantly worsen between
the 6- and 24-h time points, which is likely a reflection of the slow
rate of degeneration that occurs in the separated distal segment
(23). We observed no change in the function of the anterior
mechanosensory circuit [mediated by the anterior lateral micro-
tubule (ALM) and anterior ventral microtubule (AVM) neurons]
after axotomy or ablation of PLM (Fig. 1 I and J and Fig. S1D),
highlighting the specificity of these procedures.

We previously showed that diffusible fluorophores can traverse
across the site of axonal fusion in both anterograde and retrograde
directions (17). Because of the critical importance of intact
transport mechanisms for neuronal function (24), we assessed
whether active transport mechanisms are also restored by axonal
fusion. To achieve this, we used a functional GFP-tagged version
of UNC-104/kinesin-3 (25), a motor protein responsible for the
movement of synaptic vesicles to presynaptic sites (26). Expression
of this molecule in the PLM neurons produced a weak GFP signal
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throughout the majority of the axon, with strong fluorescence
(pooling) observed at the distal end of the axon and at presynaptic
sites (25, 27) (Fig. S24). We used this pooling of GFP fluorescence
as a readout for axonal transport. As expected, axotomy induced
pooling of GFP on the proximal side of the cut site, indicating that
the axon had been transected and that transport had been blocked
(Fig. 24 and Fig. S2B). As shown in Fig. 2 B-F, this blockage of
axonal transport was released after axonal fusion, whereas GFP
pooling remained in those animals in which axonal fusion did not
occur (Fig. S2C). Thus, axonal fusion reestablishes movement of
UNC-104/kinesin-3 and active anterograde transport.

To further investigate functional recovery, we asked if the re-
generative capacity of PLM could be restored by axonal fusion. To
address this, we performed experiments in which the PLM axon
was transected at two different sites: first, at the typical site 50 pm
anterior to the cell body and second, immediately afterward at a
more anterior point (10 pm posterior to the synaptic branch,
equating to ~250 pum anterior to the cell body) (Fig. 34). We
compared the length of regrowth from the second axotomy site at
24 and 48 h postaxotomy in animals with no fusion at the first site
as well as in those where axonal fusion occurred at the first site.
Interestingly, the vast majority of animals (irrespective of fusion
status at the first site of axotomy) displayed regrowth from the
second cut within the first 24 h postaxotomy (33 of 34 animals with
an average of 33.09 + 3.84 um of regrowth) (Fig. 3B, white bars),
showing that the PLM axon is able to mount a regenerative re-
sponse even when separated from its soma. This regrowth confirms
previous reports of growth cone activity in severed PLM segments
(28), as well as sustained functionality of sensory neurites when
separated from their soma (29, 30). However, animals without
fusion at the first cut site (Fig. 3C) displayed little to no additional
regrowth from the second site after this time point, and in some
cases displayed reduced regrowth, likely because of pruning or
retraction of the new branches after the 24-h time point (0.89-fold
change in average length of regrowth from 24 to 48 h postaxotomy)
(Fig. 3B). Conversely, axonal fusion at the first cut site (Fig. 3D)
greatly facilitated regeneration from the second site, with signifi-
cant regrowth observed in these animals between the 24- and 48-h
time points (1.36-fold change in regrowth) (Fig. 3B). Remarkably,
in one of the animals analyzed, we found evidence of fusion oc-

A 6 h post-axotomy
Pmec-17::tagRFP

Pmec-1 7::tagFlFl§7
Pmec-4::UNC-104::GFP

Pmec-4::UNC-1 Oél::GFP
X 4

fusno\r; site cht

A
cut site

24 h post-axotomy

no UNC-104::GFP pooling

curring at both sites (Fig. 3 E and F). Taken together, these data
provide strong support to the notion that regenerative axonal fu-
sion leads to restoration of neuronal structure and function.

The Level of Axonal Fusion Is Modulated by Age. To define how the
level of axonal fusion changes with age, we performed PLM
axotomies in animals at each of the four developmental larval
stages and in four different adult stages. This revealed that larval-
stage animals present a relatively low level of reconnection and
successful fusion [defined as maintenance of the separated distal
segment after reconnection had been made (17, 18)] compared
with adult-stage animals that displayed a high capacity for using
axonal fusion as a means of repair (Fig. 4 4 and B and Table S1).
As it is well-established that the length of regrowth declines with
advancing age, we next determined how the level of reconnection
compared with the length of regrowth. To account for the dra-
matic increase in the length of the PLM axon that occurs during
development (mean length 189.84 + 7.94 pm at L1 compared with
571.71 £ 17.21 pm at the 5-d-old adult stage; n > 14, P value from
t test: P < 0.001), we calculated the average length of regrowth
relative to the total length of the PLM axon. Regrowth capacity
was maximal in the early larval stages and significantly reduced in
the adult stages (Fig. 4C and Table S1). Intriguingly, the extent of
reconnection showed a strong inverse correlation with the average
length of regrowth (r = —0.856) (Fig. S34). We also found that the
level of reconnection inversely correlated with the length of re-
traction after axotomy (r = —0.557) (Fig. 4D and Fig. S3B) and
with the extent of axonal degeneration (r = 0.732) (Fig. 4E and
Fig. S3C) and directly correlated with the amount of regenerative
branching (» = 0.843) (Fig. 4F and Fig. S3D).

PS Exposure Modulates the Extent of Axonal Fusion. We recently
reported that PS is exposed on the external surface of the PLM
axon after injury and proposed that this acts as an essential save-
me signal for recognition by the regrowing axon (18). To de-
termine whether this PS signal is modulated by age and may,
therefore, be responsible for mediating the different levels of
axonal fusion across ages, we visualized PS with an inducible
mRFP-tagged version of Annexin V (Phsp::sAnxV::mRFP) (31).
sAnxV::mRFP expression was induced by heat shock 4 h before
PLM axotomy, and PS exposure was quantified 1 h postaxotomy,

Fig. 2. Axonal transport is restored after axonal fu-
sion. (A) Images and schematic 6 h after axotomy of
PLM expressing diffusible tagRFP and UNC-104::GFP.
Transection of the PLM axon prevents the normal
anterograde transport, leading to pooling of UNC-
104::GFP fluorescence on the proximal side of the cut
site. Closed arrowheads designate cut sites. (Scale bars:
25 pm.) (B) By 24 h postaxotomy, axonal fusion has
occurred in the same animal as shown in A, restoring
axonal transport and releasing the pool of UNC-104:
GFP. Open arrowheads designate fusion sites; dashed
boxes in A and B highlight the regions used for
quantification of relative GFP pooling in C—F. (C and D)
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Fig. 3. Axonal fusion facilitates regrowth from a second site of axotomy. (A) Schematic representation of a lateral view of the PLM neuron showing where the
two cuts were performed; Upper shows the first axotomy site ~50 pm from the PLM cell body, and Lower shows the second site ~10 pm from the PLM synaptic
branch. The second axotomy was performed immediately after the first. (B) Average length of regrowth at 24 h (white bars) and 48 h (black bars) postaxotomy
quantified for animals that displayed no fusion at the first site of axotomy and those in which fusion was observed at the first axotomy site. Bars represent mean +
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animal displayed reconnection at the second site but not successful fusion. No reconnection events were observed at the second site in animals without fusion at
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first and second cut sites.

a time point at which we previously observed strong exposure of
PS (18). As shown in Fig. 5 4 and B, the relative levels of PS
exposure closely mirrored the percentages of reconnection that
we observed (Fig. 44), with very low levels of sAnxV binding
detected in larval-stage animals compared with much stronger
levels in adults. These different levels of PS exposure displayed a
very strong correlation with the levels of reconnection (r = 0.914)
(Fig. 5C), indicating that the ability of PLM to undergo axonal
fusion is strongly mediated by the amount of PS exposed after
injury. Interestingly, we observed comparable levels of PS ex-
posure on both the distal and proximal sides of the cut site across
all ages analyzed (Fig. S4A4). Similar observations have been
made during apoptosis, in which PS exposure on the engulfing

Abay et al.

cell, in addition to the apoptotic cell, is essential for the efficient
clearance of dying cells (31-33). Our data suggest the similar
importance of PS exposure on both sides of the membrane, and
indicate that the level of PS exposure on the transected axon
defines whether regeneration can occur through axonal fusion.
We previously showed that proximal—distal reconnection during
axonal fusion is mediated by components of the apoptotic recog-
nition pathway (18). The secreted lipid binding protein TTR-52/
transthyretin, the membrane-bound CED-7/ABC transporter, the
PS receptor PSR-1, and the intracellular adapter CED-6/GULP
function in a molecular cascade to allow the regrowing proximal
axon to recognize its separated distal segment (18). To determine
if these molecules affect PS exposure and to better define the
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pathway of regrowth, reconnection, and fusion, we quantified
sAnxV binding in animals carrying mutations in the encoding
genes. As shown in Fig. 5D and Fig. S4B, mutations in any of the
genes involved in reconnection failed to significantly alter the level
of PS exposed on the PLM axon after axotomy. Next, we per-
formed similar experiments in animals lacking the fusogen EFF-1,
which is required for fusing the axonal membranes after recon-
nection occurs (5, 18). Similar to our findings for the genes in-
volved in reconnection, loss of EFF-1 did not affect the level of PS
exposed after axotomy compared with WT animals (Fig. 5D and
Fig. S4B). Finally, we assessed PS exposure in animals defective
for regrowth by targeting the MAPKK kinase DLK-1, a key in-
trinsic regulator of axonal regeneration (3, 4). Although loss of
DILK-1 largely abolished PLM regrowth (Fig. SE), the level of PS
exposed was not significantly changed compared with WT animals
(Fig. 5D and Fig. S4B). Overall, these results show that PS ex-
posure is an early, initiating event for axonal fusion, which is not
affected by disrupting downstream molecules involved in regrowth,
reconnection, or fusion.

The Location of Axotomy and the Genetic Background Influence the
Level of Axonal Fusion. To determine whether axonal fusion is af-
fected by different genetic backgrounds as previous suggested (5),
we compared the regrowth of PLM in four different transgenic
strains: zdIs5(Pmec-4::GFP), which we routinely use for analysis;
zdIs4(Pmec-4::GFP), which is an independent but similar transgene
integrated in a different region of the genome; jsIs973(Pmec-7::
mRFP), in which PLM is labeled with the red fluorescent protein
mRFP; and wlsl15(Pmec-17::tagREP), in which a different red
fluorescent protein (tagRFP) labels PLM. Interestingly, we found
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differences in many aspects of regeneration between the four
transgenes, including in the percentages of reconnection and
successful fusion (Fig. 64), the length of regrowth, the extent of
degeneration in the separated distal fragment, and the level of
regenerative branching (Fig. S5). PLM neurons in the jsIs973
background displayed a large increase in the percentage of
reconnection, increasing from ~40% in zdIs5 and zdIs4 to more
than 70% (Fig. 64), which corresponded to a large increase in the
level of regenerative branching (Fig. S5D). Animals analyzed in
the zdIs4 background displayed an ~50% reduction in the level of
successful fusion compared with the other three transgenes (Fig.
6A4) as well as a similar reduction in regrowth potential (Fig. S54).
To assess whether these differences were associated with variation
in mechanosensory function between the strains, we performed
two-trial touch assays in the absence of any manipulations. The
responses of animals carrying the zdIs5, jsIs973, and ulsll5
transgenes were indistinguishable from one another; however,
those with the zdIs4 transgene displayed significantly reduced re-
sponses to both anterior and posterior stimulations (Fig. 6 B and
(). To determine if these differences would affect recovery of
function after axotomy, we repeated the assays shown in Fig. 1 in
animals carrying the zdIs4 transgene. As shown in Fig. 6 D and E,
animals displaying axonal fusion again displayed a strong recovery
of function 48 h postaxotomy that was not significantly different
from the mock axotomy condition. Disruption of the posterior
mechanosensory neurons again had no effect on the function of
the anterior mechanosensory neurons (Fig. 6 F and G). Thus,
despite the differences in penetrance between the genetic back-
grounds, a substantial number of animals displayed regenerative
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Fig. 5. PS exposure strongly correlates with the level of axonal fusion. (4) Images of PLM in a 1-d-old adult animal before (Left) and 1 h after (Right)
axotomy. The Pmec-4::GFP transgene was used to visualize the PLM neuron, and Phsp::sAnxV::mRFP was used to visualize exposed PS. Overlay images are
shown in Bottom; arrowheads designate the cut site. (Scale bars: 25 pm.) (B) Quantification of the change in sAnxV binding to the distal PLM axon
segment from before axotomy to 1 h postaxotomy. Bars represent mean + SE. Dotted line signifies a value of one (no change); n values are within each
bar. P values are from Tukey’s multiple comparisons test. ***P < 0.001 compared with L1, L3, and L4; #¥P < 0.05 compared with L2; P < 0.01 compared
with L2. (C) Correlation between the percentage of reconnection (x axis) and the fold change in sAnxV::mRFP binding to the distal PLM axon (y axis) 24 h
postaxotomy. Data shown in C are replotted from B; r and P values from Pearson correlation coefficients are displayed in the graph. (D) Quantification of
the change in sAnxV binding to the distal PLM axon segment 1 h postaxotomy in WT as well as mutant backgrounds that disrupt proximal-distal
reconnection (dark blue bars), fusion (light blue bar), or regrowth (white bar). Bars represent mean + SE. Dotted line signifies a value of one (no change);
n values are within each bar. No significant differences were observed from one-way ANOVA. (E) Quantification of regrowth length 24 h postaxotomy in
WT and dlk-1(ju476) mutant strains; dlk-1 mutants were also defective in the initiation of regrowth, with 12 of 41 (29.3%) displaying no regrowth
compared with 0 of 42 (0%) WT animals: P < 0.001 from t test. Bars represent mean + SE; symbols represent individual animals. P values are from t test. A,

adult stage.***P < 0.001.

axonal fusion in all four, and this was again concomitant with full
recovery of function.

To assess whether the dynamics of axonal fusion vary along the
length of the PLM axon, we performed axotomies at increasing
distances from the cell body and assessed regrowth. Axotomies
were performed at 50-pm intervals beginning 50 pm from the cell
body and extending as far as possible toward the synaptic branch
(250 pm), after which the PLM axon does not regrow (1). As shown
in Fig. 74, we found a significant reduction in the percentage of
reconnection when we performed axotomies farther from the cell
body, with a more than fourfold reduction observed when the axon
was severed 200 pm or more from the soma. The level of successful
fusion after reconnection was also reduced, with a success rate of
50% or less when the axon was cut beyond the typical 50-pm dis-
tance, at which we find an 83% success rate (Fig. 7B and Table S1).
Severing the PLM axon at the farther distances led to modest but
significant differences in the average length of regrowth and re-
traction, in the degeneration of the separated fragment, and in the
level of branching observed after axotomy (Fig. S6 A-D). Analysis
of externalized PS using the sAnxV::mRFP marker revealed a 35%
reduction in exposure on the distal axon segment when axotomy
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was performed 200 pm from the PLM cell body compared with
when it was cut at 50 pm (Fig. 7C). Although this reduction did not
reach statistical significance (P = 0.1003 from ¢ test), the large
decrease adds support to the notion that PS exposure is a critical
factor in determining the level of axonal fusion.

We next assessed whether sex differences affected regeneration
of the PLM neurons. As shown in Fig. 7D, PLM displayed almost
identical percentages of reconnection and successful fusion in
males and in hermaphrodites. Males were also similar in their
average length of regrowth, branching, and extent of degeneration
in the separated axon segment (Fig. S6 E, G, and H), although they
did show significant differences in the length of retraction (Fig.
S6F). Taken together, these results suggest that sex does not have a
strong effect on the dynamics of axonal regeneration in C. elegans.

The Level of Axonal Fusion Can Be Enhanced by Increasing Regrowth
Potential. The DLK-1 mitogen-activated kinase pathway is a major
conserved regulator of axonal regeneration (34). The ubiquitin
ligase RPM-1 negatively regulates DLK-1; loss of RPM-1 stabilizes
DLK-1, a condition that has previously been shown to increase
axonal regeneration of the C. elegans GABAergic motor and

PNAS | Published online November 6, 2017 | E10201
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Fig. 6. Axonal fusion is modulated by genetic background. (A) Quantification of reconnection and successful axonal fusion in different genetic
backgrounds: zdIs5(Pmec-4::GFP), zdIs4(Pmec-4::GFP), jsIs973(Pmec-7::mRFP), and uls115(Pmec-17::tagRFP). Bars represent mean + SE of proportion; n
values are within each bar. P values are from t tests. *P < 0.05. (B and C) Behavioral response of four different transgenic backgrounds to mechanical
stimulation (two-trial light touch assays) performed either on the anterior (B) or posterior (C) section of the animals. Bars represent proportions of
animals with each response (full, partial, or none); n > 100. P values are from Fisher’s exact test. ***P < 0.001. (D and E) A light touch assay was
performed on zdlIs4 animals with one PLM neuron ablated and the second transected as per Fig. 1. Responses were recorded at 24 h (D) and 48 h (E)
postaxotomy. Animals with one PLM ablated and no axotomy performed on the second PLM neuron were used as controls (mock axotomy). Bars
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axon of the second PLM was either transected or left intact (mock axotomy); disruption of the posterior mechanosensory neurons did not affect the

function of the anterior mechanosensory neurons.

anterior ventral mechanosensory neurons (4, 21). To determine if
the level of axonal fusion could be enhanced by simply increasing
the length of regrowth, we analyzed regeneration in animals car-
rying a loss-of-function allele in 7pm-1. As shown in Fig. 7E, we
found that animals carrying the rpm-I(ju4l) mutant allele dis-
played a 39% increase in the length of PLM regrowth 24 h post-
axotomy, whereas there was no effect on the length of retraction,
level of degeneration in the separated distal segment, or the av-
erage number of regenerative branches (Fig. S6 I-K). This increase
in length of regrowth was sufficient to significantly increase the
percentage of reconnection from 43% in WT animals to 71% in
rpm-1(ju41) animals (Fig. 7F), and resulted in a 30% increase in
the total number of animals regrowing through axonal fusion
(35.7% in the WT compared with 65.7% in rpm-1 mutants) (Table
S1). Thus, these data indicate that genetic enhancement of
regrowth capacity can be used to facilitate axonal fusion.

Discussion

Complete regeneration of neuronal circuits is essential for full
recovery of function after injury to the nervous system. Here, we
show that regenerative axonal fusion achieves this goal through
restoration of the damaged neuron and complete functional re-
covery. Axonal fusion prevents degeneration of the detached axon
segment, restores membrane and cytoplasmic continuity (17), re-
instates axonal transport and the regrowth capacity of the axon,
and as a consequence, restores full functionality within 48 h of
injury. Previous research in other species is also supportive of
axonal fusion as an efficient means of restoring function after
injury. Bedi and Glanzman (12) reported that an axonal fusion-
like mechanism in cultured mechanosensory neurons of Aplysia
californica restored cytoplasmic continuity and suppressed the
hyperexcitability and morphological changes normally associated
with damaged axons. Furthermore, axonal fusion in the regener-
ating axons of crayfish, ‘earthworms, and leeches allows action
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potentials generated proximal to the lesion to pass through the
fusion site and into the distal axon segments (13-15). Thus, axonal
fusion seems to provide an efficient means of achieving functional
recovery in every species in which it has been observed.

The observed decline in regrowth capacity of the PLM neurons
with increasing age accords with previous data obtained in this
species (34), and also parallels observations made in mammalian
species (35-37). However, somewhat counterintuitively, we ob-
served a large increase in the level of axonal fusion with advancing
age and found that higher percentages of reconnection strongly
correlate with reduced regrowth capacity. Perhaps more pre-
dictably, we also observed that the reconnection percentage strongly
correlated with reduced retraction, reduced degeneration in the
distal segment, and increased number of branches extending from
the regrowing axon. These factors facilitate fusion by providing a
reduction in the distance between the proximal and distal ends of
the axon, a more intact distal segment, and a greater probability of
contact between the two segments. Moreover, the increased fre-
quency of axonal fusion observed in the regrowth-promoting rpm-1
mutant background shows that declining regrowth potential can be
uncoupled from the increased level of fusion. Thus, although older
animals lack the regrowth capacity of their younger counterparts,
they maintain sufficient levels of regrowth to permit axonal exten-
sion across the cut site.

We observed a very strong correlation between the relative level
of PS exposure and the reconnection percentage. We also showed
that PS exposure is unchanged by mutations in pathways that dis-
rupt regrowth, reconnection, or fusion. These data together with
our previous research showing PS exposure on the PLM axon
within 15 min of axotomy (18) strongly support the notion that PS
exposure is a crucial early event that is required for proximal—distal
reconnection to occur. PS is normally restricted to the inner leaflet
of plasma membranes through the activity of flippase proteins that
translocate it in an ATP-dependent manner from the outer to the
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inner leaflet of the membrane (38). Initiation of cellular events,
such as apoptosis or platelet activation, disrupts this polarized
distribution of PS through the caspase-mediated inactivation of
flippases (39) and activation of scramblase proteins through cas-
pase- and/or Ca®*-dependent mechanisms (40-43). Consequently,
PS is aberrantly exposed on the external leaflet of the membrane,
where it serves as a recognition signal to trigger the phagocytic
engulfment of apoptotic cells (44) or act as a scaffold for co-
agulation factors (45). In the case of axonal fusion, exposed PS
serves as a save-me signal that mediates the recognition between
the regrowing axon and its detached segment (18). Given that the
loss of either the executioner caspase CED-3 or its activator CED-
4/APAF-1 does not significantly affect the level of axonal fusion in
the PLM neurons (18), it is likely that the exposure of PS after
axonal injury is not caspase-dependent. Although C. elegans
possesses three other caspase-like molecules (46) that are yet to
be studied in the context of axonal fusion, we speculate that
Ca2+-dependent scramblases are likely to mediate PS exposure
after axotomy in the PLM neurons. Indeed, axotomy of these
neurons induces rapid calcium transients that correlate with the
length of regrowth (5) and also correspond with the rapid ex-
posure of PS that occurs after axotomy (18). Our data showing
that the level of PS exposure increases with age suggest that this
more robust presentation of the save-me signal circumvents the
severely restricted regrowth capacity present in older animals
and therefore, permits a higher incidence of complete repair
through axonal fusion.

Accompanying the exposure of PS on the separated axon frag-
ment is similar exposure on the proximal side of the cut site (this
study and ref. 18). Interestingly, similar observations have been
made during apoptosis, in which both dying and engulfing cells
present PS on their external surfaces (31-33). Exposure of PS on
the phagocytic membrane is important for cell corpse engulfment,
which in C. elegans, has been shown to occur through the transfer
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of PS-containing vesicles from the dying cell in a CED-7/ABC
transporter- and TTR-52/transthyretin-dependent fashion (31).
We previously showed the importance of both of these molecules
in axonal fusion, revealing that loss of either CED-7 or TTR-52
strongly reduced the percentage of reconnection and successful
fusion events after axotomy (18). Our data showing no change in
PS exposure on either the proximal or distal segments in the ab-
sence of these molecules may suggest that they do not perform the
same function during axonal fusion as they do during apoptosis.
Alternatively, they might mediate the transfer of PS at later time
points during the regenerative process (i.e., beyond the 1-h time
point analyzed in this study) or possess redundant roles. Although
the role of PS exposure in mediating axonal fusion is clear, its
function on the proximal side of the cut site and exactly how it is
regulated remain to be determined.

PS has previously been show to carry out important roles in
diverse membrane fusion events. During the process of exocytosis,
SNARE proteins mediate the docking of synaptic vesicles with
their presynaptic target membranes (47). Temporal control for
this process is provided by synaptotagmin-1 in the membrane of
the vesicles. Binding of Ca®* to synaptotagmin-1 allows it to
insert into the target membrane and permits interactions with
SNARE proteins and membrane phospholipids to induce fusion
between the two membranes (48). PS is essential for efficient binding
of synaptotagmin-1 to the membrane, increasing the depth of its
membrane penetration and reducing its dissociation rate from the
membrane (49). PS is also vital for the normal function of a-syn-
uclein, a Parkinson’s disease-associated protein, in promoting
SNARE complex assembly and vesicle docking (50). In addition,
PS exposure is a key event for fusion events outside of the nervous
system, including during homotypic fusion essential for correct
morphogenesis and function of the endoplasmic reticulum (51) and
for myotube formation (52), macrophage polykaryon formation
(53), fertilization of eggs (54), and development of the placental
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syncytiotrophoblast (55). Thus, nonapoptotic exposure of PS seems
to be play a common role in various types of membrane fusion
events through interactions with a variety of different proteins.

Exposed PS also serves as a cofactor for viral infection. Binding
of HIV-1 to receptors on its target cell surface induces PS expo-
sure, which plays an important role in mediating membrane fusion
and viral infection (56). Furthermore, a number of other viruses
require PS for efficient host—cell infection, including vaccinia,
dengue, and Ebola (57-59). Intriguingly, the E glycoprotein of
dengue virus and EFF-1 are structurally and functionally related
class II fusion proteins (60). As both proteins require PS for
membrane fusion, it is possible that PS has similar functions during
the various cell—cell, virus—cell, and axon—axon fusion events. It is
also conceivable, therefore, that, under specific circumstances,
structurally similar fusion proteins in other species might also be
capable of mediating axonal fusion-like regenerative paradigms.

An important finding from this study is that the level of axonal
fusion can be endogenously modulated by age, injury site, and the
level of PS exposure, and can be ectopically increased by enhancing
regrowth capacity. This knowledge combined with the identifica-
tion of the molecular pathways that mediate the process (18) sig-
nificantly build on our understanding of this efficient and functional
regenerative mechanism. Extensive recent reports have established
genetic targets that could be used to significantly promote re-
generation in mammalian systems (61) and establish viable strate-
gies with which to induce axonal fusion-like mechanisms to repair
peripheral nervous system injuries (62). A complete understanding
of the axonal fusion process in C. elegans may, therefore, aid in the
development of paradigms to induce axonal fusion mechanisms for
therapeutic purposes.

Methods

C. elegans Strains and Genetics. Maintenance, crosses, and other genetic ma-
nipulations were all performed via standard procedures (63). Hermaphrodites
were used for all experiments unless otherwise specified and were grown at
20 °C on nematode growth medium (NGM) plates seeded with OP50 Escher-
ichia coli. The ced-6(n1813), ced-7(n2690), dlk-1(ju476), eff-1(ok1021), psr-1
(ok714), rom-1(ju41), and ttr-52(sm211) mutant strains were used together with
the following transgenes: jsis1111(Pmec-4::UNC-104::GFP) (25), jsls973(Pmec-7::
MRFP) (64), smis95(Phsp16-2::sAnxV::mRFP) (31), uls115(Pmec-17::tagRFP) (65),
zdIs4(Pmec-4::GFP), and zdlIs5(Pmec-4::GFP). A full list of strains is provided
in Table S2.

Laser Axotomy and Microscopy. Axotomies were performed as previously de-
scribed (17, 18) at the L1 [7 h posthatching], L2 (16 h posthatching), L3 (26 h
posthatching), L4 (32 h posthatching), and 1-, 3-, 5-, and 7-d-old adult stages.
Axons were transected ~50 pm anterior to the PLM cell body (except when
stated otherwise), except for L1 animals, which were transected 20 pm anterior
to the cell body. Animals were imaged after axotomy using a Zeiss Axio Imager
M2 microscope and analyzed at 24-, 48-, and 72-h time points postaxotomy,
depending on regenerative capacity.

Quantification of Regrowth. Axonal regrowth was quantified by measuring
the length of the longest regenerative branch extending from the proximal
side of the cut site using Zen2 or Image J 1.47n software. Axons that un-
derwent successful fusion were excluded, and only extensions greater that
5 pm were recorded as regrowth. To account for the differences in PLM
axon length across age, regrowth was divided by the length of the original
axon, which was quantified by measuring the distance from the PLM cell
body to the end of the original axon 24 h postaxotomy. Animals in which
the separated distal axon had been completely cleared were excluded
from these analyses. Retraction length was recorded by measuring the
distance between the tips of the proximal and distal axons 24 h post-
axotomy. Axonal degeneration was assessed using the axonal integrity
scoring system (23), where five represents a completely intact axon, four
represents beading/thinning of the axon, three represents one break in
the axon, two represents multiple breaks or significant clearing of the
axon, and one is a completely cleared axon. Regenerative branches 24 h
postaxotomy were quantified by counting novel projections extending >5 pm
from the primary branch. Animals with only a primary regrowth branch
were given a score of zero. Reconnection events were identified visually
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using a 63x objective, and successful axonal fusion was defined as the
reconnection of the proximal and distal segments that subsequently
prevented degeneration of the distal axon (17, 18).

Analysis of Neuronal Function After Axotomy. Animals were synchronized
using a hatch-off method (19), whereby newly hatched larvae (0-30 min
posthatch) were transferred to new plates. Twenty hours posthatch (L2),
one PLM neuron was laser ablated, and the animals recovered to
OP50 seeded NGM agar plates. Twenty-four hours later (L4), the axon of
the remaining PLM neuron was transected, and the animals were re-
covered to seeded plates. A modified version of the light touch assay (22)
was used to test the function of the remaining PLM neuron. Individual
animals were assessed by gently touching the animals with an eyebrow
hair mounted on a pipette tip. Each animal was touched once on the
posterior half of the body and once on the anterior half and was not
touched again for a period of 3-5 min. This was repeated a total of
10 times. Thus, this represents a 20-trial touch assay with a 3- to 5-min
interstimulus interval. For posterior mechanical stimulations, animals were
touched farther anterior to the anus than is typical to ensure that the
distal axon segment and not the proximal segment was activated. Touch
assays were performed before axons were analyzed with epifluorescence
microscopy, such that the assay was performed blind to the mechanism of
regeneration. For mock axotomy controls, one PLM was ablated; 24 h
later, the animal was anesthetized as above, but no axotomy was per-
formed. Instead, the laser was fired at a point ~10 um dorsal to the axon.
Mock cell ablations were performed similarly, with laser pulses directed
10 pm away from the soma.

Two-Trial Touch Assays. For analysis of touch response across populations of
animals, two-trial touch assays were performed. One-day-old adults within
a population of animals were each touched once on the head and once on
the tail with an eyebrow hair, and their responses were recorded. Full
responses were defined as movement backward (after head touch) or
forward (tail touch) more than a body length; partial responses were when
the animal responded but moved less than a body length. No responses
were when no change in behavior occurred. The individual responses of all
of the animals for a given population were combined to represent the
percentage of response for a specific strain.

Quantification of UNC-104::GFP. The maximum intensity of tagRFP and UNC-
104::GFP was calculated 6 h postaxotomy from a region at the end of both
the proximal and distal sides of the cut site using ImageJ 1.47n software.
GFP intensity was normalized to tagRFP, and these values were used to
compare the relative GFP intensity on the proximal and distal cut sites. GFP
intensity 24 h postaxotomy was quantified from measurements taken at the
fusion site or at the end of the longest regrowing branch before being
compared with the distal side of the cut site. “No cut” control animals were
imaged without axotomy, and measurements were calculated ~50 pm
anterior to the PLM cell body.

Quantification of Annexin V. To induce sAnx:mRFP expression, smis95
(Phsp16-2::sAnxV::mRFP); zdIs5 animals were incubated at 30 °C for 30 min
4 h before analysis. PS exposure was visualized with a Leica SP8 confocal
microscope equipped with LAS X software. Green fluorescence was visu-
alized with a 488-nm laser (2.4% power; 600 gain; 8x averaging), and red
fluorescence was visualized with a 543-nm laser (100% power; 1,000 gain;
8% averaging). Fluorescence intensities were calculated from line scans
recorded in 15-um measurements along both the proximal and distal axon
segments using ImageJ 1.47n software. To avoid fluorescence caused by col-
lateral damage, line scans were taken 5 pm away from the cut site. mRFP
expression 1 h postaxotomy was calculated relative to expression levels im-
mediately preceding axotomy.

Statistical Analysis. Statistical analysis was performed using GraphPad Prism
7 and Primer of Biostatistics. The error of proportions was used to assess
variation across a single population, two-way comparison was performed
using the t test, and ANOVA was used for comparing groups with more than
two samples followed by Tukey’s multiple comparisons or Kruskal-Wallis
(for comparisons of axonal integrity scores, which did not follow a normal
distribution) post hoc tests.
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