
Chapter 5 
Nervous System Ageing 
 
Claire Bénard and Maria Doitsidou 
 
Abstract    

 
In the face of ever-changing cellular environments during life and 
ageing, the nervous system ensures the coordination of behavior and 
physiology. Over time, however, the nervous system declines struc-
turally and functionally, leading to age-related cognitive and behav-
ioral decline in humans. Aspects of nervous system ageing are being 
studied using C. elegans as a model system. Here we review the age-
related neuronal changes that occur at the structural, cellular and 
functional levels in normally ageing animals, as well as how these 
changes relate to lifespan in healthy ageing and in neurodegenerative 
conditions. Advances understanding the cellular mechanisms that re-
sult in neuronal decline in C. elegans will help identify cellular fac-
tors that protect the nervous system structure and function during 
normal ageing and in disease states. Ultimately, elucidating the mo-
lecular networks and cellular processes underlying the ageing of the 
nervous system will fuel research and design of interventions to im-
prove human life at old age. 
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5.1 Introduction  

Ageing precipitates alterations in the physiology of the nervous 
system, including age-related cognitive decline and an increased in-
cidence of neurodegenerative diseases. Whereas age is known to be 
a strong determinant of these conditions, the etiology and molecular 
mechanisms leading to natural age-related neuronal deterioration are 
not well understood. Maintaining physiological functions with age 
depends on a continuous response to cellular stresses. General hall-
marks of cellular ageing include DNA damage, loss of proteostasis, 
mitochondria dysfunction, autophagy impairment, loss of cytoskele-
tal integrity, nutrient sensing dysregulation, among others. The mo-
lecular pathways that regulate cellular aging are under intensive in-
vestigation and are reviewed elsewhere ([1, 2], chapters 6 to 12 of 
this volume). The nervous system is inevitably impacted by univer-
sal cellular processes that lead to cellular ageing, as well as by neu-
ronal-specific factors. 

C. elegans is a powerful system in which to elucidate the genetic 
networks and molecular pathways underlying neuronal aging. Its life 
cycle is fast, reaching adulthood in three days, generating its proge-
ny in the following five days, and senescing in the following two 
weeks. Major conserved genetic determinants of lifespan have been 
elucidated [3, 4], enabling age manipulation in multiple ways. The 
worm’s nervous system is simple, composed of exactly 302 identi-
fied neurons, which can be examined in exquisite detail in living an-
imals at any point of their lives thanks to the worm’s transparency 
and the ability to label specific neurons with fluorescent reporters. 
Further, the worm’s entire neural circuitry has been defined, allow-
ing one to probe neuronal structure and function in ageing animals. 
Importantly, the ease of genetic manipulation in the worm will fuel 
the identification of the genetic and molecular basis of neuronal ag-
ing. Given the extensive evolutionary conservation of the develop-
ment and function of neurons between C. elegans and mammals, the 
worm offers the possibility to efficiently figure out fundamental 
principles by which the nervous system ages. Recent studies in C. 
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elegans have started to decipher the neuronal changes that accompa-
ny ageing and the factors that influence them, as we review below 
and summarize key findings in Figure 1 and Table 1. 

 
5.2 Age-related structural and cellular changes in the nervous 
system 

Similar to the healthy ageing human brain, the nervous system of 
C. elegans shows no neurodegeneration or gross deterioration during 
normal ageing [5-9]. Furthermore, the overall architecture of the 
nervous system is preserved throughout life ([5, 6, 8, 9], Bénard C, 
unpub.). However, like in humans, more subtle morphological neu-
ronal changes do occur in ageing C. elegans. Hermaphrodites have 
been used in the studies reviewed here (except in the case of male 
mating behavior in section 5.4). Neuronal soma and axon diameter 
shrinks with age [5], and some neurons exhibit specific morphologi-
cal changes, such as new branches along neuronal processes, axon 
swelling, axon waviness, defasciculation, new neurite-like exten-
sions from the soma, and soma distortion ([6-9] and Bénard C, un-
pub.). These changes in neuronal morphology arise early during 
adulthood, progressively worsening in mid- (days 4 to 7) and old-
aged animals ([6-9] and Bénard C, unpub.). The type of morphologi-
cal change, age of onset, and frequency are highly neuron-type spe-
cific. Furthermore, the incidence and severity of these morphologi-
cal changes vary among individual worms in isogenic populations 
that have been age-synchronized and co-cultured, suggesting that 
stochastic factors may influence these age-related neuronal changes. 

 
Structural changes have been most extensively characterized in 

“gentle touch” mechanosensory neurons (ALM, PLM, AVM, PVM), 
each of which displays specific types of morphological changes. For 
instance, ectopic outgrowths appear from the soma of ALM by day 4 
of adulthood, and new branches along the axon of PLM are frequent 
by day 8. Ectopic neurites sprouting from neuronal processes extend 
and retract dynamically [6, 7, 10]. Microtubule networks are disor-
ganized in mechanosensory neurons with misshapen soma (ALM, 
[6]), and mitochondria are often located at the sites of ectopic neu-
rites and swellings along the process [7]. The functional implications 
of these changes are unknown. 
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Other neurons also display age-related morphological changes, 
including branching from the soma of the dopaminergic neuron PDE 
from early adulthood onwards [7], defasciculation of cholinergic ax-
ons in the ventral nerve cord starting at day 6 of adulthood [6], axon 
beading of GABAergic neurons [6], and ectopic branches from GA-
BAergic axons by day 5 [8]. Characterization of ageing in additional 
neuron types (e.g. other dopaminergic neurons, chemosensory neu-
rons, interneurons, and motor neurons) extends the observation that 
age-related morphological changes are neuron-type specific, and 
widespread across the nervous system, but not ubiquitous ([9], Bé-
nard C, unpub). It will be important to study a variety of neuronal 
types in mechanistic detail to forge a deeper understanding of the 
neuronal responses to age and elucidate the factors underlying the 
differential susceptibility of neurons to aging. Such analyses will 
provide insights into the basis of the selective neuronal vulnerability 
in neurodegenerative conditions in humans. 

 
5.2.1 Synaptic deterioration in ageing neurons 

As observed at the ultrastructural level, evidence of synaptic dete-
rioration at day 15 of adulthood includes a decline in the synaptic 
vesicle numbers and a reduction in the size of presynaptic densities 
in the nerve cord and the nerve ring, which are sites of major synap-
tic contacts [7]. Synaptic vesicle density, observed using the fluores-
cently labeled synaptic vesicle protein RAB-3 GTPase, is also re-
duced in the presynaptic region of the motor neuron DA9 at day 18. 
Moreover, synaptic vesicle proteins (e.g. SNB-1/synaptobrevin and 
RAB-3 GTPase) ectopically accumulate in the dendritic and asynap-
tic axonal regions in ageing animals at day 12 and older (DA9 motor 
neurons, [11]). In addition, early endosomal membrane compart-
ments (e.g. followed by RAB-5 GTPase, which are required for the 
formation and recycling of synaptic vesicles, are disorganized in 
ageing GABAergic motor neurons at day 10 [12]. Importantly, pre-
synaptic release declines in motor neurons as early as day 7, and 
progressively worsens thereafter [13] (see also section 5.4). Age-
related deterioration of synaptic organization, including an altered 
number of dendritic spines, has also been observed in mammals [14-
16]. 

 
Axonal transport is key for synaptic maintenance during aging. At 
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the molecular level, genetic screening revealed two molecules that 
affect synaptic aging: the anterograde molecular motor UNC-
104/KIF1A that transports synaptic vesicles and its regulator, the 
small GTPase ALR-1. Reduced function of UNC-104 accelerates 
synaptic deterioration and motor circuit dysfunction with age, 
whereas upregulation of UNC-104 improves synaptic function[11]. 
This highlights the importance of axonal transport in the mainte-
nance of synaptic structural integrity throughout life. 

 
5.2.2 Genetic factors that influence morphological ageing of the 
nervous system 

Multiple conserved signaling pathways, including insulin signal-
ing, dietary restriction, and mitochondria function, modulate the 
worm’s lifespan (chapters 6 to 18, this volume). The insulin and in-
sulin-like growth factor (IGF1) signaling pathway (IIS) is defined by 
daf-2, a homolog of the IGF-1 receptor (IGF1R) [17], which acts 
through the phosphatidylinositol 3-kinase PI3K kinase cascade. daf-
2 mutations increase lifespan [18] through changes in gene 
expression via activation of the downstream daf-16 Forkhead box O 
(FOXO)-transcription factor, mutations in which shorten lifespan 
[19, 20]. eat-2 encodes a subunit of a nicotinic acetylcholine recep-
tor that functions in the pharynx [21]. Loss of function of eat-2 
serves as a genetic model of dietary restriction as it causes the 
worms to pump slower [21] and reduce their food intake, leading to 
a moderate increase in lifespan [22]. clk-1 encodes the respiratory 
chain CoQ biosynthesis enzyme [23], and mutations in clk-1 reduce 
respiration and extend lifespan [24].  

 
As neurons undergo morphological changes with age, a fair ex-

pectation could be that long-lived mutants would delay neuromor-
phological aging, and conversely, short-lived mutants might acceler-
ate neuronal changes. However, the relationship between lifespan 
pathways and age-related neuronal changes is complex, as only par-
ticular types of changes in certain neurons are affected by some but 
not all of the lifespan-altering mutations ([6-9], Bénard C, unpub.). 
For instance, studies show that whereas both clk-1 and eat-2 mutants 
have prolonged lifespans, neurite branching of mechanosensory neu-
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rons is delayed in clk-1 mutants, but not in eat-2 mutants [8]. Also, 
daf-2 mutants exhibit a delayed appearance of some of the branching 
defects [7, 8], but not of other age-related neuronal alterations ([7, 
9], Bénard, unpub.). For example, ~8% of daf-2 mutants exhibit 
novel defects at day 10 (e.g. branching from the ALM and PVM 
neurons), which is not seen in same-age or older wild-type animals 
([7, 9] and Bénard, unpub.). Similarly, in the short-lived mutants 
daf-16, ALM soma outgrowth and PLMs with wavy axons are in-
creased in early adulthood (day 2), but other aspects of neuronal 
morphology are unaffected and remain wild type ([7, 9] and Bénard, 
unpub.).  Thus, lifespan genes differentially impact distinct types of 
neuronal changes, in a neuron-specific manner. Consistent with this 
notion, the organismal healthspan, as measured by locomotion, 
stress resistance, fat accumulation, muscle frailty, etc, does not al-
ways correlate with lifespan [25]. The separation of age-related 
morphological changes and lifespan is further revealed by tissue-
specific manipulations of the daf-2/IGF1R pathway [8]. 

 
Other pathways that influence age-related morphological changes 

are the MAP kinase, heat shock stress response, and neuronal at-
tachment pathways. The c-Jun terminal kinase JNK-1 and upstream 
kinases, JKK-1 and MEK-1, prevent the formation of ectopic neurite 
branching during ageing in a cell-autonomous manner [8]. In addi-
tion, the heat shock transcription factor HSF-1, which is under the 
control of the IIS pathway, is also required cell autonomously for 
maintaining neuronal integrity of ALM and PLM neurons. Finally, 
age-related defects in mechanosensory neurons are increased in the 
mec-1 and mec-5 mutants, in which the normal attachment of the 
touch neurons to the neighboring hypodermal cells is disrupted [6]. 

 
5.2.3 Maintenance of adult nervous system architecture 

A number of genes of the immunoglobulin superfamily function 
to maintain neuronal architecture in C. elegans [26]. Some genes, 
such as the two-immunoglobulin domain containing proteins ZIG-4 
and ZIG-3, act in early larval development to preserve the precise 
positioning of axons along the nerve cord. Other maintenance fac-
tors such as SAX-7, a homologue of L1CAM, and DIG-1, a large 
secreted protein required for basement membrane maintenance, play 
roles not only during larval development, but also during adulthood 
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where they maintain ganglia and nerve ring organization [27-32]. 
For instance, ganglia become disorganized in late larvae and adult 
sax-7 mutants, in a way similar to the ganglia disorganization occur-
ring in normally ageing wild-type adult animals, albeit earlier and 
more severely ([9], Bénard, unpub.) Furthermore, the two-
immunoglobulin domain protein ZIG-10 is required continuously, 
including during adulthood, to maintain synapse density [33]. Such 
neuronal maintenance molecules, especially those mediating 
maintenance of the nervous system in adults, are likely to be neuro-
protective during ageing ([9], Bénard, unpub.) 

 
5.2.4 Subcellular changes in ageing neurons 

As an organism ages, several features of senescence become ap-
parent at the subcellular level, including alterations of organelle and 
cytoskeleton integrity, autophagic recycling, mitochondrial function 
and biogenesis, protein folding and homeostasis, telomere length, 
and transcriptional regulation, to name a few [2]. One of the chal-
lenges that neuronal cells face is to maintain adequate energy supply 
in distal neuronal processes, which they achieve by distributing mi-
tochondria along axons and dendrites through specialized transport 
and anchoring [34]. Thus, processes that disturb the cytoskeletal 
network or mitochondrial function and transport can potentially af-
fect healthy ageing and lead to neurodegenerative disease [35]. As 
mentioned above (section 5.2), such cellular events are affected in 
ageing C. elegans as microtubule networks become disorganized in 
neurons with age [6] and mitochondria localize at the base of age-
related ectopic branches along neuronal processes [7].  

 
The effect of ageing on C. elegans neuronal mitochondria in the 

cell body and processes of the mechanosensory neuron ALM was 
examined by Morsci et al. The frequency and distance of mitochon-
drial anterograde and retrograde transport progressively declines 
within the neuronal processes, starting already from the first day of 
adulthood, indicative of cytoskeletal transport decline [36]. Indeed, 
microtubules of mechanosensory neurons were shown to disorganize 
with age [6], and play a role in structural maintenance of neurons in 
the adult [37]. The size, density and stress resistance of mitochon-
dria also change with age following a phasic pattern: first they in-
crease during early adulthood (days 1 - 4), then they are maintained 
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at high levels in mid-adulthood (days 4 - 8), and finally they decline 
in later adulthood (days 8 - 15) [36]. The mitochondrial filamentous 
network becomes more complex and expansive in mid-adulthood 
whereas at later stages mitochondria exhibit ultrastructural abnor-
malities, e.g. loss of cristae structures [36]. Mitochondrial fragmen-
tation was also observed in mechanosensory neurons and the ADF 
neurons [38]. By day 9 of adulthood, 50% of the ADF neurons ex-
hibit fragmented mitochondria. 

 
Mitochondrial changes are affected by lifespan mutations [36]. 

Mitochondrial fragmentation is attenuated in long-lived daf-
2/IGF1R mutants, whereas it progresses more rapidly in short lived 
hsf-1 mutants. daf-2/IGF1R mutants also have an elevated baseline 
oxidative stress level and do not exhibit decay in mitochondrial traf-
ficking with age. Long-lived mutants daf-2, eat-2 and overexpres-
sion of sir-2.1 maintain a steady mitochondrial load during mid 
adulthood, in contrast to the elevated levels of same age wild-type 
animals [36]. Since compared to the wild type, long-lived mutants in 
general maintain a higher level of nervous system function at old age 
(see section 5.5), it appears that the mitochondrial profile of healthy 
neuronal ageing correlates with steady, rather than increased, mito-
chondrial content. How the interplay of mitochondrial biogenesis, 
degradation or fusion/fission dynamics brings about age-related mi-
tochondrial changes and how these changes impact nervous system 
function, is under investigation in C. elegans and other models [39, 
40]. 

 
5.2.5 Relevance to cellular changes in the human nervous system 

In humans too, normal brain ageing is characterized by subtle 
changes in the morphology of specific neurons in selective brain re-
gions [41, 42]. For instance, dendritic branching and length is en-
hanced in some hippocampal regions in aged individuals compared 
to young adults, and changes in dendritic spine and synapse number 
are observed in the ageing neocortex and hippocampus [41, 43, 44]. 
Despite the simplicity and short life of the C. elegans nervous sys-
tem, its neurons -as described above- undergo age-related changes 
that parallel some neuronal changes in humans. Given the extensive 
evolutionary conservation of cellular processes between worms and 
humans, elucidating the mechanisms underlying the neuronal re-
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sponses to ageing in C. elegans is expected to uncover conserved 
principles of neuronal aging. 

5.3 Axon Regeneration and Ageing  
Damaged axons have the ability to repair, which helps the nervous 
system to remain functional throughout life. In C. elegans, axons can 
be injured by laser axotomy and their regeneration examined with 
single-cell resolution. Severed axons frequently form a growth cone 
and regrow [45]. Multiple types of neurons, including 
mechanosensory neurons (ALM, PLM, AVM) and GABAergic 
motor neurons can regenerate, and the regenerative capacity differs 
among neuron types [46-49]. Similar to mammals, regrowth of 
injured axons in C. elegans is often misguided; nonetheless, 
regenerated axons appear to rewire -at least partly- into proper 
circuits, as demonstrated in worms that regain mobility after 
regeneration of their GABA motor neurons [46, 50]. 

Several molecular pathways that promote or inhibit axon regenera-
tion have been discovered in C. elegans through genetic screening 
[51, 52]. Mechanisms of axon regeneration [53-57] include the 
PTEN and DLK-1 MAP kinase pathway and other MAP kinase 
pathways [52, 58-63], Notch signaling [55], microtubule regulators 
[51, 64, 65], and the IIS pathway [61]. Genetic analysis of axon re-
generation has revealed that different neuron types share some re-
generation genes, but have striking neuron-type-specific dependen-
cies on other genes for axon regeneration. 

 
5.3.1 Age-dependent decline of regeneration 

Age is a strong determinant of a neuron’s potential to drive axon 
repair. Young neurons regenerate damaged axons, but the regenera-
tive ability of neurons quickly declines in early adulthood, worsen-
ing further with age [45]. Studies on the effect of age on axon regen-
eration have identified age-dependent mechanisms that regulate 
regenerative potential. In the mechanosensory neuron AVM, regen-
eration declines already during larval development and reaches sta-
ble levels that are sustained in adults. The pathway of miRNA let-7 
and its target gene lin-41 regulates a switch from high capacity for 
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axon regrowth in early larvae when AVM develops, to low capacity 
for axon regrowth shortly after the developmental outgrowth of 
AVM is complete [66]. In contrast, the axon regrowth capacity of 
GABA motor neurons is high throughout larval stages and up to day 
1 of adulthood, but steeply declines during adulthood (severely re-
duced by day five 5 and abolished by day 10) [58, 61]. This decline 
is a result of age-related deterioration in both axon initiation and ax-
on elongation after injury. The insulin receptor DAF-2/IGF1R regu-
lates this decline in GABA axon regeneration by inhibiting the daf-
16/FOXO transcription factor and its downstream regulation of dlk-
1/DLK and other genes of the DLK MAP kinase pathway [61]. 
Thus, C. elegans regulates the regenerative capacity of neurons in 
response to age. 

 
The capacity of axons to regenerate in aging C. elegans does not 

directly correlate with lifespan, as not all long-lived mutants main-
tain regenerative capacity at old age. For instance, long-lived eat-2 
mutants and animals overexpressing sir-2.1 have the same rates of 
regeneration as the wild type [61]. In contrast, loss of DAF-2/IGF1R 
function enhances regeneration of aged axons but not of young ax-
ons [61]. Neuron-specific expression of DAF-16/FOXO, which does 
not rescue lifespan, rescues axon regeneration in aged animals. Con-
versely, intestine-specific expression of DAF-16/FOXO, which res-
cues lifespan, does not rescue axon regeneration phenotypes in aged 
daf-2 mutant animals. Thus, the role of the daf-2/daf-16 pathway on 
axon regeneration is intrinsic to the nervous system and is uncoupled 
from its roles in lifespan regulation. The C. elegans adult neuronal 
IIS/FOXO transcriptome revealed the forkhead transcription factor 
FKH-9 as a IIS/FOXO target [67]. Loss of fkh-9 impairs axon re-
generation in aged daf-2 mutants, and pan-neuronal expression of 
FKH-9 in daf-2;fkh-9 mutants restored the regeneration phenotype, 
confirming its neuronal cite of action [67]. 

 
5.3.2 Relevance to axon regeneration in ageing humans 

During axon regeneration in C. elegans both age and neuron type 
determine a neuron’s regenerative potential, partly because of spe-
cific dependencies on molecular pathways mediating axon regenera-
tion. Similarly, age and neuron type strongly influence the regenera-
tive capacity in humans. In adults, axons in the peripheral nervous 
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system regenerate, whereas axons in the central nervous system do 
not [68]. Intrinsic determinants of regeneration differ across the 
nervous system as well; for instance, removing PTEN greatly en-
hances optic and peripheral nerve regeneration, but has a modest ef-
fect on spinal cord axons [69-71]. These findings highlight the im-
portance of studying diverse neuronal types in order to gain an 
understanding of regeneration, a goal that is achievable in the short 
term in C. elegans and that will inform research in mammals. Mole-
cules identified in C. elegans to function in axon regeneration (e.g. 
PTEN and DLK), are conserved in mammals. Elucidating the mech-
anisms that regulate adult axon regeneration and the effect of age on 
neuronal regeneration will increase our understanding of how a neu-
ron ages and inform approaches to treat injury and disease in hu-
mans. 

 
5.4 Functional decline of the ageing nervous system  
C. elegans is capable of versatile behaviors: it performs locomotion, 
rhythmic contractions for feeding known as pharyngeal pumping, 
defecation, egg-laying, and mating [72]. It also senses and responds 
to environmental cues including touch, odorants, temperature, and 
oxygen levels, and responds through the execution of behaviors such 
as the escape response, chemotaxis, and thermotaxis, to name a few 
[73]. As worms age, however, there is widespread behavioral de-
cline [74]. The rate of locomotion slows down and eventually worms 
stop moving completely; in fact, a worm is considered dead when it 
fails to move in response to prodding. Measures of spontaneous lo-
comotion (e.g. body bends, speed, turns, net displacement, trashing), 
as well as locomotion in response to a stimulus (e.g. chemotaxis and 
response to gentle touch), all decline with age [5, 74-81]. 

 
As a first step towards elucidating the causes for this behavioral 

decline, the ageing of both the muscles involved in the behavior, and 
of the neurons/neural circuits mediating the behavior needs to be ex-
amined. Body wall muscles, which power locomotion, have been 
found to progressively deteriorate with age in C. elegans starting at 
around day 10, and there is a clear correlation in individual animals 
between the severity of sarcopenia and the decline in locomotion [5]. 
This suggests that some of the age-related behavioral decline can be 
attributed to muscular deterioration. Several studies have tried to 
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tease apart muscle vs. neuronal contributions and although the pri-
mary cause has not yet been determined, there is clear evidence sup-
porting a neuronal contribution to behavioral decline. 

 
Clues about age-related decline in neuronal function came from 

pharmacological manipulations of the neuromuscular junction. Aged 
animals treated with the muscarinic agonist arecoline, which stimu-
lates acetylcholine release from motor neurons, partially remedied 
age-related locomotion decline in day 8 and 10 animals. This raised 
the possibility that ageing affects neurotransmitter signaling at the 
neuromuscular junction [81]. Further pharmacological studies used 
the cholinergic agonist levamisole and the cholinesterase inhibitor 
aldicarb to stimulate body contractions throughout adulthood, in-
cluding in very old worms that would otherwise be almost immobile 
(day 16); the findings indicated that presynaptic neuromuscular 
transmission declines after day 5 of adulthood [82]. Notably, 16-day 
old worms were capable of producing the same maximal contraction 
as young worms upon pharmacological stimulation of the neuro-
muscular junction, pointing to a neuronal synaptic contribution to 
the age-related locomotion decline [82]. Consistent with the notion 
that synaptic function deteriorates with age, synaptic terminal size 
and synaptic vesicle numbers decrease in old animals, and 18-day 
old animals that preserve higher synaptic integrity have better loco-
motion ability than same-aged animals with more deteriorated syn-
apses [7]. 

 
Recently, electrophysiological studies using patch clamp record-

ings at the C. elegans neuromuscular junction provided direct func-
tional evidence that the decline in presynaptic motor neuron function 
precedes muscle functional deficits [13]. The frequency of sponta-
neous neurotransmitter release from presynaptic motor neurons, 
measured as spontaneous post-synaptic currents, declines as early as 
day 5 of adulthood and progressively worsens with age, coinciding 
with locomotory decline. On the other hand, the amplitude of the 
postsynaptic currents recorded in muscles in response to presynaptic 
release did not change until day 11. Moreover, consistent with earli-
er pharmacological studies, the capacity of muscle contraction in re-
sponse to levamisole did not decline before day 9. These experi-
ments suggest that aging of the motor nervous system is an earlier 
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underlying reason for locomotory deterioration with age. Future 
studies will address the impact of the neuronal function decline on 
muscle deterioration, and the cellular and molecular basis leading to 
these functional changes in neurons. 

 
C. elegans males perform mating behavior, which is a series of 

sensory and motor sub-behaviors to achieve copulation. The spicule 
intromission step of male copulation quickly deteriorates in adults 
and wild-type males’ mating potency significantly decays by day 3 
of adulthood (before age-related muscle deterioration), becoming 
impotent by day 5 [83]. Calcium imaging, pharmacological tests, 
and genetic manipulations showed that the decay in male mating re-
sults from increased excitability of the male sex muscles [84]. SIR-
2.1, an ortholog of yeast SIR2 [85], is required to maintain mating 
potency, possibly by impacting metabolism at the level of glycoly-
sis, fatty acid oxidation and oxidative stress responses, which in turn 
affect the excitability of the sex muscles [84]. 

 
Sensory perception-based behaviors also decline with age. While 

decay in locomotion with age certainly impairs these behaviors, age-
related defects in the sensation and integration of stimuli also play a 
major role. Calcium imaging techniques, microfluidics and tools for 
neural circuit dissection have facilitated the study of neuronal func-
tion [86, 87]. Monitoring neuronal activity illuminates fine aspects 
of age-related changes in neuronal function that would be difficult to 
discern through behavioral analysis alone. For example, monitoring 
response to glycerol in the sensory neuron ASH revealed that calci-
um responses first increase in day 3-4 of adulthood, before they start 
decreasing in day 5 adults [88]. In a comprehensive analysis of odor-
evoked neural signaling, Leinwand et al. identified a circuit of pri-
mary and secondary neurons that collectively encode benzaldehyde-
evoked behavioral plasticity [89]. They find that the combinatorial 
circuit of odor sensing declines with age due to functional decline of 
the secondary but not the primary neurons, demonstrating that age-
ing differentially affects sensory neurons in the same circuit [89]. 
Whole-brain calcium imaging approaches in C. elegans [90, 91] will 
allow establishing temporal hierarchies of functional decline within 
neural circuits during ageing. 
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5.5. Learning and memory in aging 
Learning and memory are fundamental biological processes that 

allow living organisms to respond and adapt to their environment. 
Memory decline in ageing is a well-documented phenomenon in 
humans [92] and a common feature across species [93]. Despite the 
simplicity of its nervous system, C. elegans exhibits behavioral plas-
ticity and a range of well-characterized paradigms of short- and 
long-term memory [94]. These include examples of associative and 
non-associative memory, some of which have been studied in detail. 
Genetic pathways known to affect lifespan also affect learning and 
memory in different ways. In some cases, they play a role in the 
formation of memory itself; in other cases, they influence how fast 
memory declines during aging. Here, we focus on some of the well-
characterized models of learning and memory in C. elegans to re-
view the consequences of ageing on neuronal plasticity and the in-
fluence of lifespan-altering mutations on age-related decline. 

 
5.5.1 Thermotaxis learning and memory in ageing 

In a process known as thermotaxis, C. elegans has the ability to 
sense temperature and modify its behavior according to previous ex-
perience. It associates a past cultivation temperature with food and 
moves towards that temperature in search for food. Also, when 
found on a temperature gradient, it moves isothermally within the 
cultivation temperature. This behavior is called isothermal tracking 
and has characteristics of memory [95], for example it is CREB-
dependent [96]. Thermotaxis learning declines with age, as isother-
mal tracking behavior becomes reduced by day 6 of adulthood and 
absent by day 14 among worms that retain mobility [97]. 

 
The the IIS pathway, which regulates lifespan [18], affects associ-

ative learning behavior. In thermotaxis learning, aged animals of 
long-lived mutants age-1/PI3K and daf-2/IGF1R show enhanced 
isothermal tracking performance in young and old animals compared 
to the wild type. This enhancement consists of both a stronger asso-
ciation of temperature with food (as assessed by the number of ani-
mals performing isothermal tracking), as well as a delay in age-
related decline of thermal learning [98]. This delay in age-related 
decline was not due to locomotion effects or simply a byproduct of 
increased lifespan: when Murakami et al. took into account the 
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physiological age (instead of the chronological), age-1 mutants still 
had higher isothermal tracking behavior than the wild type [98]. In 
fact, there is a 210% extension in the period of high thermotaxis 
learning behavior in age-1 mutants, compared to only 65% exten-
sion of the lifespan [98]. Moreover, expression of AGE-1/PI3K in 
AIY neurons in age-1 mutants suppressed the age-1 learning pheno-
type but not its longevity effects [98], thus dissociating lifespan from 
its effects on learning. The positive effect of daf-2/IGF1R and age-
1/PI3K mutations on associative learning is daf-16/FOXO depend-
ent. Interestingly, insulin peptide INS-1, the closest ortholog of hu-
man insulin, is required for the formation of the food-temperature 
association in a mechanism that acts antagonistically to the daf-
2/IGF1R pathway [99]. 

 
In addition to the IIS pathway, thermotaxis learning is also affect-

ed by other longevity pathways. eat-2 mutants, which extend 
lifespan through a dietary restriction mechanism, have enhanced 
thermotaxis learning in young adults but also delayed isothermal 
tracking decline with age [98]. Mitochondrial dysfunction also af-
fects lifespan. Despite the complex roles of mitochondrial metabo-
lism and ROS production in ageing [100], specific mutants of the 
electron transport chain are known to alter lifespan. Both isp-1 (cod-
ing for the iron sulfur protein of mitochondrial respiratory complex 
III [101]) and clk-1 (coding for a central enzyme in ubiquinone syn-
thesis) mutants show increased thermotaxis learning behavior in 
young adult animals assessed by isothermal tracking [97]. The in-
creased learning in isp-1 mutants is daf-16/FOXO-dependent and it 
is abolished in daf-16 mutants, despite the fact that the longevity ef-
fect of these mutants does not depend on daf-16/FOXO. Further-
more, clk-1 mutants also delay age-related decline of isothermal 
tracking behavior. In contrast, short lived gas-1 and mev-1 mutants, 
defective for respiratory complex I and II, are more sensitive to oxi-
dative stress [102, 103] and show decreased thermotaxis behavior, a 
phenotype rescued by treatment with antioxidants [97]. 

 
5.5.2 Positive olfactory associative learning and memory 

C. elegans learns to associate volatile chemicals like butanone 
with food, and chemotaxes towards them [104]. When butanone is 
paired with food for a single training session (massed learning) it 
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produces a short-term associative memory (STAM). In contrast, 
when worms are subjected to multiple training sessions (spaced 
learning) they form a long-term associative memory (LTAM) that 
lasts between 16 and 24 hours [105]. LTAM formation declines with 
age, starting already at day 2 of adulthood and is abolished by day 5. 
LTAM deteriorates prior to the decline in olfactory learning, chemo-
taxis and motility [105], suggesting a higher sensitivity of LTAM in 
aging. Massed learning begins to decline already by day 3 and is 
completely lost by day 6 of adulthood. Spaced learning, which be-
gins to decline on day 3, is lost by day 7. 

 
Lifespan mutants affect LTAM and STAM in C. elegans both in 

young and older age. In young adults, daf-2/IGF1R mutants show 
three times longer STAM, although their learning rate is similar to 
wild type. Moreover, daf-2 mutants show significantly longer 
LTAM, which remains active past 40 hours. Lastly, LTAM is estab-
lished after fewer training sessions in daf-2/IGF1R mutants com-
pared to wild-type animals. These memory improvements in young 
animals are daf-16 dependent [105]. 

 
In older worms, daf-2/IGFR mutants retain their ability to learn 

for a longer time. At day 5 of adulthood, there is no significant loss 
in the formation of STAM. However, although learning is extended, 
LTAM is not improved in aged daf-2/IGFR mutants compared to the 
wild-type animals [105].  

 
Dietary restriction affects positive olfactory associative memory 

differently than the IIS pathway. In young animals, eat-2 mutants 
show no improvements in STAM compared to the wild type, where-
as LTAM is reduced. In contrast, older eat-2 animals show im-
proved memory compared to wild type, and both STAM and LTAM 
persist for a longer period. Importantly, age-dependent memory loss 
can be alleviated if dietary restriction is imposed in adult worms 
[105].  
 
5.5.3 Habituation (non-associative learning) 

C. elegans also exhibits non-associative memory [94]. The best 
characterized examples are habituation to a mechanical stimulus and 
chemosensory habituation. These forms of adaptation can have 
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short- or long-term memory timescales depending on the training re-
gime. Age-related changes in habituation have been reported: worms 
in their 6th and 8th day of adulthood habituate more rapidly to me-
chanical stimulus and show slower recovery from habituation than 
younger adults [106]. Timbers et al. tested adaptation to mechanical 
stimulus in middle-aged worms and showed that changes in habitua-
tion started at the peak of their reproductive age, as early as the 2nd 
day of adulthood [107]. This timeline is similar to the onset of 
changes in positive olfactory associative learning described above. 
In contrast to associative learning, the IIS pathway does not impact 
non-associative learning protocols involving chemosensory habitua-
tion [108]. 

 
5.5.4 Mechanisms of age-related learning and memory decline 

Several forms of memory in C. elegans, for example olfactory 
STAM and LTAM, decline before any morphological neuronal 
changes become apparent [105, 109]. As a cautionary note, an anal-
ysis of age-related morphological changes of neurons that mediate 
learning and memory is still lacking. Thus, it seems that changes at 
the molecular level, which precede obvious morphological defects, 
are responsible for memory decline [105, 109]. Indeed, LTAM dete-
rioration with age in both the wild type and longevity mutants corre-
lates tightly with crh-1/CREB expression levels [105]. This correla-
tion appears to be conserved in mammals: the levels of CREB in the 
brain are predictive of spatial memory decline in aged rats [110] and 
overexpression of CREB in the hippocampus attenuates spatial 
memory impairment during ageing [111]. 

 
Parallels can be drawn between memory and synapse decline dur-

ing ageing in the wild type and lifespan mutants. The complex syn-
aptic machinery required for memory formation is well documented 
[112]. C. elegans research has revealed a correlation between syn-
apse deterioration and STAM decline with age [11]. At the molecu-
lar level, the anterograde kinesin motor UNC-104/KIF1A, which 
transports synaptic vesicles along axons, is required for STAM 
maintenance in aging. UNC-104/KIF1A levels are reduced with age 
in the wild type but maintained in daf-2 mutants in a daf-16/FOXO-
dependent manner [11].  
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The examples above demonstrate that a reduction in the IIS path-
way promotes positive associative learning and memory in ageing C. 
elegans, through activation of the DAF-16/FOXO transcription fac-
tor. Neuron-specific transcriptome analysis of DAF-16/FOXO tar-
gets in daf-2/IGF1R mutants revealed a landscape of DAF-
16/FOXO-dependent regulators of short-term memory extension, 
distinct from previously identified targets in other tissues. This anal-
ysis showed that some of the DAF-16/FOXO neuronal targets that 
extend memory in daf-2/IGF1R mutants also regulate memory in the 
wild type [67]. Thus, IIS pathway-dependent memory extension is 
due to augmentation or maintenance of the molecular machinery that 
regulates memory in the wild type, rather than the activation of an 
alternative mechanism. Similarly in mouse, FOXO6 is highly ex-
pressed in adult hippocampus and is required for memory consolida-
tion by regulating the expression of genes responsible for synaptic 
function [113].  

 
Among the DAF-16/FOXO targets that are upregulated in daf-

2/IGF1R mutants at the whole worm level is FKH-9. It was shown 
that FKH-9 is required in the neurons for memory enhancement in 
daf-2 mutants and in the somatic cells for lifespan extension [113]. 
Molecular characterization of the tissue-specific transcriptional pro-
grams that regulate longevity or neuronal function, combined with 
an analysis of the conservation of these programs across phylogeny, 
will facilitate a more complete understanding of nervous system age-
ing. 

 
5.5.6 Relevance to learning and memory in humans 

As described above, learning and memory decline in C. elegans 
becomes apparent in ageing animals in early adulthood. Recent stud-
ies indicate that cognitive decline in humans might start as early as 
the fourth decade of life [114]. C. elegans findings demonstrated the 
positive role of IIS pathway reduction and dietary restriction in de-
laying the decline of learning and memory. In humans, IIS plays 
physiological roles in various regions of the central nervous system, 
regulating neuronal function, including learning and memory. How-
ever, impaired insulin signaling and resistance observed in age-
related diseases complicates the role of IIS in the human nervous 
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system [115]. Clarifying discrepancies will delineate its exact mech-
anisms of action in the ageing human brain.   

 
Dietary restriction in humans has beneficial effects on brain struc-

ture and function [116]. Brain regions most vulnerable to the ageing 
process, namely frontal and medial temporal lobes, are negatively 
affected in obese individuals [117]. Excessive energy intake and el-
evated levels of blood glucose and fatty acids negatively impacts 
cognition [118]. In contrast, caloric restriction in elderly adults was 
shown to improve memory [119]. Recent evidence suggests that 
memory enhancement is a result of a negative energy balance 
(weight loss phase) rather than an effect of low weight maintenance 
[116]. Consequently, intermittent fasting or other interventions that 
mimic the effects of dietary restriction [120, 121] could prove more 
beneficial to healthy cognitive ageing than constant dietary re-
striction. C. elegans research has indeed demonstrated that intermit-
tent fasting extends lifespan through the action of a small GTPase, 
RHEB-1, via the IIS pathway. Inhibition of RHEB-1 successfully 
mimicked the effects of caloric restriction. Thus, this and similar 
studies in C. elegans [122] can open the way to develop mimetics of 
dietary restriction to improve lifespan, health and cognitive function 
without the potential negative effects of caloric restriction. 

 
5.6 Neurodegenerative diseases 

Age is the leading risk factor for neurodegenerative disease [42, 
123, 124]. This suggests that cellular changes occurring during age-
ing increase the vulnerability of neurons to such conditions. Ageing 
cells show increased levels of oxidative, metabolic and ionic stress 
that result in the accumulation of dysfunctional organelles, damaged 
proteins and DNA. Failure of neurons to adapt to such stresses leads 
to neuronal dysfunction and susceptibility to neuronal degeneration. 
Understanding the molecular mechanisms underlying age-related 
neurodegenerative diseases and identifying neuroprotective strate-
gies is a major focus of modern medical research.  

 
5.6.1 C. elegans models of neurodegenerative disease 

Besides the general advantages of C. elegans as a model organism 
(discussed in section 5.1 and chapter 1 of this volume) additional 
characteristics make it particularly suitable for studying human neu-
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rodegenerative disease: C. elegans tolerates nervous system defects 
very well, as most of its neurons are dispensable for survival and re-
production in laboratory conditions [125, 126]. Furthermore, the ma-
jority of human genes implicated in monogenic forms of neuro-
degenerative disease have conserved C. elegans orthologs. When an 
ortholog does not exist, then expression of the human gene has often 
been used to reproduce disease phenotypes. Lastly, the power of ge-
netic screens in C. elegans renders it ideal for rapid, genome-wide 
discovery of disease modifiers. Therefore, C. elegans has been ex-
tensively used to model and study neurodegenerative diseases [127-
129]. 

 
Here we briefly summarize some examples of human neuro-

degenerative diseases studied in C. elegans, several of which are 
characterized by protein misfolding and aggregation (see also chap-
ter 12). Parkinson’s disease (PD) is an age-related movement disor-
der, accompanied by loss of dopamine neurons. C. elegans models 
of PD include overexpression of human a-synuclein in muscles or 
neurons, mutations in orthologs of human Parkinsonism (PARK) 
genes, and environmental toxins (such as paraquat, rotenone, MPTP, 
MPP+ and 6-OHDA) [130, 131]. Alzheimer’s disease (AD) results 
in a progressive loss of cognitive function and is characterized by 
extracellular deposits of amyloid b (Ab) and intracellular aggregates 
of microtubule associated protein tau (MAPT). C. elegans models of 
AD include overexpression of human Ab peptides or tau [132-134]. 
Huntington’s disease (HD) is a fatal neurodegenerative disorder 
caused by polyglutamine (polyQ) repeat expansion in huntingtin 
(HTT), and the corresponding C. elegans models express fragments 
of the human protein with various lengths of polyQ repeats [135]. 
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease 
affecting motor neurons, which is caused by diverse genetic muta-
tions. Most models of ALS in C. elegans relay on overexpression of 
wild-type and mutated forms of the causative genes superoxide dis-
mutase 1 (SOD1), TAR DNA binding protein 43 (TDP-43) and 
Fused-in-sarcoma (FUS) [136]. Finally, a number of C. elegans 
models exist for studying neuronal channelopathies and excitotoxic 
cell death [137-139]. 
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Modifier screens on the above models have contributed important 
insights into the understanding of neurodegenerative disease and re-
vealed numerous general and disease-specific modifiers conserved 
in other organisms. Studies on C. elegans models of PD led to the 
discovery of several neuroprotective mechanisms; for instance, 
overexpression of the chaperone TOR2/TorsinA, the lysosomal P-
ATPase catp-6/ATP13A2, or human Cathepsin D were shown to 
ameliorate aspects of a-synuclein toxicity [140-142] and the glyco-
lytic enzyme GPI-1/GPI was identified as a conserved modifier of 
dopaminergic degeneration [143]. Genetic screens in C. elegans 
models of AD led to the discovery of many disease modifiers, e.g. 
orthologs of human kinases such as kin-18/TAOK1 and sgg-
1/GSK3b, and chaperone stress response molecules (such as xbp-
1/XBP1, hsp-2/HSPA2, hsf-1/HSF1 and chn-1/CHN1) were identi-
fied as key regulators of tau toxicity [144]. A long list of similar dis-
coveries has confirmed the validity of C. elegans as a model to study 
neurodegenerative disease. Key discoveries stem not only from re-
search on models of disease but also from studies that enhanced our 
understanding of the normal function of disease-associated genes in 
healthy situations. A comprehensive review of these findings is be-
yond the scope of this chapter. 

 
5.6.2 Ageing pathways and neurodegenerative disease 

Although familial cases of neurodegenerative diseases in humans 
start earlier in life, the vast majority of cases for numerous neuro-
degenerative diseases are sporadic and manifest during the seventh 
decade or later, making ageing the major risk factor [145]. Is it then 
possible to prevent or delay such conditions by delaying ageing? 
Several studies in C. elegans show that manipulating longevity 
pathways affects pathological manifestations in models of neuro-
degenerative disease [146]. 

 
In C. elegans models of neurodegenerative disease, the IIS path-

way modulates protein aggregation and toxicity. Reducing insulin 
signaling in C. elegans models of HD and AD alleviated polygluta-
mine [147, 148] and Ab toxicity [149, 150],  respectively. Similar 
protective effects of IIS reduction were reported in an ALS model of 
SOD-1 aggregation [151] and in an a-synuclein overexpression 
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model [143]. These results of reduced proteotoxicity across disease 
models are consistent with findings that overall protein insolubility 
and aggregation (an inherent part of normal ageing in C. elegans and 
other animals) is also alleviated by reduction in IIS signaling [152]. 
The mechanism of the daf-2 mediated protection depends on the ac-
tion of DAF-16/FOXO and HSF-1. These transcription factors have 
in fact opposing protective effects in AD models, with HSF-1 pro-
moting disaggregation of Ab, and DAF-16 promoting the active ag-
gregation of toxic oligomers to less toxic forms [149]. Longevity 
manipulations through dietary restriction also suppress both polyglu-
tamine and Ab toxicity in C. elegans [153] and protect dopaminergic 
neurons from degeneration in a 6-OHDA model [154]. Finally, con-
sistent with major longevity pathways modulating neurodegenera-
tive disease, germ-cell ablation also attenuated polyglutamine toxici-
ty in a DAF-16/FOXO and HSF-1 dependent manner [155]. 

 
The protective link between reduced IIS signaling and neuronal 

proteotoxicity was shown to be conserved in mice [156, 157], vali-
dating the relevance of the C. elegans findings. It also extends to 
neurological conditions that are not based on proteotoxic aggrega-
tion, for example hypoxia-induced ischemic stroke [158]. Similarly, 
the protective role of dietary restriction is conserved in mouse mod-
els of b-amyloid neuropathy [159] and in non-human primate model 
of PD [160]. Importantly, the effects exerted by ageing manipula-
tions can be, at least in some cases, uncoupled from the extension of 
lifespan. This was demonstrated in mice by reducing IIS later in life 
when it can no longer extend the lifespan, a manipulation that never-
theless protected from Ab toxicity [161]. The interplay of longevity 
pathways and disease has obvious implications in medical and life-
style interventions, which could potentially delay or ameliorate dev-
astating age-related disorders.  

 
5.7 Concluding remarks 

Studies in C. elegans have contributed to our understanding of the 
molecular machineries that protect the nervous system structure and 
function during normal ageing, following injury, and in disease 
states. One striking property of the ageing nervous system in C. ele-
gans, which is also common in humans, is the differential suscepti-
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bility of neurons to age. Moreover, whereas the decline of overall 
nervous system function is delayed in lifespan-extending mutations, 
specific aspects of neuronal deterioration are not, and specific neu-
ron types are impacted differently by these lifespan mutations. The 
precise descriptions of age-related nervous system changes reviewed 
here constitute the basis for future mechanistic studies of neuronal 
ageing. Longitudinal analysis and the development of more tools to 
measure diverse aspects of neuronal ageing simultaneously will help 
establish relationships between age-related changes and identify the 
genetic and environmental factors underlying ageing of the nervous 
system. Ultimately, what we learn about the mechanisms influencing 
neuronal ageing will facilitate the development of therapeutic inter-
ventions to help improve the human condition in old age. 
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Genotype 

Phenotype 
Wild type daf-2 daf-16 hsf-1 eat-2 clk-1 

Neuronal 
morphology 

(Touch neurons) 
Abnormal branching, 
shape, wavy axons 
defasciculation 

 
 
Appearance of neuron-
specific changes with 
age [6-8] 

 
In some cases decreased 
appearance of morphological 
changes with age [6-8] 

 
Increased appearance of 
morphological changes [7] 
Suppresses daf-2 effects [8]  

 
Increased changes   
[6-8] 

 
In some cases similar to 
WT [8] 
 
 

 
Decreased 
morphological 
changes [8] 

In other cases increased [7,9]  In other cases, decreased [7,9] In other cases decreased 
[9] 

Synapses 
Number of synaptic 
vesicles and puncta 
Amplitude of post- 
synaptic currents PSCs 

 
Vesicle and puncta 
decline (d15, 18) [6, 11]  
PSC decline (starting d7) 
[13] 

 
Synaptic puncta maintained (d18, 
d30) [11] 
PSC maintenance (up to d27) [13] 

    

Mitochondria  
(in ALM) 
Mitochondrial load 

Increases (up to d4) 
Maintained (d4-8), 
Decreases (after d8) [36] 

Lower load than WT, but steady 
(d1 to 25) [36] 

Similar to WT [36]  Lower than WT (d4-8), 
and steady (d4 to d11) 
[36] 

 

Mitochondrial transport Decreases after d1 [36] Steady (d1 to 25) [36] Similar to WT [36]  Steady (d1 to 11) [36]  
Resistance to oxidative 
stress 

Increases (up to d4) 
Decreases after d4 [36] 

Higher resistance, lower rate of 
decline until d22 [36] 

    

Axon regeneration 
GABA motor neurons 

Declines from d1 
Abolished by d5 [5] 

Delayed decline (no decline on d5, 
decline by d10) [61] 

Suppresses increased 
regeneration of daf-2 [61] 

 Similar to WT [61]  

Learning and 
Memory 

Thermotaxis learning 

Declines (d6) 
Absent (d11) [98] 

Enhanced learning in young 
Delayed decline in old [98] 

Suppresses daf-2 delayed 
decline [97, 98] 

 Increased learning in 
young. Delayed decline 
with age [98] 

Enhanced learning 
in young. Delayed 
decline in old [97, 
98] 

LTAM 
(positive olfactory) 

Declined (d2) 
Abolished by d5 [105] 
 

Longer in young animals (40 vs 24 
hr in the WT) [11] 

Defective in LTAM [105]  Impaired in young adults 
 

 

Not extended in aged animals 
[105] 

Improved in older 
animals [105] 

STAM 
(positive olfactory) 

Massed learning: decline 
begins d3, abolished by 
d6. Spaced learning lasts 
until d7 [105] 

3x longer STAM in young adults  
Maintained in older worms (no loss 
in d5) [105] 

Defective in STAM, suppresses 
daf-2 STAM extension [11, 
105] 

   Similar to WT in young 
adults [105] 

 

Improved in older 
animals (after spaced 
learning) [105] 

Neurodegeneration, 
proteotoxicity 

Aggregation of PolyQ, 
Aβ, SOD-1, α-synuclein 

 

Increased aggregation / 
proteotoxicity with age 

Reduced aggregation and 
proteotoxicity [143, 147-151] 

Suppresses daf-2 protective 
effect [143, 147-151] 

Required for daf-2 
and dietary 
restriction 
protective effects 
[143, 148-151] 

Protects from 
proteotoxicity [153] 
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