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Neuronal responses to stress and injury in C. elegans
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bHoward Hughes Medical Institute, University of California, San Diego, CA 92093, United States

Abstract

The nervous system plays critical roles in the stress response. Animals can survive and function
under harsh conditions, and resist and recover from injuries because neurons perceive and respond
to various stressors through specific regulatory mechanisms. Caenorhabditis elegans has served as
an excellent model to discover fundamental mechanisms underlying the neuronal response to
stress. The basic physiological processes that C. elegans exhibits under stress conditions are
similar to those observed in higher organisms. Many molecular pathways activated by
environmental and cellular stresses are also conserved. In this review, we summarize major
findings in examining neuronal responses to hypoxia, oxidative stress, osmotic stress, and
traumatic injury. These studies from C. elegans have provided novel insights into our
understanding of neuronal responses to stress at the molecular, cellular, and circuit levels.
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1. Introduction

Neurons possess compartmentalized domains and establish cellular networks to detect stress
from the environment and internal damage to the organism. Neurons process information
and trigger protective responses to restore and maintain homeostasis of a cell and an
organism. Inevitably, neurons are susceptible to damage caused by stress. For example,
neurons require high amounts of oxygen to meet metabolic demands; low levels of oxygen
(hypoxia) cause physiological damage to neurons (hypoxic injury), while high oxygen
consumption results in excess production of reactive oxygen species (ROS), leading to
oxidative injury to neurons. Furthermore, long processes such as axons and dendrites are at
risk for localized injuries. A wide variety of stressors can cause neuronal dysfunction that
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may progress to irreversible damage and cell death. On the other hand, the susceptibility of
neurons to stress is beneficial by allowing animals to respond rapidly to avoid or escape
from harmful conditions (fast response). By minimizing the exposure to deleterious
conditions, animals can be protected from irreversible damage or death. When the stress is
chronic or unavoidable, neurons also play important roles in the adaptation of organisms to
stress (slow response). Therefore, it is important to understand (1) how neurons perceive
stress from the external environment or internal damage; (2) how neurons are affected by
various stresses; (3) how neurons activate cellular pathways specific to the type of stress;
and (4) how neuronal signaling helps organisms to establish responses for repair and
survival.

Here, we review the recent studies of neuronal response from the model organism C.
elegans. The adult hermaphrodite animal has 959 somatic cells, with defined anatomy and
developmental lineage. The nervous system is composed of 302 neurons and the complete
synaptic connectivity has been mapped at the ultrastructural level [1]. Despite its compact
nervous system, C. elegans is capable of many complex behaviors, in addition to those
displayed under standard culture conditions such as locomotion, foraging, feeding, egg-
laying, and defecation [2]. Many sensory neurons have cilia with endings exposed to the
external environment to facilitate the detection of environmental cues. The cilia express
sensory receptors, predominantly a class of G protein-coupled receptors (GPCRs), and
convert environmental stimuli into receptor potentials to stimulate release of
neurotransmitters that trigger fast or neuromodulatory actions [3]. C. elegans can detect
various environmental cues such as oxygen levels, temperature, and osmolarity, and display
stereotyped responses by moving toward or away from the source of stimulation.
Furthermore, C. elegans is greatly amenable to genetic dissection of the molecular and
cellular mechanisms. Large-scale genetic screens that target stress resistant or sensitive
animals have led to the identification of novel stress regulators. Importantly, over 60% of C.
elegans genes have apparent human orthologs, and investigations of numerous genes also
reveal their functional conservation in fundamental regulatory pathways [4].

Due to space limitation, here, we focus on the major findings in the area of hypoxia,
oxidative stress, osmotic stress, and traumatic injury, with an emphasis on those relevant to
neuronal responses. Readers are also recommended to consult several excellent reviews that
cover other relevant topics, such as the neuro-immune communications [5, 6], and trans-
cellular communication mechanisms in response to heat shock and unfolded protein
responses (UPR) for the endoplasmic reticulum (ER) and mitochondria [7, 8].

2. Hypoxic stress

As an aerobic animal, C. elegans requires oxygen to live and has a preference for
intermediate levels of oxygen (5-12%; ambient oxygen, 21%), avoiding both low (<4%) and
high (>12%) levels of oxygen [9]. Such preference for lower oxygen concentrations could
be linked with its natural habitat with food source of actively growing bacteria that consume
oxygen more quickly, thereby creating a low oxygen environment [3]. Oxygen sensing is
primarily mediated by the sensory neurons known as AQR, PQR, and URX (Fig. 1A). These
neurons express the soluble guanylyl cyclase GCY-35 that binds directly to molecular
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oxygen [9], and contribute to the avoidance of high levels of oxygen (hyperoxia). Activation
of these neurons triggers a rapid response in fast neurotransmission and prompts animals to
move away from high or low oxygen environment [10].

C. elegans neurons also respond to chronic hypoxic stress. To study chronic hypoxic stress
response under laboratory conditions, C. elegans are placed in hypoxia chamber filled with
low oxygen gas (0.1-1%) for a variable number of hours, and then are allowed to recover in
ambient oxygen (21%). About half of adult animals die after 12 hours of hypoxia followed
by a 24-hour recovery, and all die if exposed for 24 hours of hypoxia [11]. The damage to
the organism under this hypoxic condition can be exacerbated if an adaptive response to
hypoxia fails. Hypoxia activates a conserved pathway with the central regulator hypoxia
inducible factor 1 (HIF-1) transcription factor [12], and HIF-1 is required for adaptation to
hypoxia for worm to survive [13] (Fig. 1B). HIF-1 protein is maintained at low level in
normoxia (21% oxygen), but strongly induced by hypoxia within 4 hours [12, 13], with
maximum HIF-1 induction by 0.5% or lower oxygen concentration [12]. The induced HIF-1
protein persists over 24 hours, but disappears within minutes following reoxygenation [12].
By contrast, hif-1 mRNA levels are not altered by hypoxia, indicating a post-transcriptional
mechanism [13].

How is HIF-1 protein induced by hypoxia? Hypoxia is tightly linked to a high level of
hydrogen sulfide (H,S), which activates CYSL-1 cysteine synthase. CYSL-1 directly binds
to EGL-9 dioxygenase and prevents EGL-9 from inhibiting and degrading HIF-1 [12]. In
normoxia, CYSL-1 is inhibited or inactive, thus EGL-9 destabilizes and inactivates HIF-1.
Importantly, CYSL-1 is predominantly expressed in the nervous system and drives
activation of neuronal HIF-1 to modulate oxygen-dependent behavior [14]. Remarkably, this
pathway is completely conserved in mammals. Mutations in the human homologs of HIF-1
(HIF-1a and HIF-2a) and EGL-9 (PHD2/EGLN1) have been found in populations living at
high altitude with low oxygen levels [15]. Such genetic changes lead to increased HIF
activity, allowing adaptation to the chronic hypoxia of high altitude. Thus, the molecular
mechanism of HIF regulation and its role in oxygen homeostasis reflect evolutionary
conservation for adaptation.

The neuronal response to hypoxia also triggers a dedicated circuit that contributes to the
behavior modification of the organism (Fig. 2). Hypoxia activated HIF-1 induces serotonin
expression through its transcriptional activity [16]. In normoxia, serotonin is robustly
expressed in the NSM and ADF neurons, but is not normally expressed in the ASG sensory
neurons. Upon chronic hypoxia at 1% oxygen, serotonin expression is strongly induced in
ASG neurons, in addition to increased expression in the NSM and ADF neurons. While
under normal culture conditions, ADF and ASG sensory neurons have a minor role in food
sensing, and the gustatory cues are primarily detected by the ASE neurons [17].
Interestingly, the increased expression of serotonin in the ASG and ADF neurons enhances
animal’s gustatory behavior under hypoxia. This enhanced sensory detection is mediated by
a GPCR SER-7 expressed in a M4 motor neuron in pharynx. This pharyngeal motor neuron,
which normally functions to control pharyngeal muscle contraction, now relays the sensory
information via an FMRFamide-related neuropeptide FLP-21 to AQR, PQR, and URX
oxygen sensing neurons. This hypoxia-induced circuit has no detectable role under
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normoxia. Such behavioral plasticity may help animals to escape from noxious conditions.
In vertebrates, chronic intermediate hypoxia (10% oxygen for 14 days) also induces changes
of serotonin activity in the brain, which is potentially linked to adaptive responses [18].

Chronic hypoxic conditions also cause severe defects in the developing C. elegans nervous
system. In embryos and larvae cultured under chronic hypoxic conditions (1% oxygen), the
axons of several motor neurons and interneurons aberrantly cross the ventral midline and the
migratory path of the HSN motor neurons are compromised [19]. The neurodevelopmental
defects under hypoxia is caused by HIF-1-dependent misregulation of specific axon
guidance signaling pathway. However, it remains to be addressed whether altered neuronal
outgrowth has a beneficial or detrimental role for long-term adaptation or survival in
hypoxic condition.

Hypoxic conditions also affect the adult nervous system of C. elegans. Chronic hypoxia
induces neuronal and myocyte injury, which leads to necrosis and contributes to the death of
the organism [20]. The neuronal pathology of hypoxic injury includes axonal beading,
tortuous axon, and large axonal gaps in mechanosensory neurons. These pathological
features are similar to those found in traumatic and ischemic neuronal pathology in
mammalian models [21, 22]. Therefore, further elucidation of the hypoxic injury
mechanisms in C. elegans neurons can provide insights into how neurons can be protected
or recover from hypoxic injury.

3. Oxidative stress

While oxygen is imperative for life, excess consumption can also pose significant risks.
Reduction of oxygen to water by the mitochondrial electron transport chain reaction is
necessary for energy production. However, this reaction also generates potentially harmful
byproducts of oxygen, reactive oxygen species (ROS), which cause oxidative modifications
to many cellular components such as lipids, proteins, and DNA. Cells normally have the
ability to detoxify ROS or to repair damage caused by ROS. However, when ROS is over-
produced or when the antioxidant defense system is damaged, oxidative stress occurs,
leading to cellular dysfunction [23]. The nervous system is especially vulnerable to
oxidative damage, in part because neurons have high demands for oxygen consumption and
several neurotransmitters can be autoxidized [24].

C. elegans has been extensively used to understand the underlying mechanisms of oxidative
stress in aging and neurodegeneration. Direct effects of ROS are often examined by
administration of redox cycling compounds such as the herbicide paraquat, which generate
ROS (superoxide) in vivo. When young adult worms are exposed to 100 mM paraquat, death
occurs within 1-60 hours [25]. A key pathway responding to such treatment involves the
SKN-1 protein, an Nrf family of transcriptional factor.

The Nrf family of transcription factors is a basic leucine zipper protein and plays a
conserved role in response to oxidative stress. Both vertebrate NRF-2 and C. elegans SKN-1
are required for oxidative stress resistance [25-27]. C. elegans lacking SKN-1 are sensitive
to oxidative stress and have shortened lifespan [25], while animals carrying constitutively
activated SKN-1(gf) show defects in neuromuscular function [28]. There are three SKN-1
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protein isoforms, SKN-1a, SKN-1b, and SKN-1c, which differ in their N-termini and
display a differential expression pattern. SKN-1a appears to be expressed in the motor
neurons; SKN-1b is in the ASI sensory neurons; and SKN-1c is in the intestine [25, 29, 30].
Many early studies revealed a role for intestinal SKN-1c in oxidative response. Under
normal conditions, SKN-1c is present at very low levels in the intestine because of protein
degradation involving a WD40 repeat protein WDR-23. In response to oxidative stress,
SKN-1c accumulates in intestinal nuclei within 5 minutes [25]. This rapid
posttranscriptional regulation of SKN-1 expression is under the control of a p38 mitogen-
activated protein kinase (MAPK) pathway consisting of SEK-1/MAPKK and PMK-1/p38
MAPK [31]. Oxidative stress activates SEK-1 and PMK-1, which act to phosphorylate
SKN-1, which in turn facilitates the nuclear localization of SKN-1 and inhibits protein
degradation of SKN-1 by WDR-23 [32] (Fig. 1B). Animals lacking either SEK-1 or PMK-1
are sensitive to oxidative stress, whereas animals lacking WDR-23 are resistant, both of
which effects are entirely mediated by SKN-1 [31, 32]. A recent study revealed a link
between this intestinal SKN-1 pathway and neurons. Animals lacking WDR-23 display
locomotion defects and are aldicarb resistant, suggesting a defective presynaptic function
with decreased neurotransmission [28]. Both defects are abolished by eliminating skn-1,
indicating that the neuronal effect of WDR-23 is mediated by SKN-1. Of note, the aldicarb
resistance in wdr-23 mutants is fully rescued by the expression of WDR-23 in the intestine
but not in neurons, suggesting a non-autonomous role for WDR-23. Therefore, it is tempting
to speculate that the WDR-23-SKN-1 pathway may likely induce diffusible endocrine
signaling from intestine to the nervous system to reduce neurotransmission release.

SKN-1 also displays a cell-autonomous role in neurons in response to oxidative stress (Fig.
2). The Neuroligin family of synaptic cell adhesion molecules plays conserved roles in the
development and function of synapses and are linked to autism in humans [33]. In C.
elegans, a neuroligin homolog NLG-1 mediates a retrograde synaptic signal that inhibits
neurotransmitter release at neuromuscular junctions (NMJs) [34]. The synaptic abundance of
NLG-1 increases during oxidative stress due to transcriptional activation by SKN-1, and
mutants lacking NLG-1 do not display SKN-1-mediated stress resistance [29, 35]. Together,
this suggests that SKN-1 protects neurons or organisms from oxidative damage by reducing
neurotransmission in two distinct ways: (1) intestinal SKN-1 may promote a cell non-
autonomous endocrine signaling, and (2) neuronal SKN-1 regulates synaptic NLG-1
abundance.

How can the reduction of neurotransmission protect animals from oxidative damage? Most
energy consumption in the nervous system occurs during synaptic transmission [36].
Reducing neurotransmission may help to relieve animals of this high energy demand, which
in turn reduces ROS production and attenuates oxidative stress. Accumulating evidence in
humans reveals oxidative stress impacts individuals with autism disorder [37]. The
unexpected link between SKN-1 and NLG-1 implies a possible molecular correlation
between oxidative stress and autism. Gaining further insights into the molecular and cellular
regulation in autism may help find a new effective treatment for autism.

Oxidative stress is also thought to contribute to the development and progress of
neurodegenerative diseases such as Parkinson’s disease, which is characterized by
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progressive motor impairment attributed to progressive loss of dopaminergic neurons.
Mutation in PINKL1 is associated with early onset of familial Parkinson’s disease [38], and
PINK1 has been shown to protect against cell death induced by oxidative stress [39, 40]. In
C. elegans, loss of the PINK1 homolog, PINK-1, results in oxidative stress sensitivity and
neurite outgrowth defects [41, 42]. These data support cellular conservation in response to
oxidative stress in neurodegeneration.

The majority of Parkinson’s disease cases are sporadic (non-familial) and the disease can
also be caused by environmental factors, such as pesticides, herbicides, metals, and
pathogens. Indeed, there is a link between Parkinson’s disease and the use of herbicides such
as paraquat [43]. In C. elegans, exposure to paraquat causes dopaminergic
neurodegeneration and mitochondrial DNA damage [44]. In addition, exposure of C.
elegans to heavy metals such as manganese increases oxidative stress, leading to
dopaminergic neuronal death [45]. Pathogens can also cause oxidative stress and
dopaminergic neurodegeneration [46].

Oxidative stress can be used as an excellent tool to kill specific cells or to damage specific
compartments of cell. In C. elegans, intracellular ROS generators, such as miniSOG and
KillerRed, which generates ROS upon illumination of light, have been applied to kill a
variety of neurons in freely moving animals [47, 48]. Using spatially restricted illumination,
localized KillerRed activation in the axon triggers neuronal degeneration. In addition,
targeting KillerRed to mitochondria results in organelle fragmentation without Killing the
cell [48].

4. Osmotic stress

Salt and water homeostasis is essential for all cellular life. Both hyper- and hypoosmotic
environments can be harmful to the survival of an animal, thus all organisms, including C.
elegans, have mechanisms to respond to osmotic environments. Osmotic avoidance (Osm)
in worms has long been studied in the genetic dissection of sensory neuron development and
function (Fig. 1A). Briefly, Osm behavior is quantified as the ratio of worms that cross a
ring of high concentration NaCl (4 M) on solid medium within 30 minutes [49]. A sensory
neurons, ASH, is essential for sensing high osmolarity, and another, ASE, for low
osmolarity [17]. Genetic screening has generated many mutants defective in sensing high
osmolarity [49-51]. Unlike wild-type worms, Osm mutants fail to avoid high osmolarity
conditions [49] and many of the mutants cause defective development or function of ASH
neurons [50, 51].

The second class of mutants isolated is osmotic stress resistant (Osr). Osr behavior is scored
in two types of assays: in the acute motility assay, animals are observed in hypertonic
medium (200-700 mM NacCl) over 10 minutes; in the chronic adaptation assay, the viability
of animals is scored after a number of hours of hypertonic incubation and 24 hour recovery
[52]. Wild-type animals exposed to hyperosmotic conditions rapidly lose body volume,
motility, and gradually viability, whereas Osr mutants show no noticeable changes under
similar conditions [52, 53]. C. elegans adapts to hyperosmaotic stress by accumulating
glycerol, and high osmolarity induces expression of glycerol biosynthetic enzymes, gpdh-1
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and gpdh-2 [54, 55]. Osr mutants have elevated basal levels of glycerol, which prevents
acute water loss in high osmolarity environments [52, 53] (Fig. 1B). Hyperosmotic stress
disrupts proteostasis and causes protein aggregation and misfolding [56, 57], this
accumulation of damaged proteins functions as a signal to activate osmoprotective gene
expression [55]. However, optimal survival in hyperosmotic conditions requires degradation
of damaged proteins as well as translational inhibition [57].

Under acute osmotic shock, C. elegans engages a behavioral quiescent program, and the
animals cease locomotion and feeding [58]. Interestingly, upon removal from osmotic
shock, animals become even more quiescent such that both locomotion feeding remain
suppressed for up to 1 hour after exposure (Fig. 2). This stress-induced quiescent state
shares similar properties of sleep and is dependent on the sleep-inducing interneuron ALA
[59]. The survival of animals defective for this quiescent behavior is impaired,
demonstrating the benefit of stress-induced behavioral quiescence [58]. Intriguingly, sleep-
like quiescence during molting cycle is impaired in animals lacking a conserved Notch
signaling pathway that includes three Notch ligands, OSM-7, OSM-11 and LAG-2, and the
LIN-12 Notch receptor [60]. In particular, OSM-11 regulates normal osmosensation and
osmatic resistance, and its secretion appears to be diminished by osmotic stress. Taken
together, one possible mechanism of adaptation to osmotic stress from environments or
developmental changes is the sleep-like response, and indeed, some of the molecular
regulators are involved in both stress response and sleep-like behavior [53, 60].

5. Traumatic injury

Traumatic injury often causes irreversible damage and debilitation. In the past decade,
studies from C. elegans have made important contributions to the understanding of the
cellular and molecular response to traumatic neuronal injury. Here, we will categorize the
main findings in three types of injuries: neurotoxic stress, neuronal cytoskeletal stress, and
neurite injury.

5-1. Neurotoxic stress

Traumatic injury to the brain or spinal cord can cause neurons to die, often as a result of a
phenomenon known as excitotoxicity. Excitotoxicity, or the excessive stimulation by
neurotransmitters such as glutamate, causes high levels of calcium to enter the cell and
induces neuronal necrosis. Even if the primary mechanical insult may be localized or
restricted to a small region, secondary neuronal death is often observed, partially due to
excitotoxicity from overactivation of neurotransmitter receptors triggered by primary injury
[61]. In humans, the secondary injury occurs within hours or days following the primary
traumatic injury, and is reported to be a major contributing factor in progressive brain
damage and death [62]. Therapeutic efforts have primarily concentrated on preventing or
mitigating secondary injury. It will therefore be of significant medical relevance to
understand the mechanisms of neuronal death by excitotoxicity.

In C. elegans, necrotic death of neurons due to excitotoxicity has long been studied either
using genetic mutants with hyperactivated ion channels, such as mec-4(d), or applying
extrinsic stress such as extreme heat, osmotic or hypoxic shock on animals. mec-4(d)
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mutants contain missense mutations in a sodium channel protein required for light touch
sensation in the mechanosensory neurons [63]. To understand the molecular mechanisms
underlying necrotic cell death, many genetic suppressors of mec-4(d)-induced necrosis have
been identified (Fig. 3). Analyses of these suppressor mutations reveal a major role of
conserved genes in controlling intracellular calcium levels [64]. Downregulation of genes
involved in ER regulation of intracellular calcium blocks ER calcium release and suppresses
necrotic neuronal death. Such genes include a calcium binding and ER storage protein
CRT-1/calreticulin, an ER calcium binding chaperone CNX-1/calnexin; the inositol
triphosphate receptor ITR-1 and the ryanodine receptor UNC-68, both of which release
calcium from the ER [64].

In addition, regulators of endocytosis and intracellular trafficking have been identified to
promote neuronal necrosis. Downregulation of a set of genes that function in synaptic
exocytosis and endocytosis as well as synaptic vesicle trafficking, such as SNT-1/
synaptotagmin, UNC-11/clathrin-adaptor AP180, UNC-26/synaptojanin, UNC-57/
endophilin, UNC-104/kinesin-3, and UNC-116/kinesin-1, significantly suppresses neuronal
death induced in mec-4(d) [65]. These genes may contribute to loss of plasma membrane
integrity during necrosis.

Necrosis triggered by neurotoxic stress can cause secondary cell death. In C. elegans,
hypoxic injury to a small group of neurons can induce widespread delayed secondary cell
death and eventual organismal death [66]. One study tested the effects of hypoxia on a
hypoxia-resistant rars-1 mutant strain that only expresses the wild-type copy of rars-1in
GABAergic motor neurons. rars-1 encodes arginyl-tRNA synthetase. 24 hours post hypoxic
exposure, all wild-type animals die, while the rars-1 transgenic animals survive and exhibit
normal behavior. However, these transgenic animals gradually die at 96 hours. Since
animals lacking GABAergic neurons live and reproduce normally [67], this result suggests
that hypoxia causes delayed cell-non-autonomous secondary injuries, which eventually kills
the animal. The induction of this cell-non-autonomous injury does not appear to involve
cell-cell contact [66]. Therefore, it will be of interest to identify the factors promoting
secondary injury, which will provide insights into the discovery of potential therapeutic
targets.

5-2. Cytoskeletal stress and disruption

Neurons have elaborate cytoskeletons to maintain their morphology and function, and hence
are particularly susceptible to injury from cytoskeletal stress. Cytoskeletal disruption
triggers a cascade of events including mitochondrial dysfunction and oxidative stress [68].
Emerging evidence suggests that mutations contributing to neurological diseases are
associated with dysfunction of the cytoskeleton, which influences intracellular trafficking
and acts as a scaffold for signaling molecules. In C. elegans, two major cytoskeletal stress/
injury models are (1) the pharmacological and genetic perturbation of microtubules and (2)
spectrin mutants (Fig. 3).

5-2-1 Microtubule stress—Microtubules are formed by the polymerization of a/p-
tubulin heterodimers. In C. elegans, the axons of mechanosensory neurons are filled with

FEBSLett. Author manuscript; available in PMC 2016 June 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim and Jin

Page 9

large-diameter microtubules made up of MEC-12 a-tubulin and MEC-7 B-tubulin.
Microtubules can be disrupted by treatment with colchicine [69], a microtubule destabilizing
drug that binds and sequesters tubulin to inhibit microtubule polymerization. High-dose
colchicine effectively inhibits cell division, and inhibits neurite outgrowth in vertebrate
neurons [70]. C. elegans cultured in 1 mM colchicine can live and reproduce, but show loss
of touch sensitivity, resembling tubulin loss-of-function mutants [69, 71]. Recent studies
show that colchicine-triggered microtubule stress causes two main defects in
mechanosensory neurons, a loss of acetylated tubulin and a general reduction in protein
expression [69, 72]. Interestingly, a forward genetic screen for mutants resistant to
colchicine-induced protein reduction identified the DLK-1 MAPK cascade [72]. While the
mechanisms of how the DLK-1 MAPK cascade is involved in this phenomenon are
unknown, these observations support a role of DLK-1 as a sensor for microtubule stress.
Furthermore, microtubule disruption triggers neuronal remodeling, such as synaptic branch
retraction, through DLK-1 activation by a microtubule-associated RhoGEF RHGF-1 [73].
As described below, DLK-1 is also essential for axon regeneration after neurite injury.

5-2-2. Spectrin disruption—The spectrin cytoskeleton is composed of alpha and beta
dimers, which form tetramers and stabilize the structure of the plasma membrane. Animals
lacking B-spectrin/UNC-70 are severely impaired in development and growth, and their
neurons display spontaneous axonal breakage, due to mechanical stress caused by
movement [74]. Interestingly, the broken axons reform new growth cones and attempt to
regenerate continuously throughout development and adulthood. This form of regeneration
also requires DLK-1 and its downstream p38 MAPK. Upon loss of dlk-1 in unc-70 mutants,
axons break but fail to regenerate [75, 76]. The spontaneous regenerating feature of unc-70
formed the basis for a large-scale RNAI screen, which identified multiple signaling
pathways involved in regeneration [75, 77] (see below for details).

5-3. Laser-assisted neurite injury

Laser-assisted neurite injury has recently become a powerful method to directly injure axons
or dendrites of C. elegans neurons, and this technique has established C. elegansas a
valuable model to study axon regeneration [78, 79]. Briefly, transgenic animals
fluorescently marking single neurons are subjected to laser axotomy; then, the severed
neurons are observed under a confocal microscope and the regrowing axons are analyzed.
This laser axotomy technique enables in vivo live imaging at single axon resolution and
genetic screens for factors involved in traumatic injury response in various types of neurons.

Laser severing of C. elegans axons causes severe axonal damage and induces rapid
morphological responses including: (1) robust and error-prone axon regrowth from the
proximal axon stump, (2) formation of new neurites from the soma, and (3) reconnection of
the proximal axon by fusion with its distal axon fragment [80]. A single neuron can exhibit a
combination of responses, and all three types of neuronal responses contribute to the
restoration of the functional deficits caused by injury. For example, axon injury of motor
neurons causes immediate locomotor defects, and axon regrowth correlates with recovery of
locomotor functions [78].
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What kind of insults do neurons sense from laser-induced injury? (see Fig. 3) Several studies
have shown a rapid calcium influx following axon severing, which propagates bi-
directionally from the injury site [81, 82]. Although increased calcium can result in neuronal
cell death in some cases as discussed above, it can promote regeneration in surviving
neurons [83]. Analyses using genetic and pharmacological manipulations show that the level
of intracellular calcium correlates with the extent of axon regrowth [81]. Increased
intracellular calcium levels are suggested to stimulate multiple signaling events including
elevating the cCAMP levels and activating signal transduction pathways.

Another rapid response after axonal injury involves the microtubule cytoskeleton. During
the first few hours after laser surgery, the proximal axon stump begins to form short
filopodial protrusions, which become a growth cone-like structure, following which the
severed axon starts to extend [79]. Axonal cytoskeleton is required for the reformation and
extension of growth cones. In a mature uninjured axon, the microtubule cytoskeleton is
maintained in a stabilized state. However, traumatic axonal injury inevitably disrupts
cytoskeletal structure and membrane integrity, and stable microtubules are converted into a
dynamically growing state capable of supporting axon regrowth [84]. Growing microtubules
can be tracked with GFP-tagged microtubule plus-end binding protein (EBP). Using in vivo
live imaging of EBP-GFP, axon injury has been shown to result in increased numbers of
growing microtubules at the injured axon tip and in the subsequent regrowing axon [84].
Numerous regulators controlling microtubule dynamics have been identified to play critical
roles in C. elegans axon regeneration, including DLK-1, EBP-1, microtubule minus-end
binding protein PTRN-1/patronin, KLP-7/kinesin-13, and tubulin posttranslational modifiers
[84-87]. The overall findings are consistent with studies in mammals where microtubule
stabilizing drugs such as paclitaxel (Taxol) and epothilone B have been shown to promote
axon regeneration and improve motor function after spinal cord injury in mice [88-90].

What kinds of pathways respond to laser-induced injury? One of the first conserved
signaling pathways identified in C. elegansas critical for axon regeneration is p38 MAPK
cascade [75, 91]. DLK-1 is a MAPKKK that acts upstream in a kinase cascade consisting of
MKK-4/MAPKK and PMK-3/p38 MAPK. The major downstream effector in this kinase
cascade is a transcription factor CEBP-1/CCAAT-enhancer binding protein [91]. Another
JNK MAPK cascade consisting of MLK-1/MAPKKK, MEK-1/MAPKK, and KGB-1/JNK
kinase, with transcription factor FOS-1/c-Fos as the possible downstream effector, also acts
in parallel to the DLK-1 cascade [76, 77]. These two kinase pathways cross-talk and are
required to different degrees for axon regeneration in different types of neurons. While most
regulators appear to act cell-autonomously to promote axon regrowth, evidence suggests that
axon regeneration in C. elegans can be regulated cell-non-autonomously by growth factor
signaling. A growth factor SVH-1 is secreted from a pair of ADL sensory neurons in the
head and acts on its receptor SVH-2 in motor neurons and mechanosensory neurons to
promote axon regrowth [92]. Although it is unknown whether SVH-1 expression and
secretion are induced by injury, SVH-2 levels increase upon injury. Much of the regulation
of axon regeneration has recently been discussed in an excellent review [93] and is not
discussed further here.
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In most laser axotomy paradigms, injury to axons does not lead to neuronal death, even
when neurites fail to regenerate. Furthermore, the requirements for neuronal cell death also
promote neuronal regeneration, which might appear contradictory (Fig. 4). Calcium surge is
required for neurotoxicity, but on the other hand, it is considered to be beneficial for
neuronal regeneration after injury. For example, the downregulation of CRT-1/calreticulin
or of UNC-68/ryanodine receptor prevents neurons from dying [64], but also prevents
certain neurons from regenerating [82]. The differential contributions of calcium to neuronal
death and survival might reflect the nature or extent of injury. Neurotoxic stress may
globally impact the neuronal cell body along with neuronal processes, while the precise
injury occurs locally at axons; thus, the increased levels of calcium will not be comparable.
Because the volume of the ER, the main intracellular calcium storage organelle, must be
bigger in the soma compared to axons, the increased calcium levels must also be higher in
neuronal cells in conditions of neurotoxic stress as compared to precise injury. In either type
of neuronal injury, the initial calcium influx comes from extracellular calcium sources by
plasma membrane depolarization. This initial calcium entry may provoke calcium-
dependent calcium release from the ER, and this intracellular calcium surge contributes to
either cell death or regeneration in injured neurons. If the levels of calcium are too high,
neurons may turn on a death signal and undergo necrotic cell death; however, if the levels of
calcium are not high enough to induce a death signal, they may instead turn on a pro-
regenerative signal to promote neuronal regeneration and eventually restore their function.
One result supporting this speculation is that axon injury close to the soma can often cause
cell death [80]. This type of axon injury also tends to trigger new neurite outgrowth from the
soma. Injury close to the soma may have a bigger effect, possibly via high levels of calcium,
thus causing either new neurites from the soma or even death.

6. Conclusions and perspectives

Despite having a small number of cells, simple neural circuits, and short lifespan, C. elegans
exhibit tremendous capacity to respond to stress and generate adaptive and protective
mechanisms to defend against environmental threats and cellular damage. The awesome
power of genetic analyses, together with modern tools in molecular, cellular and behavioral
dissection, has enabled researchers to make pioneering discoveries of the genes and
signaling pathways that are evolutionarily conserved in stress response. In closing, several
principles emerge from these studies. First, cells respond to different forms of stress by
inducing specific molecular pathways. Second, activation of these pathways leads to
selective modifications of existing neural circuits or the engagement of latent ones. Third,
inter-tissue interactions enable systemic responses and facilitate spreading of protective
actions. Fourth, the behavioral outcome of the organismal or cellular responses to particular
insults can be stereotypic or stochastic. While much is known about the developmental
lineage and anatomical connections of C. elegans, our understanding of such cellular and
behavioral plasticity remains in its infancy. The rapidly advancing technical tools and
analytic methodologies will greatly aid researchers’ ability to observe and dissect the nature
of stress as well as intrinsic properties of the cell or network that respond to stress.

FEBSLett. Author manuscript; available in PMC 2016 June 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim and Jin

Page 12

Acknowledgments

We thank members of the Jin and Chisholm laboratories for comments on the manuscript. The research in our
laboratory is supported by grants from the National Institute of Health (NINDS R01 035546, ROland R56
NS057317) and the Howard Hughes Medical Institute. K.W. Kim was supported by an American Heart Association
postdoctoral fellowship (13POST14800057).

References
1.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

White JG, Southgate E, Thomson JN, Brenner S. The structure of the nervous system of the
nematode Caenorhabditis elegans. Philos Trans R Soc Lond B Biol Sci. 1986; 314:1-340.
[PubMed: 22462104]

. de Bono M, Maricq AV. Neuronal substrates of complex behaviors in C. elegans. Annu Rev

Neurosci. 2005; 28:451-501. [PubMed: 16022603]

. Bargmann CI. Chemosensation in C. elegans. WormBook. 2006:1-29. [PubMed: 18050433]
. Shaye DD, Greenwald I. OrthoL.ist: a compendium of C. elegans genes with human orthologs. PL0S

One. 2011; 6:¢20085. [PubMed: 21647448]

. Aballay A. Role of the nervous system in the control of proteostasis during innate immune

activation: insights from C. elegans. PLoS Pathog. 2013; 9:61003433. [PubMed: 23950707]

. Meisel JD, Kim DH. Behavioral avoidance of pathogenic bacteria by Caenorhabditis elegans.

Trends Immunol. 2014; 35:465-70. [PubMed: 25240986]

. van Oosten-Hawle P, Morimoto RI. Organismal proteostasis: role of cell-nonautonomous regulation

and transcellular chaperone signaling. Genes Dev. 2014; 28:1533-43. [PubMed: 25030693]

. Taylor RC, Berendzen KM, Dillin A. Systemic stress signalling: understanding the cell non-

autonomous control of proteostasis. Nat Rev Mol Cell Biol. 2014; 15:211-7. [PubMed: 24556842]

. Gray JM, Karow DS, Lu H, Chang AJ, Chang JS, Ellis RE, Marletta MA, Bargmann CI. Oxygen

sensation and social feeding mediated by a C. elegans guanylate cyclase homologue. Nature. 2004;
430:317-22. [PubMed: 15220933]

. Benton R. Sensing the long and the short of it. Nature neuroscience. 2012; 15:501-3.

Scott BA, Avidan MS, Crowder CM. Regulation of hypoxic death in C. elegans by the insulin/IGF
receptor homolog DAF-2. Science. 2002; 296:2388-91. [PubMed: 12065745]

Epstein AC, Gleadle JM, McNeill LA, Hewitson KS, O’Rourke J, Mole DR, Mukherji M, Metzen
E, Wilson MI, Dhanda A, Tian YM, Masson N, Hamilton DL, Jaakkola P, Barstead R, Hodgkin J,
Maxwell PH, Pugh CW, Schofield CJ, Ratcliffe PJ. C. elegans EGL-9 and mammalian homologs
define a family of dioxygenases that regulate HIF by prolyl hydroxylation. Cell. 2001; 107:43-54.
[PubMed: 11595184]

Jiang H, Guo R, Powell-Coffman JA. The Caenorhabditis elegans hif-1 gene encodes a bHLH-
PAS protein that is required for adaptation to hypoxia. Proceedings of the National Academy of
Sciences of the United States of America. 2001; 98:7916-21. [PubMed: 11427734]

Ma DK, Vozdek R, Bhatla N, Horvitz HR. CYSL-1 interacts with the O5-sensing hydroxylase
EGL-9 to promote HpS-modulated hypoxia-induced behavioral plasticity in C. elegans. Neuron.
2012; 73:925-40. [PubMed: 22405203]

Bigham AW, Lee FS. Human high-altitude adaptation: forward genetics meets the HIF pathway.
Genes Dev. 2014; 28:2189-204. [PubMed: 25319824]

Pocock R, Hobert O. Hypoxia activates a latent circuit for processing gustatory information in C.
elegans. Nature neuroscience. 2010; 13:610-4.

Bargmann CI, Horvitz HR. Chemosensory neurons with overlapping functions direct chemotaxis
to multiple chemicals in C. elegans. Neuron. 1991; 7:729-42. [PubMed: 1660283]

Poncet L, Denoroy L, Dalmaz Y, Pequignot JM. Activity of tryptophan hydroxylase and content of
indolamines in discrete brain regions after a long-term hypoxic exposure in the rat. Brain Res.
1997; 765:122-8. [PubMed: 9310402]

Pocock R, Hobert O. Oxygen levels affect axon guidance and neuronal migration in
Caenorhabditis elegans. Nature neuroscience. 2008; 11:894-900.

FEBSLett. Author manuscript; available in PMC 2016 June 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim and Jin

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 13

Samokhvalov V, Scott BA, Crowder CM. Autophagy protects against hypoxic injury in C. elegans.
Autophagy. 2008; 4:1034-41. [PubMed: 18849662]

Beirowski B, Berek L, Adalbert R, Wagner D, Grumme DS, Addicks K, Ribchester RR, Coleman
MP. Quantitative and qualitative analysis of Wallerian degeneration using restricted axonal
labelling in YFP-H mice. J Neurosci Methods. 2004; 134:23-35. [PubMed: 15102500]

Bareyre FM, Kerschensteiner M, Misgeld T, Sanes JR. Transgenic labeling of the corticospinal
tract for monitoring axonal responses to spinal cord injury. Nat Med. 2005; 11:1355-60. [PubMed:
16286922]

Lin MT, Beal MF. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases.
Nature. 2006; 443:787-95. [PubMed: 17051205]

Friedman, J. Why Is the Nervous System Vulnerable to Oxidative Stress?. In: Gadoth, N.; Gobel,
HH., editors. Oxidative Stress and Free Radical Damage in Neurology. Humana Press; 2011. p.
19-27.

An JH, Blackwell TK. SKN-1 links C. elegans mesendodermal specification to a conserved
oxidative stress response. Genes Dev. 2003; 17:1882-93. [PubMed: 12869585]

Motohashi H, Yamamoto M. Nrf2-Keap1l defines a physiologically important stress response
mechanism. Trends Mol Med. 2004; 10:549-57. [PubMed: 15519281]

Sykiotis GP, Bohmann D. Stress-activated cap’n’collar transcription factors in aging and human
disease. Sci Signal. 2010; 3:re3. [PubMed: 20215646]

Staab TA, Griffen TC, Corcoran C, Evgrafov O, Knowles JA, Sieburth D. The conserved SKN-1/
Nrf2 stress response pathway regulates synaptic function in Caenorhabditis elegans. PLoS Genet.
2013; 9:1003354. [PubMed: 23555279]

Staab TA, Evgrafov O, Knowles JA, Sieburth D. Regulation of synaptic nlg-1/neuroligin
abundance by the skn-1/Nrf stress response pathway protects against oxidative stress. PLoS Genet.
2014; 10:1004100. [PubMed: 24453991]

Bishop NA, Guarente L. Two neurons mediate diet-restriction-induced longevity in C. elegans.
Nature. 2007; 447:545-9. [PubMed: 17538612]

Inoue H, Hisamoto N, An JH, Oliveira RP, Nishida E, Blackwell TK, Matsumoto K. The C.
elegans p38 MAPK pathway regulates nuclear localization of the transcription factor SKN-1 in
oxidative stress response. Genes Dev. 2005; 19:2278-83. [PubMed: 16166371]

Choe KP, Przybysz AJ, Strange K. The WDA40 repeat protein WDR-23 functions with the CUL4/
DDBL1 ubiquitin ligase to regulate nuclear abundance and activity of SKN-1 in Caenorhabditis
elegans. Mol Cell Biol. 2009; 29:2704-15. [PubMed: 19273594]

Sudhof TC. Neuroligins and neurexins link synaptic function to cognitive disease. Nature. 2008;
455:903-11. [PubMed: 18923512]

Hu Z, Hom S, Kudze T, Tong XJ, Choi S, Aramuni G, Zhang W, Kaplan JM. Neurexin and
neuroligin mediate retrograde synaptic inhibition in C. elegans. Science. 2012; 337:980-4.
[PubMed: 22859820]

Hunter JW, Mullen GP, McManus JR, Heatherly JM, Duke A, Rand JB. Neuroligin-deficient
mutants of C. elegans have sensory processing deficits and are hypersensitive to oxidative stress
and mercury toxicity. Dis Model Mech. 2010; 3:366—76. [PubMed: 20083577]

Harris JJ, Jolivet R, Attwell D. Synaptic energy use and supply. Neuron. 2012; 75:762-77.
[PubMed: 22958818]

Rossignol DA, Frye RE. Evidence linking oxidative stress, mitochondrial dysfunction, and
inflammation in the brain of individuals with autism. Front Physiol. 2014; 5:150. [PubMed:
24795645]

Valente EM, Abou-Sleiman PM, Caputo V, Mugit MM, Harvey K, Gispert S, Ali Z, Del Turco D,
Bentivoglio AR, Healy DG, Albanese A, Nussbaum R, Gonzalez-Maldonado R, Deller T, Salvi S,
Cortelli P, Gilks WP, Latchman DS, Harvey RJ, Dallapiccola B, Auburger G, Wood NW.
Hereditary early-onset Parkinson’s disease caused by mutations in PINK1. Science. 2004;
304:1158-60. [PubMed: 15087508]

Pridgeon JW, Olzmann JA, Chin LS, Li L. PINK1 protects against oxidative stress by
phosphorylating mitochondrial chaperone TRAP1. PL0S Biol. 2007; 5:e172. [PubMed: 17579517]

FEBSLett. Author manuscript; available in PMC 2016 June 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim and Jin

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 14

Corti O, Brice A. Mitochondrial quality control turns out to be the principal suspect in parkin and
PINK1-related autosomal recessive Parkinson’s disease. Curr Opin Neurobiol. 2013; 23:100-8.
[PubMed: 23206589]

Samann J, Hegermann J, von Gromoff E, Eimer S, Baumeister R, Schmidt E. Caenorhabditits
elegans LRK-1 and PINK-1 act antagonistically in stress response and neurite outgrowth. J Biol
Chem. 2009; 284:16482-91. [PubMed: 19251702]

Chakraborty S, Bornhorst J, Nguyen TT, Aschner M. Oxidative stress mechanisms underlying
Parkinson’s disease-associated neurodegeneration in C. elegans. Int J Mol Sci. 2013; 14:23103-
28. [PubMed: 24284401]

Tanner CM, Kamel F, Ross GW, Hoppin JA, Goldman SM, Korell M, Marras C, Bhudhikanok
GS, Kasten M, Chade AR, Comyns K, Richards MB, Meng C, Priestley B, Fernandez HH, Cambi
F, Umbach DM, Blair A, Sandler DP, Langston JW. Rotenone, paraquat, and Parkinson’s disease.
Environ Health Perspect. 2011; 119:866-72. [PubMed: 21269927]

Gonzalez-Hunt CP, Leung MC, Bodhicharla RK, McKeever MG, Arrant AE, Margillo KM, Ryde
IT, Cyr DD, Kosmaczewski SG, Hammarlund M, Meyer JN. Exposure to mitochondrial
genotoxins and dopaminergic neurodegeneration in Caenorhabditis elegans. PLoS One. 2014;
9:2114459. [PubMed: 25486066]

Settivari R, Levora J, Nass R. The divalent metal transporter homologues SMF-1/2 mediate
dopamine neuron sensitivity in Caenorhabditis elegans models of manganism and parkinson
disease. J Biol Chem. 2009; 284:35758-68. [PubMed: 19801673]

Ray A, Martinez BA, Berkowitz LA, Caldwell GA, Caldwell KA. Mitochondrial dysfunction,
oxidative stress, and neurodegeneration elicited by a bacterial metabolite in a C. elegans
Parkinson’s model. Cell Death Dis. 2014; 5:984. [PubMed: 24407237]

Qi YB, Garren EJ, Shu X, Tsien RY, Jin Y. Photo-inducible cell ablation in Caenorhabditis
elegans using the genetically encoded singlet oxygen generating protein miniSOG. Proceedings of
the National Academy of Sciences of the United States of America. 2012; 109:7499-504.
[PubMed: 22532663]

Williams DC, Bejjani RE, Ramirez PM, Coakley S, Kim SA, Lee H, Wen Q, Samuel A, Lu H,
Hilliard MA, Hammarlund M. Rapid and permanent neuronal inactivation in vivo via subcellular
generation of reactive oxygen with the use of KillerRed. Cell Rep. 2013; 5:553-63. [PubMed:
24209746]

Culotti JG, Russell RL. Osmotic avoidance defective mutants of the nematode Caenorhabditis
elegans. Genetics. 1978; 90:243-56. [PubMed: 730048]

Colbert HA, Smith TL, Bargmann Cl. OSM-9, a novel protein with structural similarity to
channels, is required for olfaction, mechanosensation, and olfactory adaptation in Caenorhabditis
elegans. J Neurosci. 1997; 17:8259-69. [PubMed: 9334401]

Hart AC, Kass J, Shapiro JE, Kaplan JM. Distinct signaling pathways mediate touch and
osmosensory responses in a polymodal sensory neuron. J Neurosci. 1999; 19:1952-8. [PubMed:
10066248]

Solomon A, Bandhakavi S, Jabbar S, Shah R, Beitel GJ, Morimoto RI. Caenorhabditis elegans
OSR-1 regulates behavioral and physiological responses to hyperosmotic environments. Genetics.
2004; 167:161-70. [PubMed: 15166144]

Wheeler JM, Thomas JH. Identification of a novel gene family involved in osmotic stress response
in Caenorhabditis elegans. Genetics. 2006; 174:1327-36. [PubMed: 16980399]

Lamitina ST, Morrison R, Moeckel GW, Strange K. Adaptation of the nematode Caenorhabditis
elegansto extreme osmotic stress. Am J Physiol Cell Physiol. 2004; 286:C785-91. [PubMed:
14644776]

Lamitina T, Huang CG, Strange K. Genome-wide RNAI screening identifies protein damage as a
regulator of osmoprotective gene expression. Proceedings of the National Academy of Sciences of
the United States of America. 2006; 103:12173-8. [PubMed: 16880390]

Burkewitz K, Choe KP, Lee EC, Deonarine A, Strange K. Characterization of the proteostasis roles
of glycerol accumulation, protein degradation and protein synthesis during osmotic stress in C.
elegans. PLoS One. 2012; 7:e34153. [PubMed: 22470531]

FEBSLett. Author manuscript; available in PMC 2016 June 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim and Jin

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Page 15

Choe KP, Strange K. Genome-wide RNAI screen and in vivo protein aggregation reporters identify
degradation of damaged proteins as an essential hypertonic stress response. Am J Physiol Cell
Physiol. 2008; 295:C1488-98. [PubMed: 18829898]

Hill AJ, Mansfield R, Lopez JM, Raizen DM, Van Buskirk C. Cellular stress induces a protective
sleep-like state in C. elegans. Current biology : CB. 2014; 24:2399-405. [PubMed: 25264259]

Van Buskirk C, Sternberg PW. Paired and LIM class homeodomain proteins coordinate
differentiation of the C. elegans ALA neuron. Development. 2010; 137:2065-74. [PubMed:
20501595]

Singh K, Chao MY, Somers GA, Komatsu H, Corkins ME, Larkins-Ford J, Tucey T, Dionne HM,
Walsh MB, Beaumont EK, Hart DP, Lockery SR, Hart AC. C. elegans Notch signaling regulates
adult chemosensory response and larval molting quiescence. Current biology : CB. 2011; 21:825-
34. [PubMed: 21549604]

Algattas H, Huang JH. Traumatic Brain Injury pathophysiology and treatments: early,
intermediate, and late phases post-injury. Int J Mol Sci. 2014; 15:309-41. [PubMed: 24381049]
Sauaia A, Moore FA, Moore EE, Moser KS, Brennan R, Read RA, Pons PT. Epidemiology of
trauma deaths: a reassessment. J Trauma. 1995; 38:185-93. [PubMed: 7869433]

Driscoll M, Chalfie M. The mec-4 gene is a member of a family of Caenorhabditis elegans genes
that can mutate to induce neuronal degeneration. Nature. 1991; 349:588-93. [PubMed: 1672038]
Xu K, Tavernarakis N, Driscoll M. Necrotic cell death in C. elegans requires the function of
calreticulin and regulators of Ca(2+) release from the endoplasmic reticulum. Neuron. 2001;
31:957-71. [PubMed: 11580896]

Troulinaki K, Tavernarakis N. Endocytosis and intracellular trafficking contribute to necrotic
neurodegeneration in C. elegans. EMBO J. 2012; 31:654-66. [PubMed: 22157748]

Sun CL, Kim E, Crowder CM. Delayed innocent bystander cell death following hypoxia in
Caenorhabditis elegans. Cell Death Differ. 2014; 21:557-67. [PubMed: 24317200]

Mclintire SL, Jorgensen E, Kaplan J, Horvitz HR. The GABAergic nervous system of
Caenorhabditis elegans. Nature. 1993; 364:337-41. [PubMed: 8332191]

McMurray CT. Neurodegeneration: diseases of the cytoskeleton? Cell Death Differ. 2000; 7:861—
5. [PubMed: 11279530]

Bounoutas A, O’Hagan R, Chalfie M. The multipurpose 15-protofilament microtubules in C.
elegans have specific roles in mechanosensation. Current biology : CB. 2009; 19:1362-7.
[PubMed: 19615905]

Daniels MP. Colchicine inhibition of nerve fiber formation in vitro. J Cell Biol. 1972; 53:164-76.
[PubMed: 4552141]

Chalfie M, Thomson JN. Structural and functional diversity in the neuronal microtubules of
Caenorhabditis elegans. J Cell Biol. 1982; 93:15-23. [PubMed: 7068753]

Bounoutas A, Kratz J, Emtage L, Ma C, Nguyen KC, Chalfie M. Microtubule depolymerization in
Caenorhabditis elegans touch receptor neurons reduces gene expression through a p38 MAPK
pathway. Proceedings of the National Academy of Sciences of the United States of America. 2011;
108:3982-7. [PubMed: 21368137]

Chen CH, Lee A, Liao CP, Liu YW, Pan CL. RHGF-1/PDZ-RhoGEF and retrograde DLK-1
signaling drive neuronal remodeling on microtubule disassembly. Proceedings of the National
Academy of Sciences of the United States of America. 2014; 111:16568-73. [PubMed: 25359212]
Hammarlund M, Jorgensen EM, Bastiani MJ. Axons break in animals lacking beta-spectrin. J Cell
Biol. 2007; 176:269-75. [PubMed: 17261846]

Hammarlund M, Nix P, Hauth L, Jorgensen EM, Bastiani M. Axon regeneration requires a
conserved MAP kinase pathway. Science. 2009; 323:802—6. [PubMed: 19164707]

Nix P, Hisamoto N, Matsumoto K, Bastiani M. Axon regeneration requires coordinate activation of
p38 and INK MAPK pathways. Proceedings of the National Academy of Sciences of the United
States of America. 2011; 108:10738-43. [PubMed: 21670305]

Nix P, Hammarlund M, Hauth L, Lachnit M, Jorgensen EM, Bastiani M. Axon regeneration genes
identified by RNAI screening in C. elegans. J Neurosci. 2014; 34:629-45. [PubMed: 24403161]
Yanik MF, Cinar H, Cinar HN, Chisholm AD, Jin Y, Ben-Yakar A. Neurosurgery: functional
regeneration after laser axotomy. Nature. 2004; 432:822. [PubMed: 15602545]

FEBSLett. Author manuscript; available in PMC 2016 June 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim and Jin

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Page 16

Wu Z, Ghosh-Roy A, Yanik MF, Zhang JZ, Jin Y, Chisholm AD. Caenorhabditis elegans neuronal
regeneration is influenced by life stage, ephrin signaling, and synaptic branching. Proceedings of
the National Academy of Sciences of the United States of America. 2007; 104:15132—-7. [PubMed:
17848506]

Chisholm AD. Cytoskeletal dynamics in Caenorhabditis elegans axon regeneration. Annu Rev
Cell Dev Biol. 2013; 29:271-97. [PubMed: 23844582]

Ghosh-Roy A, Wu Z, Goncharov A, Jin Y, Chisholm AD. Calcium and cyclic AMP promote
axonal regeneration in Caenorhabditis elegans and require DLK-1 kinase. J Neurosci. 2010;
30:3175-83. [PubMed: 20203177]

Pinan-Lucarre B, Gabel CV, Reina CP, Hulme SE, Shevkoplyas SS, Slone RD, Xue J, Qiao Y,
Weisberg S, Roodhouse K, Sun L, Whitesides GM, Samuel A, Driscoll M. The core apoptotic
executioner proteins CED-3 and CED-4 promote initiation of neuronal regeneration in
Caenorhabditis elegans. PLoS Biol. 2012; 10:e1001331. [PubMed: 22629231]

Sun L, Shay J, McLoed M, Roodhouse K, Chung SH, Clark CM, Pirri JK, Alkema MJ, Gabel CV.
Neuronal regeneration in C. elegans requires subcellular calcium release by ryanodine receptor
channels and can be enhanced by optogenetic stimulation. J Neurosci. 2014; 34:15947-56.
[PubMed: 25429136]

Ghosh-Roy A, Goncharov A, Jin Y, Chisholm AD. Kinesin-13 and tubulin posttranslational
modifications regulate microtubule growth in axon regeneration. Dev Cell. 2012; 23:716-28.
[PubMed: 23000142]

Chen L, Wang Z, Ghosh-Roy A, Hubert T, Yan D, O’Rourke S, Bowerman B, Wu Z, Jin Y,
Chisholm AD. Axon regeneration pathways identified by systematic genetic screening in C.
elegans. Neuron. 2011; 71:1043-57. [PubMed: 21943602]

Chuang M, Goncharov A, Wang S, Oegema K, Jin Y, Chisholm AD. The microtubule minus-end-
binding protein patronin/PTRN-1 is required for axon regeneration in C. elegans. Cell Rep. 2014;
9:874-83. [PubMed: 25437544]

Kurup N, Sharifnia P, Jin Y. Spatial and temporal dynamics of neurite regrowth. Curr Opin
Neurobiol. 2013; 23:1011-7. [PubMed: 23856616]

Hellal F, Hurtado A, Ruschel J, Flynn KC, Laskowski CJ, Umlauf M, Kapitein LC, Strikis D,
Lemmon V, Bixby J, Hoogenraad CC, Bradke F. Microtubule stabilization reduces scarring and
causes axon regeneration after spinal cord injury. Science. 2011; 331:928-31. [PubMed:
21273450]

Sengottuvel V, Leibinger M, Pfreimer M, Andreadaki A, Fischer D. Taxol facilitates axon
regeneration in the mature CNS. J Neurosci. 2011; 31:2688-99. [PubMed: 21325537]

Ruschel J, Hellal F, Flynn KC, Dupraz S, Elliott DA, Tedeschi A, Bates M, Sliwinski C, Brook G,
Dobrindt K, Peitz M, Brustle O, Norenberg MD, Blesch A, Weidner N, Bunge MB, Bixby JL,
Bradke F. Systemic administration of epothilone B promotes axon regeneration after spinal cord
injury. Science. 2015

Yan D, Wu Z, Chisholm AD, Jin Y. The DLK-1 kinase promotes mRNA stability and local
translation in C. elegans synapses and axon regeneration. Cell. 2009; 138:1005-18. [PubMed:
19737525]

Li C, Hisamoto N, Nix P, Kanao S, Mizuno T, Bastiani M, Matsumoto K. The growth factor
SVH-1 regulates axon regeneration in C. elegans via the INK MAPK cascade. Nature
neuroscience. 2012; 15:551-7.

Hammarlund M, Jin Y. Axon regeneration in C. elegans. Curr Opin Neurobiol. 2014; 27:199-207.
[PubMed: 24794753]

FEBSLett. Author manuscript; available in PMC 2016 June 22.



Kim and Jin

Page 17

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

A Acute stress stimuli Hyperoxia Hyperosmolarity
(avoidable) [high O2] [high salt]
Perception  / \ /

-Sensory neuron AQR, PQR, URX ASH
-Molecular sensor GCY-35 GPCRs
Fast Y v
response Avoid or escape Avoid or escape

B Chronic stress Hypoxia (oxidizing Hyperosmolarity

stimuli [low O2] agents) [high salt]

; ! !
Cellular HoS ROS lon homeostasis
stressor imbalance

Y Y E
Signal CYSL-1 p38 MAPK :
transduction J_

EGL-9 WDR-23 Osr genes

v L v 1 1
Systemic HIF-1 SKN-1 nuclear GPDH
response stabilization expression induction
Adaptive Adaptive Adaptive Accumulating
response gene expression gene expression glycerol

Fig. 1. C. elegansstress responses to acute or chronic stress stimuli
(A) Acute stress stimuli trigger fast response via the nervous system. Sensory neurons

perceive environmental cues such as oxygen levels or osmolarity via their molecular sensors
and prompt a behavioral response, such as moving away from the harmful environment. (B)

Chronic stress stimuli trigger slow adaptive response. Accumulating cellular stressors induce
specific molecular pathways that enable systemic response.
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Fig. 2. C. elegansstress responses in the nervous system
Chronic hypoxia engages latent neural circuits and makes animals more sensitive to

gustatory cues; chronic oxidative stress modulates neuronal gene expression (SKN-1 and
NLG-1) to reduce synaptic transmission at NMJs. Upon removal from osmotic shock, C.
elegans engages in a sleep-like quiescent behavior which is beneficial for survival.
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Fig. 3. Cellular and molecular responses to traumatic neuronal injury in C. elegans
In C. elegans, three types of neuronal injury models have been studied, including neurotoxic

stress using mec-4(d) mutants, neuronal cytoskeletal stress/disruption using colchicine

treatment or B-spectrin mutants, and laser-assisted axon injury.
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Fig. 4. Opposing neuronal responses to different types of injury
Injury at or near the soma of the neuron triggers a high calcium surge from the ER, which

leads to neuronal death. Local neurite injury also triggers a calcium transient and this
calcium signal spreads to the soma to promote neuronal regeneration. It is speculated that
the increased levels of calcium or the duration of calcium stimulation might determine
neuronal death or survival.
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