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Abstract

Single axon transection by laser surgery has made C. elegans a new model for axon regeneration.

Multiple conserved molecular signaling modules have been discovered through powerful genetic

screening. in vivo imaging with single cell and axon resolution has revealed unprecedented

cellular dynamics in regenerating axons. Information from C. elegans has greatly expanded our

knowledge of the molecular and cellular mechanisms of axon regeneration.

Introduction

To maintain nervous system function throughout the lifetime of an animal, animals have

evolved the ability to repair damaged axons by regeneration. Axon regeneration requires the

neuron to recognize that it has been damaged, to initiate regrowth (usually by forming a

growth cone), to sustain long-distance extension, to navigate to an appropriate target, and to

form a functional connection by building a synapse. Recent work in multiple species—

including mouse, zebrafish, Drosophila, and C. elegans—has identified common biological

pathways that utilize conserved molecules to regulate regeneration. One striking finding is

that in general the intrinsic mechanisms that function in neurons to mediate regeneration are

conserved across species. Thus, axon regeneration, like axon guidance and synaptic

transmission, is a fundamental and ancient property of neurons that predates the evolution of

vertebrates.

The model organism C. elegans is a particularly useful species for discovering gene function

and for studying the cellular mechanisms of axon regeneration. The transparent body and the

simple nervous system of C. elegans make it possible to observe individual neurons in vivo

throughout the life of the animal. The development of optical and genetic techniques to

injure axons enables the study of regeneration without disruptive surgery. Powerful genetic

and cell biological tools facilitate the in-depth analysis of regeneration mechanisms. In this
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review, we focus on how regeneration is studied in C. elegans. We summarize genetic

screens in C. elegans that have identified a large number of new genes that display novel

functions in axon regeneration. We discuss key findings from C. elegans research on the cell

biology of axon regeneration, as studied by live imaging at single axon resolution. Finally,

we offer our views on the promises of, and challenges for, C. elegans axon regeneration

research.

Overview of axon regeneration in C. elegans

Since the demonstration that GABAergic motor neurons in adult C. elegans can regenerate

after ultrafast laser microsurgery [1], multiple types of neurons have been shown to have the

potential to regenerate [2–4]. Among these, the mechanosensory neurons (ALM, PLM,

AVM) and the GABAergic motor neurons (DD, VD) are the most extensively used to

address the mechanisms of regeneration, and we discuss these neurons below. A common

theme among all regenerating axons is that their response to injury is quite variable—that is,

identical neurons do not always respond in the same way to similar injury, even under

tightly controlled conditions. The source of this neuron-to-neuron variability is not

completely clear, but one contributing factor is initial neuronal calcium conditions at the

time of injury [5]. Another common observation is that axon regrowth in the mature nervous

system is error-prone, unlike the precise growth that occurs during normal nervous system

development [3,4].

Despite the variability of axon regeneration at the level of single neurons, the average

regenerative potential of a given neuron is remarkably reproducible across multiple

independent studies, labs, and investigators. Using this stable background to investigate

factors that operate in different types of neurons to mediate axon regeneration has proven to

be very powerful, enabling gene discovery as well as the analysis of other factors—such as

age—that affect regeneration. These findings are discussed below.

Large-scale screening reveals the genetic landscape of axon regeneration

To date, two large-scale genetic screens for regeneration have been conducted in C. elegans.

Together, these screens represent the most complete genetic analysis of regeneration in any

organism, and have identified large numbers of new genes with clear functional roles in

axon regeneration. Both screens used restricted lists of target genes rather than random

mutagenesis, and target genes were chosen in order to focus on genes most likely to have

conserved functions in neurons.

PLM mechanosensory neurons: screening by genetic mutations

The PLM (Posterior Lateral Microtubule) mechanosensory neurons are a pair of bilaterally

symmetric cells whose cell bodies lie in the lumbar ganglion [6]. Each neuron extends a

long anterior axon of average length 300 μm in young adults and a short posterior neurite

that is presumed as dendrite. Along the anterior axon, a collateral branch forms and extends

ventrally into the nerve cord to form synapses to other neurites. The function of PLM

ensures sensory response to gentle touch for the posterior half of the worm [7].
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After laser-induced injury is delivered to the anterior axon >40–50um away from soma, the

severed axon stumps exhibit morphological growth signs, such as filopodia or growth cones,

within a few hours, and then extend with a misguided trajectory over a day or more [3]. A

systematic screen using genetic null or strong loss of function mutations was carried out for

> 650 conserved genes [8]. These genes fall into all functional categories, and the

homozygous mutants generally do not exhibit discernable morphological defects in PLM

axon development. PLM axon regeneration was assessed based on quantitative measurement

of regrowth length, as well as growth-cone like structures and axon extension trajectory.

This screen uncovered ~ 100 genes, loss of function in which resulted in significant reduced

regrowth, and about ten genes, loss of function in which caused enhanced regrowth (Figure

1). Further investigation of select genes included genetic epistasis and temporal requirement,

and led to the establishment of a regeneration pathway depicting three distinct phases in

PLM axon regeneration: immediate response, regrowth initiation, regrowth extension and

guidance (Figure 1, and see later).

GABA motor neurons: screening by RNAi

The GABA motor neurons are a set of 19 neurons with cell bodies distributed along the

ventral side of the animal. Each GABA neuron extends a process in the ventral nerve cord

that eventually defasciculates and extends a commissure to the dorsal nerve cord, where it

again extends and fasciculates [6]. The GABA motor neurons receive excitatory inputs from

the cholinergic motor neurons, and transmit inhibitory GABA signals onto body wall

muscles on the opposite side of the animal. There are two types of GABA motor neurons:

the DD neurons, which receive ventral inputs and inhibit dorsal muscles, and the VD

neurons, which receive dorsal inputs and inhibit ventral muscles.

The GABA neurons were the first neurons analyzed by laser axotomy [1]. Axons are

typically severed at the dorsal-ventral midline, and regenerating axons grow back toward

and often reach the dorsal nerve cord. Multiple independent studies demonstrate that after

laser axotomy in L4-stage animals, approximately 70% of injured axons can initiate

regrowth [1,3,9–12]. Except for two neurons (DD4 and VD8) in which regeneration is

impeded by vulval structures, each neuron has a similar chance of regenerating, and the

average regeneration rate is 2–3 um/h [3]. This growth rate is comparable to the growth rate

reported during initial development of the GABAergic VD neurons [45], and also to that

reported for mouse CNS axon sprouting following a pre-conditioning injury [46]. If nearly

all (~15/19) GABA motor neurons are severed, animals exhibit a ‘shrinker’ movement

phenotype--a specific and characteristic behavioral deficit associated with loss of GABA

function [13]. 24 hours later (when many severed axons have regenerated to the dorsal cord)

animals largely recover wild type movement, and this recovery does not occur when

regeneration is reduced [1,10]. It remains to be determined whether there is a precise

correlation between movement improvement and synaptic activity. Nonetheless, these

results demonstrate that regenerated GABA neurons can rewire into proper circuits to

mediate normal behavior.

Regeneration of the GABA neurons can also be initiated without laser surgery, by use of the

unc-70 mutation. unc-70 encodes β-spectrin, and GABA neurons in animals that lack β-
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spectrin break spontaneously and regenerate [14]. Breakage is due to mechanical weakness

and is likely independent of the functional properties of the neuron. This phenotype was

exploited for an RNAi screen for genes that altered regeneration [15]. Gene targets were

selected with clear human orthologs, and 3765 independent experiments were done in a

genetic background that contained the unc-70 mutation (to initiate breakage and

regeneration) and the eri-1; lin-15b mutations (to sensitize neurons to RNAi). 70 genes

showed a strong regeneration phenotype in this background. Each of these genes was then

tested by axotomy. In the end, the screen identified 15 genes that are required for normal

regeneration, and 16 genes that inhibit regeneration. One group of genes identified by this

screen controls growth cone behavior during regeneration, including microvesicle shedding,

growth cone morphology, and filopodia. A second group of genes includes multiple MAP

kinase pathway genes that control growth cone initiation (Figure 2).

Summary

Although the two screens were done in different neurons using different injury paradigms,

they identified a substantial number of overlapping genes [8,15]. This finding suggests that

the mechanism of regeneration is broadly similar in different cell types. However, there are

also many genes that are unique to each screen, and other studies have shown that even for

the same gene, different neurons exhibit different dependencies for regeneration. For

example, loss of dlk-1 function blocks regeneration in PLM and GABAergic motor neurons

by > 90%, but only reduces ALM axon regeneration by less than 50% [9,16,17]. One

possible explanation for these neuron-specific differences is that multiple partially-

redundant processes can mediate regeneration, but only a subset of these processes are

present in a given neuron type. Similar observations are known for vertebrate axon

regeneration; for example, removing PTEN greatly enhances optic and peripheral nerve

regeneration, but has a modest effect on spinal cord axons [18–20]. These findings

underscore the important notion that the study of diverse neuronal types is necessary for

generating a deeper understanding of regeneration.

Novel pathways discovered from C. elegans

Building on information from the genetic screens as well as candidate gene approaches,

recent studies have made rapid progress towards in-depth understanding of the molecular

and cellular mechanisms that mediate axon regeneration. One major thread has been the

analysis of the conserved DLK-1 MAP kinase pathway and other MAP kinase pathways in

regeneration [9,11,12,15,16,21,22]. Additional studies have also elucidated mechanisms for

several new regeneration pathways, including Notch signaling [10], microtubule regulators

[8,23,24], insulin signaling [12], and caspase [17]. Further, careful analysis has yielded

novel insights into known regeneration factors, including calcium [5], axon guidance

signaling [4], and the extracellular matrix [25]. The specific effects and the signaling

components of these pathways have been thoroughly reviewed recently [26–31]. Here, we

refer readers to the general information summarized in Table 1. Suffice it to say that the

findings originated from C. elegans have rapidly expanded the molecular landscape of axon

regeneration.
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Advent of in vivo imaging of regenerating axon uncovers cellular dynamics

The transparent body of C. elegans enables the in vivo, non-invasive study of cells and

cellular components labeled with fluorescent proteins. The invention of genetically encoded

cellular activity sensors (such as calcium sensors) has further aided the investigation of

cellular dynamics at single-cell, single-axon resolution with temporal and spatial precision.

Recently, studies that combine these sensors with time-lapse imaging during regeneration

have begun to reveal the complex subcellular dynamics that accompany regeneration, and to

identify molecular mechanisms that regulate them.

Calcium transients immediately after injury promote regeneration

PLM axon severing by laser is accompanied by an immediate calcium transient at the injury

site (detected by GCaMP) that propagates bidirectionally. The amplitude of the initial

transient is positively correlated to the extent of axon regrowth, and depends on the voltage-

gated calcium channel EGL-19 as well as internal calcium stores and the IP3 receptor [5].

Similarly, ALM axon severing by laser initiates an immediate increase of cellular calcium

levels in the soma (detected by cameleon-based FRET) that depends on the ER calcium-

binding chaperone calreticulin, CRT-1 [17]. The axonal calcium transients induced by laser

injury are reminiscent of those described in Aplysia axons severed mechanically [32] as well

as a recent finding in mouse DRG neurons [33]. This calcium transient promotes axon

regeneration likely through multiple pathways, including activation of the DLK-1 kinase

[22], and caspase CED-3 and its activator CED-4 [17].

Membrane and cytoskeleton dynamics during regeneration

Similar to mechanical severing of axons in larger animals, laser microsurgery of C. elegans

axons causes traumatic damage to axons, including cytoskeleton disruption, membrane

breakage and resealing. Initiation of regrowth from injured axon stumps generally has been

assessed as morphological changes visualized by fluorescent protein-labeled axons. Such

changes include rapid filopodia protrusions and formation of growth-cone like structures

[2,3,9,34,35]. To some extent, it has been possible to mechanistically separate these

processes—for example, transient filopodia after GABA neuron injury do not require the

DLK-1 signaling pathway, while subsequent growth cone formation does [9]. Interestingly,

in the ALM neuron regeneration-like morphological changes are also observed after

axotomy in the distal axon fragment, which is no longer attached to the cell body [17].

These experiments suggest that the initial steps of regeneration do not require the nucleus.

A thorough analysis of microtubule (MT) dynamics was recently reported using the MT plus

end binding protein EBP-GFP reporter [23]. In mature and uninjured PLM axons, MTs are

relatively stable, and axons contain comparatively few comets that grow for short periods.

An early response to injury is local upregulation of growing MTs close to the severed axon

stump. Three hours after axotomy the number of EBP-GFP tracks increases near the cut site,

although the track length and duration remain similar to uninjured axons. Within the next

three hours, EBP-GFP tracks decrease in catastrophe frequency and double in length,

indicating an increase in persistent MT growth. The transition to more persistent MT growth

correlates with reformation of a growth cone and the beginning of axon extension. Injury-
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induced MT dynamics are in part regulated by a set of genes known to affect MT post-

translational modification, such as the MT depolymerizing kinesin and carboxyl peptidases,

and are also under the control of the DLK-1 MAP kinase cascade [23]. In addition, the

conserved EFA-6 protein acts as an intrinsic inhibitor of MT dynamics (Table 1) [8].

Overexpression of efa-6 inhibits PLM axon regrowth, which can be partially ameliorated by

exposure to exogenous taxol. These studies show remarkable parallels to those undertaken in

the field of mammalian spinal cord injury [47, 48].

Axon extension, synapse formation, and function recovery

The error-prone regrowth of injured axons during extension is likely due to multiple causes,

such as loss of intrinsic ability to detect guidance cues, absence or insufficient guidance

information, as well as inhibitory factors in the environment. Several studies have addressed

the roles of classical developing axon guidance pathways, including EphR/ephrin, Slit/Robo,

Netrin/DCC, and TGF-b [3,4,8]. These data indicate that guidance pathways remain active

in the mature nervous system and can influence regrowing axons. Despite the apparent lack

of myelin-producing glia and microglia in C. elegans, several extracellular matrix proteins,

such as pxn-2 and spondin, are inhibitory to regeneration [8,25].

The rate of regrowth affects the eventual outcome of regeneration, and likely relies on

synergistic and coordinated activities of multiple pathways. One important pathway

functions downstream of the growth inhibitor PTEN, which inhibits regeneration in

vertebrates [18–20]. In C. elegans, loss of PTEN improves regeneration, and this increase is

mediated by TOR [12]. A complementary study shows that the S6 kinase homolog, RSKS-1,

acts as an intrinsic regeneration inhibitor in part through controlling the AMP kinase,

AAK-2, and has a prominent influence on regrowth extension [36]. These data identify a

conserved pathway for regulating regeneration, and suggest that modulating the intrinsic

growth potential of injured neurons can sustain vitality and increase regeneration.

Increasing cAMP promotes growing regrowth of axons towards targets, delivery of synaptic

cargos and formation of synapses that have rudimentary morphological organization [5]. As

mentioned earlier, functional improvement of movement after regrowth of motor neurons is

also observed [1,10]. In addition to conventional axon regeneration, the mechanosensory

neurons can regenerate via fusion, a phenomenon also observed in leech and crayfish. Both

ALM and PLM exhibit axonal fusion between regrowing axons and severed distal axon

segments, as demonstrated by ultrastructural analyses as well as using a photoactivable

fluorescent reporter [5,37]. Such fusion appears to be in part dependent on fusogens, such as

EFF-1 [5]. Increasing cAMP in the cell can increase the incidence of axonal fusion [5],

possibly leading to preservation of some function. By contrast, functional recovery by

conventional regeneration via precise synapse formation is less robust than observed for

fusion, and genetic mechanisms that might permit full functional recovery by conventional

regeneration have not yet been identified. The failure of full functional recovery by injured

C. elegans axons despite the lack of glial scar (which is a major obstacle to functional

recovery in vertebrate axon regeneration injury models) raises interesting questions for

future research.
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Age-dependency of axon regeneration

The short life cycle and tractable genetics of C. elegans have made it a classic model for

developmental and aging studies. Recently, these same advantages have been applied to

studying the effect of age on axon regeneration. These studies have begun to identify age-

dependent mechanisms that regulate regenerative potential.

Regeneration of the ALM and AVM mechanosensory axons exhibits increased guidance

errors and decreased overall growth as animals age to and beyond young adulthood [3,4]. In

AVM, regeneration declines during larval development to relatively stable levels maintained

during adulthood. This larval decline is regulated by a regulatory loop consisting of the

microRNA let-7 and its target gene lin-41 [38]. During the initial development of AVM in

early larvae, lin-41 inhibits let-7 expression to allow growth. Shortly after AVM outgrowth

is complete, when lin-41 levels are still high, regeneration can be observed at high levels. As

animals age into later larval stages, increased let-7 expression reduces lin-41 expression, and

this in turns reduces regeneration. Thus, the let-7/lin-41 pathway regulates a switch from the

high growth potential of active neuronal development to the lower growth potential of the

mature neuron.

By contrast, the GABA motor neurons (which develop around the same time as ALM and

AVM) retain most of their regenerative ability into adulthood, but regeneration declines

steeply during adult life [9,12]. The insulin/IGF receptor daf-2 regulates this decline in

regeneration by inhibiting the FOXO homolog daf-16. While the daf-2/daf-16 pathway also

regulates lifespan, its effect on axon regeneration can be decoupled from lifespan, and acts

specifically in neurons to regulate regeneration. One output of daf-2/daf-16 signaling is

transcriptional regulation of genes in the DLK MAP kinase pathway, including dlk-1 itself

[12].

Together, these studies demonstrate that C. elegans animals regulate the regenerative

potential of neurons in response to age. The axon regeneration process is autonomous to the

nervous system and contributes to healthspan, rather than lifespan. However, much work

remains to be done to understand the effect of age on neuronal regeneration. Neither

disrupting let-7 nor daf-2 can entirely eliminate age-related decline of regeneration,

suggesting that other pathways are also functioning to limit the regenerative potential of

neurons as animals age.

Outlook: Promises and challenges

Within less than ten years, research on axon regeneration using the C. elegans model has

greatly expanded the molecular and genetic landscape, and provided deep mechanistic

insights into cellular dynamics triggered by axonal injury. It is worth noting that the

discovery of DLK-1 kinase as a hub for axon regeneration in C. elegans has spurred the

efforts to unravel the multifaceted roles and downstream signaling pathways of the

vertebrate DLK kinase in both axon regeneration and degeneration in different neurons [39],

underscoring the relevance of the axon regeneration investigation from C. elegans to

translational research in higher mammals.
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Looking to the future, we envision that more sophisticated genetic screening in C. elegans,

in conjunction with chemical screening and finer tools for in vivo observation and

perturbation of cellular function, will offer even broader perspectives. Future screens could

analyze regeneration in different neurons, could use different techniques for gene ablation,

and could analyze parameters of regeneration other than axon morphology. The application

of microfluidics to speed animal handling, and the automation of imaging and even of laser

surgery, can increase screening throughput [40–42] making it suitable for drug discovery

[43,44]. Finally, a theme emerging from genetic studies so far is the identification of

molecules and signaling pathways (e.g. MAP kinases, Notch, microRNAs, FOXO) that can

coordinately regulate large numbers of genes. A challenge will be to describe the functional

outputs of this genetic regulation, either by identifying specific relevant targets or by

adopting a systems biology-oriented approach. Together, such genetic approaches will help

to clarify the complete genetic requirements for axon regeneration and could identify

additional targets for therapies aimed at improving regeneration.

The ability in the worm to study the cell biology of regeneration in vivo and with single

neuron resolution has aided precise description of calcium and microtubule dynamics and

growth cone morphology during regeneration. But many cell-biological questions remain.

For example, the actin cytoskeleton has not been studied in detail. Identification of genes

that affect growth cone morphology during regeneration may provide a genetic entry point

into additional factors that directly drive growth. Further, for regeneration to matter,

morphological reconstruction is not sufficient: regenerated neurons must form functional

synapses onto relevant targets and rebuild damaged circuits. Powerful tools exist in C.

elegans to study the cell biology of synaptogenesis, and even to analyze circuit function at

the level of individual neurons. The application of these tools to the study of axon

regeneration should yield information about the cellular mechanisms that govern functional

regeneration.
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Highlights

• genetic screening reveals relevant molecules and expands molecular landscape

of axon regeneration

• in-depth mechanistic dissection uncovers signaling pathways

• in vivo imaging analyzes subcellular processes in regenerating axons

• functional conservation underscores the impact of the C. elegans model for axon

regeneration
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Figure 1.
Overview of axon regeneration screen in PLM neurons (modified from [8]). A) Illustration

of the screen (top panels) and summary of the outcome. B). Model of the regeneration

pathway based on multiple lines of evidences described in the text.
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Figure 2.
Overview of axon regeneration screen in GABA motor neurons [15]. A) Overview of the

screen. B) MAP kinase networks that regulate regeneration. C) Summary of genes that affect

axon regeneration. D) Growth cone phenotypes in regenerating axons. A adapted from [14];

B and C adapted from [15], D adapted from [9,15].
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