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Research into conditions that improve 
axon regeneration has the poten-

tial to open a new door for treatment of 
brain injury caused by stroke and neu-
rodegenerative diseases of aging, such 
as Alzheimer, by harnessing intrinsic 
neuronal ability to reorganize itself. 
Elucidating the molecular mechanisms 
of axon regeneration should shed light on 
how this process becomes restricted in 
the postnatal stage and in the CNS and 
therefore could provide therapeutic tar-
gets for developing strategies to improve 
axon regeneration in the adult CNS. In 
this review, we first discuss the general 
view about nerve regeneration and the 
advantages of using C. elegans as a model 
system to study axon regeneration. We 
then compare the conserved regenera-
tion patterns and molecular mechanisms 
between C. elegans and vertebrates. 
Lastly, we discuss the power of femtosec-
ond laser technology and its application 
in axon regeneration research.

Introduction

Axon regeneration is crucial for the resto-
ration of functional neuronal circuits after 
trauma in both vertebrates and inverte-
brates. The injured axon initiates a new 
growth cone at the end of the proximal 
segment while the distal segment of the 
injured axon undergoes Wallerian degen-
eration. In some cases, the regenerating 
axon can fuse with the distal segment, 
preventing it from degeneration.1 Based 
on studies in a variety of organisms, it was 
found that although the capacity of neu-
ronal regeneration should be universal, in 
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reality, not all neurons successfully regen-
erate after injury. Furthermore, the regu-
lation of axon regeneration may involve 
unique mechanisms that are distinct 
from axonal development. Thus, under-
standing the dichotomy of regeneration 
responses in different neuron types at 
different ages and the underlying mecha-
nisms of regeneration may help develop 
therapeutic strategies for the treatments of 
neurodegenerative diseases as well as brain 
and spinal cord injuries. Caenorhabditis 
elegans has emerged as a powerful model 
for studying axon regeneration since the 
invention of the femtosecond laser system 
opens up the possibilities for high through-
put genetic screens to identify novel genes 
involved in regulating axon regeneration.2 
In this review, we first discuss the general 
view about nerve regeneration and the 
advantages of using C. elegans as a model 
system to study axon regeneration. We 
then compare the conserved regenera-
tion patterns and molecular mechanisms 
between C. elegans and vertebrates. Lastly, 
we discuss the power of femtosecond laser 
technology and its application in axon 
regeneration research.

Distinct Regeneration Responses 
between CNS and PNS Neurons

The nervous system can be grossly divided, 
based on function and location, into two 
distinct parts, the central nervous system 
(CNS) and the peripheral nervous system 
(PNS) (Fig. 1). The different regeneration 
capacity of these two neuronal compart-
ments has been noticed since the early 19th 
century.3 In contrast to the PNS, where 
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pathway, which normally acts to regulate 
cell growth,9 and the reduced level of dis-
tinctive sets of gene expression regulated 
by the transcription factors, Krüppel-like 
factor 4 (KLF4) 10 and STAT3.11

The inhibitory CNS environment is 
the other key factor that contributes to 
the incapacity of regeneration in adult 
CNS neurons. By bridging a segment of 
peripheral nerve (PN) to the injured spi-
nal cord, Aguayo and colleagues observed 
CNS neurons regenerate remarkably into 
the PN graft, which is permissive to axon 
regeneration. However, the regeneration 
is impeded once the regenerating axons 
reach the CNS region.12 This observation 
implies that the adult CNS environment 
is inhibitory to axon regeneration, which 
can be attributed to the presence of glial 
scars, myelin debris and several repulsive 
axon guidance cues.13 Glial scars form at 
the lesion site 14 d after injury.14,15 It not 

regeneration, which can be attributed to 
various cell autonomous factors.6-11 The 
noticeably reduced level of endogenous 
cAMP in adult neurons in comparison to 
those at younger stages limits the regener-
ation of adult CNS neurons.7 The effect of 
endogenous cAMP levels on axon regen-
eration has been extensively studied in 
the dorsal root ganglion (DRG) neurons. 
DRG neurons develop as bipolar sensory 
neurons, projecting neurites to both CNS 
and PNS regions. The inability of regen-
eration occurs in the CNS branch, but not 
the PNS branch. However, if the PNS and 
CNS branch are dissected sequentially, the 
severed PNS branch triggers the elevation 
of endogenous cAMP levels, which in turn 
allows the CNS branch to regrow exten-
sively.8 The limited ability of mature CNS 
neurons to regenerate axons is also influ-
enced by the diminished activity of the 
mammalian target of rapamycin (mTOR) 

injured neurons can regenerate robustly, 
neurons located within the CNS fail to 
regenerate after injury in adult warm-
blooded vertebrates, including mammals 
and birds. Interestingly, mammals at 
embryonic or perinatal stages and some 
cold-blooded amphibians, such as newts, 
are capable of robust regeneration in both 
CNS and PNS neurons at all ages.4 The 
dichotomy in regeneration responses 
between CNS and PNS neurons may be 
attributed to both the lack of intrinsic 
axon growth promoting factors in CNS 
neurons as well as the inhibitory CNS 
environment.5

Although CNS neurons in the embry-
onic or perinatal stages in mammals are 
capable of robust regeneration, their 
adult counterparts are not. This develop-
mental decline in regeneration capacity 
implies that the intrinsic growth program 
of adult CNS neurons does not support 

Figure 1. Analogous counterparts of the human nervous systems in C. elegans. the human nervous system can be divided, based primarily on the lo-
cations, into the central nervous system (CnS) and the peripheral nervous system (PnS). the human CnS consists of the brain and the spinal cord while 
the rest of the nervous system belongs to the PnS. the nerve ring located at the head region of C. elegans is a CnS equivalent. neurons within the 
nerve ring, such as AwC, display limited axon regeneration after injury. in contrast, neurons outside of the nerve ring, including ALM, can effectively 
regenerate axons after injury.
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regeneration of the brain and spinal cord 
in humans. Fourth, the optimal size and 
transparency of nematodes allows us to 
visualize axon regeneration in live ani-
mals using time-lapse fluorescent micros-
copy as well as to cut any axon of interest 
using femtosecond laser technology. Most 
importantly, many intriguing regenera-
tion patterns and molecular mechanisms 
are conserved between C. elegans and ver-
tebrates (Table 1), suggesting that we may 
use C. elegans as a model to facilitate our 
understanding of nerve regeneration in 
humans.

The Conserved Patterns  
of Axon Regeneration between  

C. elegans and Vertebrates

The most striking resemblance between 
C. elegans and vertebrates is the dichotomy 
of regeneration ability between CNS and 
PNS neurons. In vertebrates, PNS neu-
rons display robust axon regeneration after 
injury while CNS neurons exhibit limited 
axon regeneration.5 In C. elegans, the nerve 
ring in the head is considered an equiv-
alent of the vertebrate CNS. Neurons 
located within the nerve ring, such as 
amphid neurons AWC, AWB and ASH, 
are incapable of regenerating axons, while 
a variety of different PNS neurons, such 
as touch neurons (AVM, ALM, PVM and 
PLM), regenerate axons extensively after 
laser axotomy (Fig. 1 and unpublished 
observations).41,42

Also, both C. elegans and vertebrates 
display a decline in axon regeneration 
capacity in advacing development. Studies 

but the roles of other repellents remains 
unclear.37

The Advantages of the C. elegans 
Model in the Study  

of Axon Regeneration

Some progress has been made in under-
standing the dichotomy of neuronal regen-
eration between the CNS and the PNS in 
vertebrates based on studies mainly per-
formed using the in vitro explant assays. 
However, reports of regeneration observed 
in mouse knockouts sometimes conflict 
with results obtained from the in vitro 
explant assays.30 Thus, it remains largely 
unknown how to overcome the inhibitory 
CNS environment to regenerate severed 
neuronal circuits. The challenge to the 
field is to develop a genetically tractable 
model system accessible to an optical scal-
pel that would enable us to perform high 
throughput and unbiased screens to iden-
tify novel molecules that regulate axon 
regeneration.

C. elegans is a great model system suit-
able for delineating the molecular mecha-
nisms of regeneration for several reasons. 
First, C. elegans has a simple nervous 
system composed of 302 neurons with a 
complete map of all axon trajectories and 
synaptic connections. Second, many pow-
erful genetic tools are available in worms 
to allow identification, characterization 
and testing of interactions between genes 
involved in axon regeneration. Third, 
many genes are highly conserved between 
C. elegans and humans. Thus, what we 
learn in C. elegans would be relevant to 

only acts as a physical barrier, but also 
secretes a number of extracellular matrix 
molecules, most notably chondroitin 
sulfate proteoglycans (CSPGs), that are 
inhibitory to axon regeneration.16-18 In 
addition, the removal of myelin debris 
after injury is considerably slow in the 
CNS region. The long lasting myelin 
debris induces the axon retraction, sug-
gesting that myelin debris contains the 
inhibitory factors of axon regeneration.3 
Subsequently, three major myelin-based 
inhibitors have been identified, includ-
ing myelin-associated glycoprotein 
(MAG), Nogo and oligodendrocyte 
myelin glycoprotein (OMgp).19-25 Despite 
lack of sequence or structural similarity 
in these three molecules, they seem to 
share a common receptor, NgR1.25-28 The 
mechanisms underlying the inhibition of 
myelin-based factors to axon regeneration 
remain to be clarified due to the conflict-
ing reports of regeneration obtained from 
the knockout mice of Nogo, MAG and 
NgR.29,30 Lastly, the repulsive axon guid-
ance cues are likely another obstacle of 
axon regeneration in the CNS.31 Many of 
the guidance cues are downregulated once 
development is accomplished, however, 
some of the repellents, such as Netrin, 
Sema4D and Sema5A, remain expressed 
by adult oligodendrocytes.5,31-37 More 
interestingly, the expressions of Sema3A 
and Eph-B3 are induced in the fibroblasts 
and astrocytes after brain injury.38-40 The 
contribution of repulsive guidance fac-
tors to myelin-based regeneration block 
is revealed by the mild improvement of 
regeneration in ephrin-B3 knockouts, 

Table 1. the conserved patterns and molecular mechanisms of axon regeneration between vertebrates and C. elegans

Regeneration patterns Vertebrates C. elegans

Dichotomy of regeneration ability between CnS and PnS neurons yes3-5 yes41,42

Developmental decline of intrinsic axon growth ability yes43 yes41,42,44

Manner of regeneration influenced by the proximity of the injury to the cell body yes45-48 yes42

Synaptic branch negatively influences the intrinsic growth state of injured neurons yes49 yes41

regenerating axon fused with the disconnected distal axon segment nD yes1

Molecular mechanisms of axon regeneration Vertebrates C. elegans

ephrin signaling inhibits axon regeneration yes37,40 yes41

cAMP signaling promotes axon regeneration yes7,8,49-52 yes53

p38 MAP kinase pathway promotes axon regeneration yes54-56 yes44

mtOr signaling enhances axon regeneration yes9 nD

klf-4 restricts axon regeneration yes10 nD

nD, not determined.
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capacity in both vertebrates and C. elegans 
(Table 1).8,49,50,53 Under the conditioning 
lesion, in which the peripheral branch of 
DRG neurons was cut prior to the central 
branch lesion, the intrinsic cAMP level of 
DRG neurons was elevated after the con-
ditioning lesion, leading to efficient axon 
regeneration in the central branch of DRG 
neurons.49 Elevation of cAMP levels using 
cAMP analog or rolipram that prevents 
cAMP breakdown is sufficient to alter the 
regeneration response of DRG neurons 
after injury.8,51,52 In C. elegans, the elevated 
cAMP level due to the loss of neuronal 
phosphodiesterase, pde-4, promotes axon 
regeneration as judged by faster growth 
cone formation and higher growth rate in 
injured axons.53

Another class of intrinsic factors that 
regulates axon regeneration is the mito-
gen-activated protein (MAP) kinase cas-
cade, which includes MAPKKK dlk-1, 
MAPKK mkk-4 and p38 MAPK pmk-3 
(Table 1). dlk-1, an important regulator 
of presynaptic development, was identi-
fied in a genetic screen for genes involved 
in spontaneous axon regeneration after 
progressive axon fragmentation induced 
by neuronal β-spectrin unc-70 mutation 
in C. elegans.61,62 In dlk-1 mutants, tran-
sected axons were able to develop the 
transient filopodia at the tip similar to 
wild-type animals. However, they never 
formed a growth cone and exhibited only 
limited axon regeneration. In contrast, 
overexpression of dlk-1 not only accel-
erates growth cone formation, but also 
ameliorates the morphology and behav-
ior of growth cones in C. elegans.44 Like 
dlk-1, mkk-4 and pmk-3 mutants fail to 
initiate axon regeneration after injury in 
C. elegans. However, dlk-1 overexpression 
is unable to bypass the requirement of 
mkk-4 and pmk-3, suggesting that mkk-4 
and pmk-3 act downstream of dlk-1 in the 
same genetic pathway to regulate axon 
regeneration. p38 MAP kinase has been 
previously shown to regulate the remodel-
ing of microtubules and local protein syn-
thesis that are essential for growth cone 
formation in vertebrates.54,55 The appli-
cation of the p38 inhibitor significantly 
eliminated the growth cone formation and 
axon regeneration in the cultured DRG 
neurons.56 These observations indicate an 
evolutionarily conserved role of the MAP 

synaptic branch somehow controls the 
intrinsic growth state of injured neurons 
and has an inhibitory effect on distal axon 
regeneration.

The ultimate goal of regeneration is to 
repair the damaged neuronal circuit and 
restore its function. There are many ways 
to reconnect the injured neuron to its 
target. For example, a regenerating axon 
can either follow the original axonal tra-
jectory or take an ectopic path to reach 
the target. Axonal fusion is the former 
way of re-establishing the connection by 
a regenerating axon that directly bridges 
between the proximal and distal segments 
of the original axon. However, axon fusion 
is only described in C. elegans and other 
invertebrates, like crayfish, earthworms 
and leech.1,53,57-60

Shared Molecular Mechanisms  
of Axon Regeneration between  

C. elegans and Vertebrates

As mentioned earlier, repulsive axon guid-
ance cues existing in the CNS environ-
ment block axon regeneration. Ephrin, a 
myelin-based inhibitor that prevents axon 
regeneration of CNS neurons in mice, has 
also been reported for its negative influ-
ence on axon regeneration in C. elegans 
(Table 1).37,41 In worms lacking VAB-1 
Eph receptors, regenerating PLM axons 
display significantly less misguidance phe-
notypes than those in wild-type animals.41 
PLM axons of vab-1 mutants regrew more 
linearly and stayed closer to their origi-
nal trajectory after injury.41 In addition, 
transgenic animals expressing a myris-
toylated Ephrin receptor (MYR::VAB-1) 
in PLM neurons displayed significantly 
less anterior regrowth than wild-type ani-
mals. These studies suggest a negative role 
for Ephrin signaling in both axon guid-
ance and outgrowth during regeneration. 
Interestingly, it was further shown that 
Ephrin signaling regulates axon guid-
ance in regeneration through a kinase-
independent mechanism while regulating 
axon outgrowth in regeneration through a 
kinase-dependent mechanism.41

In addition to the extracellular inhibi-
tors, intrinsic factors are important in 
controlling the process of axon regenera-
tion. The endogenous level of cAMP has 
been correlated with the regeneration 

of spinal cord regeneration in vertebrates 
show that chick and opossum exhibit 
effective repair after spinal cord injury 
at the embryonic stage, but gradually 
lose the regeneration ability at the post-
natal stage.43 Similarly, it was demon-
strated in C. elegans that ALM, AVM 
and DD/VD neurons regenerate signifi-
cantly longer axons at larva stages than 
adult stages.41,42,44 In addition, regenera-
tion at larva stages display less guidance 
errors.41,42 In early development, AVM 
neurons first project an axon ventrally to 
the ventral nerve cord before extending 
anteriorly along the ventral midline to the 
nerve ring. The chance for a regenerating 
AVM axon to reach the ventral nerve cord 
following injury at the ventral projection 
of the AVM axon decreases as develop-
ment advances.42

Another conserved regeneration pat-
tern between C. elegans and vertebrates 
is that the proximity of axonal injury to 
the cell body determines the regeneration 
responses. When the axon is transected at 
different positions, the farther the lesion 
is made away from the cell body the 
greater the chance injured neurons initi-
ate growth cones from the proximal end 
of the injured axon.42,45-48

Furthermore, it was also found that, 
the synaptic branch has a negative influ-
ence on axon regeneration in vertebrates 
and C. elegans. Preconditioning lesions in 
the dorsal root ganglion (DRG) neurons 
in vertebrates, in which a lesion is made at 
the peripheral branch 1 or 2 weeks prior 
to the central branch injury, results in an 
increase of regeneration capacity of the 
central branch in DRG neurons.49 The 
effects of cutting the synaptic branch in 
C. elegans are analogous to ‘precondition-
ing lesion’ paradigms in the dorsal root 
ganglion (DRG) neurons in vertebrates. 
In C. elegans, the touch neuron PLM proj-
ects an axon anteriorly at a lateral position 
and branches collaterally to form synapses 
with the ventral nerve cord. In contrast 
to the robust regeneration observed after 
axotomy that is proximal to the PLM 
axon branch, almost no regrowth occurs 
that is distal to the branch following axot-
omy.41 Strikingly, if the branch and the 
distal axon are cut sequentially, the dis-
tal axon becomes capable of regrowth.41 
These observations suggest that the 
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mode or kilohertz (kHz) mode, depend-
ing on the repetition rate.41,70 When the 
laser pulses are delivered at a high repeti-
tion rate (MHz mode), the latter pulses 
arrive before heat dissipates from the ear-
lier pulses, resulting in heat accumulation 
and collateral damage. In contrast, when 
the laser is controlled at a low repetition 
rate (kHz mode), the latter pulses reach 
the focal point after heat generated from 
the earlier pulses is already dissipated, 
limiting damage to just the focal point.69 
Thus, development of femtosecond laser 
technology greatly enhances the preci-
sion of laser surgery, enabling us to injure 
axons without damaging the soma.

Concluding Remarks

In addition to the femtosecond laser sur-
gery, the microfluidic device has been 
recently developed as a minimally invasive 
tool to precisely manipulate nematodes 
and their microenvironment for various 
neurobiological studies, including axon 
regeneration. To substitute the conven-
tional way of immobilizing worms, such 
as anesthesia on agar pads, microfluidic 
devices immobilize worms in a chemical-
free manner through thermal or mechani-
cal mechanisms.71-73 By trapping the 
worm in a cooling liquid or a pressurized 
chamber, microfluidic devices effectively 
avoid the adverse effect of anesthesia on 
axon regeneration and minimize the time 
for worms to recover after laser surgery.74 
Furthermore, in combination with the 
interface to multi-well plates containing 
compounds or an RNAi library, micro-
fluidic devices allow high-throughput 
screens for novel genes involved in axon 
regeneration and drugs that interact with 
axon regeneration in live animals.71,74

Elucidating the cellular and molecu-
lar basis for axon regeneration should 
shed light on how this process becomes 
restricted in the postnatal stage and in 
the CNS and therefore can provide thera-
peutic targets for developing strategies to 
improve axon regeneration in the adult 
CNS. It is also hoped that these studies 
can open a new door for treatment of neu-
rodegenerative diseases as well as brain 
and spinal cord injury by harnessing the 
intrinsic neuronal ability to reorganize 
itself.

axon growth ability.10 Interestingly, the 
expression curve of different KLFs coin-
cides with the developmental decline in 
axon growth ability. Embryonic RGCs 
express high levels of axon growth- 
promoting KLFs, such as KLF-6 and 
KLF-7, whereas postnatal RGCs express 
high levels of axon growth-inhibiting 
KLFs, such as KLF-4 and KLF-9.10  
C. elegans contains at least three Krüppel-
like factors (klf-1, klf-2 and klf-3). It would 
be important to determine whether they 
function similarly to their mammalian 
counterparts in regulating axon growth 
ability.

Development of Femtosecond  
Laser Technology for Axon  

Regeneration Studies

Laser ablation has been applied to study 
the function of specific cells in C. elegans 
for decades.65 By killing individual or 
groups of cells with a UV laser, the subse-
quent abnormalities observed in develop-
ment or behavior would provide answers 
to how cells interact with each other. 
However, the conventional UV laser sys-
tem is not focused enough to injure only 
subcellular structures. It also generates 
more collateral damage to the surround-
ing tissues due to the higher pulse energy  
(0.5 μJ) induced by the longer pulse 
duration on the order of nanosecond 
or picosecond.65-68 The invention of the 
near-infrared (NIR; 780–800 nm) fem-
tosecond laser system brings the surgical 
precision of laser ablation from the cellu-
lar level (~10 μm) to the subcellular level  
(<1 μm) (Fig. 2).2 The femtosecond laser 
system permits subcellular neuronal dissec-
tions and minimizes the collateral damage 
to the nearby tissue through the combi-
nation of low pulse energy (10–40 nJ),  
ultrashort pulse duration (100–200 fs), 
and nonlinear energy deposition.68,69 
Energy deposition by nonlinear absorp-
tion restricts damage to a focal point.69 At 
the focal point of the NIR laser plasma, 
temperatures can reach 10,000 K, the 
plasma temperature on the surface of the 
sun. But 1 μm away from the focal point, 
the temperature rise is only 10°C and 
lasts for just 1 μs so the heat dissipation 
is minimal. Femtosecond laser pulses can 
be delivered in either megahertz (MHz) 

kinase cascade in axon regeneration from 
C. elegans to vertebrates.

Cell growth control genes have been 
recently identified as important regula-
tors of axon regeneration (Table 1).9 It 
was shown that mTOR signaling is down-
regulated and global protein translation is 
reduced in injured adult RGC neurons, 
which may contribute to their regen-
eration failure.9 Moreover, growth cone 
formation is severely affected in the cul-
tured DRG neurons upon rapamycin, the 
mTOR (mammalian target of rapamycin) 
inhibitor, treatment.56 Strikingly, dele-
tion of PTEN (phosphatase and tensin 
homolog) and tuberous sclerosis complex 
1, two negative regulators of the mTOR 
pathway, enables axons to overcome 
inhibition and regenerate after injury.9 
Although the effect of the mTOR path-
way on axon regeneration in C. elegans has 
yet to be determined, the restricted neu-
ronal expression of the PTEN homolog, 
DAF-18, in a subset of amphid neurons 
located in the nerve ring in the head sug-
gests that PTEN may not have a strong 
role in inhibiting CNS regeneration in 
nematodes.63

The progressive decline in axon growth 
ability in advancing development implies 
expression of differential sets of genes in 
neurons at various ages. Comparison of 
gene expression profiles of RGC neurons 
between embryonic and postnatal stages 
identified the zinc-finger transcription 
factor, KLF-4, as an important regulator 
of axon regeneration.10 Overexpression 
of KLF-4 limits the ability of RGCs to 
extend neurites during development as 
well as reduces axon regeneration after 
injury.10 KLF-4 belongs to Krüppel-
like factor family, which consists of 17 
related transcription factors with similar 
DNA binding domains as well as diver-
gent activation and repression domains.64 
Krüppel-like factors can be clustered into 
six groups based on amino acid similarity. 
KLFs within the same group display simi-
lar effects on axon growth ability, suggest-
ing an association between axon growth 
regulatory ability and protein architec-
ture.10 For example, KLF-9, containing 
similar functional domains as KLF-4, acts 
to inhibit axon outgrowth, while KLF-6 
and KLF-7, which can be clustered into 
another group, act positively to enhance 
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