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Abstract 

Electrical synapses formed by gap junctions are abundant in nervous systems and 

critical for brain function. They allow not only the exchange of ions, but also of 

metabolites and second messengers and have been implicated in the transmission of 

damage or death signals between cells. However, it was not known if they play a role 

in the processes that regulate neural ageing and lifespan. 

In my PhD project, I sought to explore if gap junctions affect ageing and lifespan using 

the roundworm Caenorhabditis elegans. Gap junctions are present in virtually all cells 

and tissues of C. elegans and are formed by twenty-five innexin genes encoding gap 

junction subunits. I assayed lifespan of loss-of-function mutants of most C. elegans 

innexins and discovered that innexins have a significant impact on lifespan, some 

leading to an extension of lifespan while others accelerate the ageing process and 

shorten lifespan. Specifically, null mutations in unc-9, the most widely expressed 

innexin in the nervous system, extended lifespan by up to thirty-five percent 

compared to wild-type. Its effect on longevity is likely due to the intercellular coupling 

provided by UNC-9, as loss of the UNC-9-regulating stomatin unc-1 extends lifespan in 

the same manner.  In follow-up experiments, I used RNA interference to ask if UNC-9 

acts in specific sets of cells to modulate longevity. Its removal from glutamatergic 

neurons led to an increase in lifespan, whereas I found no effects of unc-9 knock-down 

in GABAergic, dopaminergic or cholinergic neurons or muscle. Interestingly, my RNAi 

results point to a potential neural circuit mostly consisting of mechanosensory and 

interneurons where coupling via UNC-9 limits lifespan. 

Subsequently, I exposed unc-9 mutants to a battery of tests which examined the 

animals’ healthspan and resistance to oxidative stress. These assays revealed that unc-

9 mutants stay motile and responsive for longer. Furthermore, our results of 

experiments with pro- and anti- oxidative agents suggest that direct coupling through 

UNC-9 could facilitate the transmission of oxidative stress-linked signals that 

negatively impact longevity.  
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We are only beginning to appreciate the diverse and complex roles of gap junctions in 

brain functioning and their roles in development and neuronal injury. My work for the 

first time reveals that gap junction coupling also regulates ageing and longevity. 
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Lay Summary 

Healthy brain development and function relies on the effective direct communication 

between our billions of neurons. Neuronal cell-to-cell communication fundamentally 

occurs via two types of synapses: chemical and electrical. While neuroscientists have 

cumulated a lot of knowledge about the former, we are still far from having a 

comprehensive understanding of the roles and regulation of the latter. Electrical 

synapses formed by proteins called gap junctions are abundant in nervous systems 

and critical for brain function. Each of the coupled cells provides half a channel in the 

the cell membrane that dock onto each other to form a whole fully functional channel. 

These channels allow the exchange of important molecules but have also been 

implicated in the transmission of deadly signals between cells. To this day, we do not 

know if gap junctions play a role in the processes involved in ageing of the nervous 

systems and lifespan. 

Lifespan can be defined as the time elapsed between an animal’s birth to its death, 

and it is a very useful metric for ageing studies. In my PhD project, I sought to explore 

if gap junctions affect ageing and lifespan using the roundworm Caenorhabditis 

elegans. Gap junctions are present in virtually all cells and tissues of C. elegans and are 

formed by twenty-five genes called innexins which encode gap junction subunits. 

I measured lifespan of loss of fucntion innexin mutants and discovered that they have 

a significant impact on lifespan, some leading to an extension of survival, while others 

accelerate the ageing process and shorten lifespan.  

Specifically, when we interfere with the unc-9 gene, the most widely expressed innexin 

gene in the nervous system, lifespan can be extended by up to thirty-five percent 

compared to the wild-type worms.  In follow-up experiments, I used RNA interference 

to ask if UNC-9 acts in specific sets of cells to modulate longevity. Its removal from 

glutamatergic neurons led to an increase in lifespan, whereas interefering with unc-9 

in GABAergic, dopaminergic or acetylcholinergic neurons or muscle had no effect on 

survival. Interestingly, these results point to a potential neural network where 

coupling via UNC-9 limits lifespan. 
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Subsequently, I exposed unc-9 mutants to a series of tests which examined the 

animals’ locomotion, responsiveness and resistance to damage caused by oxidative 

stress. These assays revealed that unc-9 mutants stay motile and responsive for 

longer. Furthermore, our results of experiments with pro- and anti- oxidative agents 

suggest that direct communication through UNC-9 innexins could facilitate the 

transmission of oxidative stress-linked signals that negatively impact longevity.  

We are only beginning to appreciate the diverse and complex roles of gap junctions in 

brain functioning and their roles in development and neuronal injury. My work for the 

first time reveals that neuronal communication via gap junctions can affect ageing and 

longevity. 
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1 General Introduction 

 

 

 
“Strength and beauty are the blessings of youth; temperance, however, is the flower of 

old age.” 
- Democritus (300 BC) 

 

 

 

1.1 Electrical synapses are key transmitters of information in the brain 

We take pride in our impressive cognitive abilities as a species. At the heart of these 

abilities lies the effective direct communication between our billions of neurons. This 

communication fundamentally occurs via two types of synapses: chemical and 

electrical. Compared to the vast knowledge accumulated on the former, we are still 

far from having a comprehensive understanding of the roles and regulation of the 

latter.  

Electrical synapses are formed by structures called gap junctions: these consist of 

clusters of intercellular channels termed plaques that connect the cytoplasms of two 

adjacent cells (Stretton, Kravitz and Pappas, 1968). Each of the coupled cells provides 

a hemichannel in the plasma membrane that dock onto each other to form a 

functional channel (Figure 1a). With their unique structure, electrical synapses 

function in a fundamentally different way from chemical synapses: They allow the 

bidirectional exchange of electrical currents via ions, they act as low pass filters and 

allow the passage of other small molecules smaller than ca. 1 kDa, such as metabolites 

or second messengers. The bidirectionality is an essential feature of gap junctions; it 

allows, for example, the detection of simultaneous sub-threshold depolarising events 

within a group of coupled neurons, increasing their excitability and thereby the 

generation of synchronous firing patterns (Connors and Long, 2004). Importantly, they 

are gated, that is, they open and close in a controlled way, and can show activity-

dependent plasticity (Haas, Zavala and Landisman, 2011) (Figure 1). 
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Figure 1 (a) View of a gap junction plaque, a cluster of gap junction channels. Channels can be gated, they can 

be found in an open or closed state. Source: Wikipedia.org, under the Creative Commons license and created by 

Mariana Ruiz. (b) Structure of a single gap junction subunit. E: Extracellular Loop, M: Transmembrane Domain, 

I: Intracellular Loop, N: N-terminus, C: C-terminus.  

 

1.1.1 Gap junction channel subunits are encoded by multiple gene families 

Gap junctions are ubiquitous in virtually all organisms with a nervous system. It is likely 

that they arose from the necessity to coordinate processes across cells in tissues and 

to spread information across increasingly large groups of neurons (Stoka, 1999). 

Studies conducted in the 1980s showed that vertebrate and invertebrate electrical 

synapses could be disrupted under exposure to similar drugs and conditions, providing 

evidence that gap junctions in these two groups share a similar structure and function 

(Giaume, Spira and Korn, 1980; Johnston, Simon and Ramón, 1980). 

 

 

Figure 2 Membrane topography of proteins forming gap junctions and hemichannels. Connexins, pannexins and 

innexins feature four transmembrane domains connected by two extracellular loops and one cytoplasmic loop. Both 

N and C termini are in the cytosol. Connexins possess three Cys residues (depicted as solid circles) on each of their 

extracellular loops. Pannexins and innexins feature only two Cys residues per loop. Pannexin proteins are 

glycosylated (tree-like structure) on one of their extracellular loops. 
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Vertebrate gap junctions are formed by combinations of proteins known as connexins 

(Hervé and Derangeon, 2013). In humans, 20 genes coding for connexins were 

identified; they differ sharply in the spatiotemporal patterns of expression (Eiberger 

et al., 2001).  Connexins contain four transmembrane domains connected by two 

extracellular loops, each carrying three Cys residues which are involved in gap junction 

plaque stability (Figure 3)(Stout, Spray and Spray, 2017).  

Early attempts in the fruit fly Drosophila Melanogaster to identify invertebrate gap 

junctions led to the discovery of the innexin gene family, consisting of the Ogre, 

Passover, Uncoordinated and Shaking-B (OPUS) genes in Drosophila, and of gap 

junctions formed by connexins and innexins which show striking structural and 

functional similarities. They have the same topology and closely resemble the three-

dimensional arrangement of helices and loops, have similar conductance properties, 

show similar gating characteristics and are blocked by the same drugs (Oshima, Tani 

and Fujiyoshi, 2016). There are however also important differences, namely in that 

innexins appear to form octameric hemichannels, while connexins generally form 

hexameric hemichannels. Consequently, innexin pores have a somewhat larger 

diameter.  Compared to the latter, innexins carry only two Cys residues on their 

extracellular loops and tend to form wider ‘gaps’ (Epstein and Gilula, 1977)(Figure 2). 

Tantalisingly, innexins share no primary sequence homology with connexins and are 

considered unrelated gene families (Phelan & Starich, 2001;  Phelan et al., 1998). This 

therefore appears to be a marked example of convergent evolution.  

Further research in the mammalian genome led to the discovery of a third family that 

code for proteins with sequence similarity to innexins  (Panchin, 2005; Yen and Saier, 

2007; Shestopalov and Panchin, 2008). Due to this resemblance, these proteins were 

initially thought to be the vertebrate counterparts of the chordate innexin and were 

named pannexins (Panchin, 2005; Shestopalov and Panchin, 2008). Surprisingly, 

despite their similarity and their shared topology, connexins and pannexins do not 

share enough sequence similarity to confirm a common ancestry. Similarly, to innexins 

and connexins, pannexin proteins have their N- and C-terminal domains within the 

cytoplasm, four transmembrane domains and extracellular loops (Figure 2). Like 
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innexins, pannexins contain two Cys residues on each extracellular loop. Interestingly, 

pannexins are glycosylated and display a tree-like structure on one of their loops. This 

structure is thought to prevent pannexins from docking to other pannexin proteins by 

repelling adjacent plasma membranes (Boassa et al., 2007; Penuela et al., 2007; 

Sosinsky et al., 2011). Pannexin 1 (Pnx1) is present in most cells and tissues, and its 

expression patterns largely overlap with those of connexins (Bao, Sachs and Dahl, 

2004; Bruzzone and Dermietzel, 2006). Phenotypes caused by a loss of particular 

connexin species cannot be rescued by pannexins (Scemes et al., 2008), pointing to a 

different function of the two proteins.  

Gap junction channels are either formed by a single type of subunit encoded by the 

same connexin or innexin gene, or combinations of types of subunits encoded by 

different members of these families. There is a large and growing body of research 

suggesting that depending on their actual composition, these intercellular channels 

show vast differences in channel conductance, specificity and can even show 

unidirectional current flow (Maeda and Tsukihara, 2011), giving rise to the notion of a 

complex “gap junction code”. Gap junction subunits can mix and match and form 

channels with unique gating and permeability features that could not be attained with 

a single isoform (Cottrell and Burt, 2005; Koval, 2006). We refer to gap junction 

channels formed by identical hemichannels as homotypic; if the hemichannels differ 

then the channel becomes heterotypic. If the hemichannels are made of only one 

subunit type, they are homomeric and heteromeric if more than one type is present 

(Figure 3). 
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Figure 3 Graphic representation of possible subunit configurations. 

 

Not all subunits are compatible to form channels together, which lead to speculations 

on the existence of specialised subnetworks of interconnected cells that are formed 

and regulated independently.  

 

1.1.2 Neuronal gap junctions throughout life 

1.1.2.1 Neuronal gap junctions during development 

It is now widely accepted that communication through gap junctions is very prominent 

as the nervous system begins to form and becomes more limited at later stages (for a 

review, see Montoro & Yuste, 2004). Specifically, gap junction directionality 

particularly important in the early stages of development.   

In rodents, in the first two weeks of life, gap junctions are widespread throughout the 

brain but dramatically decrease after that period while the remaining are restricted to 

specific cell types in regions such as the spinal cord (Peinado, Yuste and Katz, 1991, 

1993; Penn, Wong and Shatz, 1994; Bittman et al., 1997). The formation of such 

transient networks is a feature observed in vertebrate (Penn, Wong and Shatz, 1994; 

Kandler and Katz, 1995; Bittman et al., 1997) but also in invertebrate (Wolszon, 1995; 

Marin-Burgin et al., 2005, 2006; Chuang et al., 2007; Michael W Baker, Yazdani and 

Macagno, 2013) nervous systems, suggesting that it is part of a conserved mechanism. 

For instance, in the nematode Caenorhabditis elegans, a transient network made of 
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innexin-19 (also known as NSY-5) is required for the proper asymmetric development 

of the left and right AWC olfactory neurons (Chuang et al., 2007). Furthermore, 

developmental studies in the leech have shown that a transient network regulates 

avoidance of segmental homologous networks cell projections (Michael W Baker, 

Yazdani and Macagno, 2013). These findings suggest that this early coupling is 

necessary for developing neurons for the formation of the functional domains that 

exhibit synchronised patterns of activity (Peinado, Yuste and Katz, 1991). 

Subsequently, these transient networks might provide a developmental blueprint, 

influencing crucial developmental processes, including neuronal differentiation, 

migration and circuit formation(Montoro and Yuste, 2004; Pereda, 2014). Strikingly, in 

both vertebrates and invertebrates, formation and elimination of gap junction 

coupling precedes and is correlated with the creation of chemical synapses (Marin-

Burgin et al., 2005; Maher, McGinley and Westbrook, 2009; Todd, Kristan and French, 

2010; Yu et al., 2012; M. W. Baker, Yazdani and Macagno, 2013). This is supported by 

experiments in fruit flies, snails and mice, which provide evidence that gap junction 

proteins expressed during crucial stages of nervous system development are required 

for the creation of chemical synapses (Curtin, Zhang and Wyman, 2002; Szabo, Faber 

and Zoran, 2004; M. W. Baker, Yazdani and Macagno, 2013). Also, in the mammalian 

neocortex, sister excitatory neurons are transiently electrically coupled, which is 

required for them to later preferentially form chemical synapses with each other (Yu 

et al. 2012). 

To summarise, nervous circuitry development in very diverse organisms seem to share 

a common mechanism that relies on the interaction between chemical synapses and 

gap junctions.  

 

1.1.2.2 Neuronal gap junctions in adult life 

Despite their considerable decrease in numbers during development, both vertebrate 

and invertebrate neuronal gap junctions interact very closely with chemical synapses 

via neuromodulators throughout life. Dopamine, for instance, has a regulatory role on 

both connexins and innexins (for reviews, see Bloomfield & Völgyi, 2009; Pereda et al., 
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2013) and acts by triggering signalling cascades through the activation of G-protein 

coupled receptors (GPCRs). For example, in mammalian retinas light-activated 

dopamine increases or decreases the conductance of electrical synapses through a 

mechanism involving cyclic adenosine monophosphate (cAMP) and the activation of 

protein kinase A (PKA).  More precisely, depending on the brightness level, gap 

junctions are phosphorylated or dephosphorylated which leads to changes in their  

conductance (Xin and Bloomfield, 1999; Bloomfield and Völgyi, 2004). Other 

neuromodulators that regulate gap junction coupling include serotonin (Rörig and 

Sutor, 1996b), histamine (Hatton and Yang, 1996) and nitric oxide (Rörig and Sutor, 

1996a).  

At the phenotypic level, studies with connexin mutants have revealed an involvement 

in the regulation of circadian rhythms (Long et al., 2005), motor control (De Zeeuw et 

al., 2003; Placantonakis et al., 2006), reward system (Lassen et al., 2007), anxiety-

related behaviour (Zlomuzica et al., 2012) and learning and memory (Frisch et al., 

2005). In their study, Frisch and colleagues exposed connexin-36-deficient mice to a 

battery of tests, assessing emotionality, motor capacities, and spatial learning and 

memory. Whereas the animals showed no significant changes in their exploratory 

behaviour and emotionality, they presented severe memory impairments. This is likely 

because deleting connexin-36 affects the power and frequency of gamma and sharp 

wave ripple oscillatory activity which is thought to be directly linked to memory 

engram inscription (Ylinen et al., 1995). 

 

1.1.2.3 Neuronal gap junctions in injury and disease  

We saw in the previous sections that there are critical developmental windows where 

electrical coupling increases and then decreases as the neural networks are created 

throughout the nervous systems. The emergence of chemical synapses then triggers 

the decline in coupling through glutamatergic transmission and activation of NMDA 

receptors (Arumugam et al., 2005). When this mechanism dysfunctions then the 

abnormally high level of electrical coupling can lead to increased neuronal synchrony 

which in turn results in focal or generalised seizures (for a review see Carlen et al., 
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2000). This developmental mechanism may play a crucial regenerative role following 

a traumatic neurological event.  

In 2000, Chang and colleagues looked into gap junction coupling following an axotomy 

in the cat lateral gastrocnemius muscle nerve and the rat left sciatic nerve (Chang et 

al., 2000). The group found that around four weeks post-injury, clusters of electrically 

coupled motor neurons appeared in injured but not in control areas. Remarkably, they 

also found that rather than due to changes in the repertoire of gap junction protein 

expression, the formation of these gap junction networks  might be the result of 

modulations in existing gap junctions. The authors hypothesised that the re-

establishment of the transient network seen in the developing nervous system 

maintains the viability of the axotomized motor neurons until synaptic connections 

can be restored. Whereas it is currently unknown whether the network persists once 

the nerve has regenerated, glutamatergic transmission increases gap junction 

communication in in vivo and in vitro injury models (Wang et al., 2012).  

The most critical difference between gap junction proliferation during development 

and following a traumatic event is timing. During development, the rise and fall of gap 

junctions occur over a period of a few weeks while following a trauma, the increase 

occurs within two hours and decreases within the next two days (Frantseva et al., 

2002; Wang et al., 2012). Specifically, around two hours after injury, damaged neurons 

release massive amounts of glutamate which in turn triggers an increase in gap 

junction protein expression (Belousov and Fontes, 2013). This is observed in cases of 

ischemic stroke (de Pina-Benabou et al., 2005), traumatic brain injury (TBI) (Frantseva 

et al., 2002), epilepsy (Samoilova et al., 2003), and inflammation (Garrett and Durham, 

2008), suggesting that it is a universal response to neurological trauma. 

However, one of the greatest controversies in the field of neuronal gap junction 

research is about whether the gap junction remodelling and increased coupling seen 

in injured neurons is in fact beneficial and contributes to their survival, or is harmful 

and a catalyst to their demise. 

Evidence shows that the heightened glutamate release coupled with an overactivation 

of NMDA receptors that follows a traumatic event contributes to a delayed or 
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secondary neuronal death (Choi, 1988; Hazell, 2007).  Specifically, the acute release of 

glutamate from the damaged neurons activates NMDA receptors along with Group II 

metabotropic glutamate receptors (mGluRs), thus initiating two parallel ‘deadly’ 

cascades. NMDA receptor activation is thought to cause Ca2+ overload and the 

generation of what is referred to as gap junction permeable ‘death signals’ (Pereda, 

2014). The molecular identity of these signals is as yet unknown. On their end, Group 

II mGluRs trigger an overexpression of connexins (Wang et al., 2012)and increased gap 

junction coupling  which will, in turn, facilitate the spread of the aforementioned 

‘death signals’ to neighbouring cells in the penumbra region around the initial injury 

hotspot. The hypothesis that neurodegenerative signals can spread from damaged to 

healthy adjacent neurons through a gap junction-dependent mechanism is often 

described as “bystander death”. 

Bystander death is also observed following inflammatory responses. Namely, when 

the central nervous system is under attack by pathogens, immune cells are mobilised 

to contain the inflammatory response. When unresolved, inflammation is amplified 

and can have deleterious effects, including sensorimotor deficits, impaired 

myelination, and learning and memory deficits (Talhouk et al., 2008; Castellano and 

Eugenin, 2014). Besides glutamate, activated microglia can release other pro-

inflammatory factors like ATP in a process mediated by gap junctions and uncoupled 

connexin hemichannels (uHCs), as well as by pannexins (Wang et al., 2004; Gajardo-

Gómez, Labra and Orellana, 2016). In turn, ATP acts as a chemoattractant that attracts 

more activated microglia that will, in turn, release neurotoxic factors from their uHCs 

and amplify inflammation and neuronal damage. 

Interestingly, a few studies point towards a “pro-survival” role for gap junctions 

following a traumatic event (Ozog, Siushansian and Naus, 2002; Striedinger et al., 

2005). In one of these studies, gap junction blockade using carbenoxolone and 

18alpha-glycyrrhetinic acid amplified neuronal death in mouse cortical cultures (Ozog, 

Siushansian and Naus, 2002). On balance however, the evidence supporting a “pro-

death” role for gap junctions is more overwhelming and consistent. In a study 

conducted by Frantseva et al. in 2002, where they used a mouse in vitro trauma model, 
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damage spread was dramatically reduced by the gap junction blocker carbenoxolone 

(Frantseva et al., 2002)(Figure 4). More recently, administration of the gap junction 

blocker mefloquine reduced both primary and secondary neuronal death in a mouse 

model of TBI (Wang et al., 2010). Mefloquine did not provide an advantage to 

connexin-36 mutants, showing that the effect was linked to its inhibition. 

The vast wealth of evidence supporting the “pro-death” role of gap junctions opens 

the potential for using gap junction blockade as a novel therapeutic method to reduce 

morbidity and mortality in neurological trauma patients. Whereas this is an exciting 

clinical perspective, a more tantalising question comes to mind. Is death or damage 

spread via gap junctions to bystander cells a phenomenon solely caused following an 

external insult or does it happen naturally too in the ageing brain? We benefit greatly 

from electrical synapses during development and through adulthood but do we pay a 

significant price for these advantages in that gap junctions can ‘turn’ against us during 

a crisis, and could this also happen as our nervous system degenerates as we become 

older?  

 

 

Figure 4 A hypoxic–hypoglycaemic insult (ischemia model) induces substantial neuronal death in organotypic rat 

hippocampal slices at (a) 24 hours and (b) 48 hours after the insult. This neuronal death is dramatically reduced 

by a non-specific gap junction blocker (carbenoxolone) both (c) 24 hours and (d) 48 hours post-injury. All images 

show slices stained with propidium iodide which reveals cell death. Adapted from Frantseva et al. 2002.  
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1.2 Small but mighty: C. elegans as a robust model for the study of gap junctions in 

vivo 

1.2.1 C.elegans, an established model organism for understanding human disease 

In 1965, Sydney Brenner at the LMB in Cambridge introduced the free-living soil 

nematode Caenorhabditis elegans as a model for the study of developmental and 

nervous system biology (Brenner, 1974)(Figure 5). Initially, the worm was received 

with scepticism as it was viewed as just a featureless tube with little potential in 

providing links between genes and phenotypes. However in 1974, in his publication 

‘The Genetics of Caenorhabditis elegans’, Brenner brought to light around 100 genetic 

loci with associated behavioural or morphological phenotypes (Brenner, 1974). 

 

Figure 5 Simplified schematic of a C. elegans hermaphrodite’s anatomy 

 

 

At the same lab in Cambridge, advances in electron microscopy in the 1980s made it 

possible for White et al. to provide a full reconstruction of the hermaphrodite’s 

nervous system which revealed nearly all connections between the animal’s 302 

neurons (White et al., 1986). The results of this herculean task, to date still the only 

reconstruction of an animal’s whole neural circuitry, led to the creation of detailed 

models of neuronal interactions and how these can generate behaviour (Fang-Yen, 

Alkema and Samuel, 2015)(Figure 7).  
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Figure 6 The hermaphrodite C. elegans lifecycle. Source: WormAtlas Hermaphrodite 

 

 

 

 

Figure 7 Example of a partial circuit diagram by Fang-Yen et al. 2015, of the C. elegans somatic nervous system. 

Triangles represent sensory neurons; hexagons represent interneurons and circles represent motor neurons. 

Arrows represent connections via chemical synapses, which may be excitatory or inhibitory. Dashed lines represent 

gap junction connections. Not all synaptic connections between these neurons are shown. 
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C. elegans is now a robust model for research in fields ranging from cellular 

differentiation to neuronal plasticity, and the applications are still spreading to this day 

and are facilitated by a number of traits and advantages offered by this species, as 

detailed below.  

 

1.2.1.1 Easy culture and maintenance  

In nature, C. elegans nematodes can be found in abundance in soil or compost and 

feed on bacteria growing on rotting organic matter. In the lab, we keep the animals on 

inexpensive nematode growth medium (NGM) plates, which are essential bacterial 

culture plates supplemented with cholesterol. Worms will commonly be kept on an 

Escherichia coli OP50 diet, a slow-growing uracil auxotroph strain, although one might 

use other types of bacteria depending on the experiments’ needs. We can freeze 

stocks easily and inexpensively at -80°C for long-term storage, which is not only 

convenient for storing strains that are not currently in use, but it also allows to 

preserve the strains’ integrity as original aliquots, which have not accumulated 

mutations over the generations, can be thawed quickly on demand.  

 

1.2.1.2 Small size 

Worms are typically around 1 mm in length. Their small size makes it possible to design 

assays in custom microfluidics chambers or in single wells where they can be kept in 

large numbers. 

 

1.2.1.3 Short lifecycle and generation time 

At 20°C, the new-born worm develops from egg to adult in about three days. Between 

hatching and adulthood, the young will go through four larval stages (Figure 6). Each 

stage is followed by a moult during which the animal’s collagen cuticle is renewed. 

Under threatening environmental conditions, such as when food resources are scarce 

or depleted or when the temperature is dangerously high, the L1 larva will go into an 

alternative developmental state called dauer larva (Cassada and Russell, 1975; Golden 

and Riddle, 1984). Dauer larvae are more adapted to harsh conditions thanks to their 
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hardened protective cuticle and enlarged lipid stores. Dauers do not need to feed, and 

their mouths are sealed which ultimately protects them from ingesting harmful 

substances and from desiccation. When conditions become favourable once again, 

they will proceed to healthy development. The length of time spent in the dauer state 

will not affect their adult lives (Klass and Hirsh, 1976). The worm’s short and well-

documented lifespan of around three weeks at 20°C allows to easily observe animals 

throughout their lives and thus make it an ideal model for studying the genetic control 

of development and ageing.  

 

1.2.1.4 Eutely – C. elegans have constant numbers of cells  

A typical feature of nematodes, the number of somatic cells in C. elegans is constant 

from hermaphrodite to hermaphrodite and male to male. On top of their consistent 

number, cells also have the same positions, fate, morphology and function. This is a 

significant advantage when studying the animal’s development or elucidating the 

specific function of cells in adults. Moreover, the animal’s entire cell lineage was 

mapped (Sulston and Horvitz, 1977), which makes C. elegans an ideal model for 

developmental research. 

 

1.2.1.5 Easy genetic manipulation 

The animal’s gender is determined by the presence or absence of a second X 

chromosome. XX gives rise to a hermaphrodite while XØ results in a male worm. 

Hermaphrodites can produce sperm and eggs and can self-fertilise. Surprisingly, 

evidence shows that self-fertilisation might have been selected over out-crossing with 

males (Chasnov & Chow 2002; Chasnov 2010). C. elegans males are an infrequent 

occurrence in a self-fertilised hermaphrodite brood (0.1-0.2%). Mating can result in up 

to 50% male progeny as sperm received from males is much more likely to fertilise the 

oocytes than the hermaphrodite’s own sperm, and thus half of the eggs will not inherit 

a second X chromosome. In the lab, we can recognise males thanks to their small size 

and characteristic scalloped tail shape (Figure 8). 
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Figure 8 The two sexes of C. elegans. Hermaphrodite and male animals differ strikingly in overall body size and 

structures such as the somatic gonad and tail. The nervous system and musculature are also sexually dimorphic. 

Adapted from the wormbook.org ‘Somatic sex determination’ chapter by David Zarkower. 

 

A very attractive feature of C. elegans is that its entire genome was sequenced and 

published in 1988 (C. elegans Sequencing Consortium 1998). It is annotated at very 

high quality and is continuously improving with the emergence of new research and 

technologies. The genome has a size of approximately 100 million base pairs with a 

current estimate of 20,208 protein-coding genes (WormBase release WS265). These 

numbers are continually revised, and data can be easily shared and accessed by the 

community via the WormBase database (http://www.wormbase.org/).  

Brenner and his colleagues initially envisioned C. elegans as a tool for forward genetics. 

However, the abundance of genetic information provides us with the opportunity to 

perform reverse genetics and identify the function of unexplored genes based on their 

sequence homology to human genes, using deletion mutants or transcript knockdown 

by RNA interference (RNAi). Large collaborative projects like the National Bioresources 

Project in Japan (https://shigen.nig.ac.jp/c.elegans/) have obtained deletion mutants 

for a large fraction of all protein-coding genes. Also, the availability of the complete C. 

elegans genome led to the creation of RNAi clone libraries covering most C. elegans 

genes (Kamath and Ahringer, 2003). In Chapter 3, we will expand on the use of RNAi 

by bacterial feeding methodology to knock down genes specifically in parts of the 

nervous system.  

http://www.wormbase.org/
https://shigen.nig.ac.jp/c.elegans/
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1.2.1.6 C. elegans has a transparent body 

Most of the worm’s organs are visible in light microscopes which allows observing 

changes in the animal’s physiology very easily. Also, its transparency makes possible 

the use of fluorescent markers to study neural development, axon growth or even 

protein turnover in vivo. In fact, in 2006, Martin Chalfie shared the Nobel Prize in 

Chemistry for developing the Green Fluorescent Protein (GPF) as a biological marker 

(Chalfie et al., 1994) which he used to study gene expression and localisation in live 

worms. 

 

1.2.1.7 C. elegans has a complex physiology shaped by conserved pathways   

C. elegans is a small nematode with a physiology far from simple. An adult 

hermaphrodite has 959 somatic cells which form a variety of organs and tissues 

including muscles, cuticles, a digestive tract, glands, a reproductive system and a 

nervous system containing 302 neurons which can generate complex behaviours.  

Despite our outward dissimilarities with the worm, bioinformatics tools helped 

identify C. elegans homologues for about 60-80% of human genes (Sonnhammer and 

Durbin, 1997; C. elegans Sequencing Consortium, 1998b; Kuwabara and O’Neil, 2001). 

For instance, the first presenilin was found in the nematode (Sundaram and 

Greenwald, 1993) and led to the discovery of the human presenilin-1 gene which is 

associated with early-onset Alzheimer’s disease (Levitan and Greenwald, 1995; 

Sherrington et al., 1995). Besides its contribution as a genetic model, C. elegans is an 

established model for exploring underlying mechanisms in pharmacology. In 2001, 

Ranganathan et al. found that the antidepressant fluoxetine, commonly known as 

Prozac, increased serotonergic signalling by inhibiting the C. elegans orthologue of the 

serotonin re-uptake transporter (Ranganathan et al., 2001). Henceforth, the worm has 

enabled progress in the study of depression and the molecular actions of fluoxetine in 

humans. 
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All in all, the nematode C. elegans is now an established model that can give invaluable 

insight into fundamental physiological and pathological mechanisms relevant to 

vertebrates.  

 

1.2.2 C. elegans nomenclature 

As in most fields of research, the C. elegans community has created its own 

nomenclature, which we will use throughout this thesis. Genes have names consisting 

of three to four letters, a hyphen and an Arabic number (e.g. inx-1, eat-5 or unc-9). 

The proteins coded by these genes have the same names but are written in capital 

letters and are not italicised (e.g. the unc-9 gene codes for the UNC-9 protein). The 

letters are usually abbreviations referring to the phenotype caused by mutants of the 

gene, or the name of the gene family. For instance, one can identify mutants with the 

“unc” abbreviation by their “uncoordinated” movements, and “inx” stands for innexin. 

The different documented unc mutants belong to many families of genes affecting 

nervous system function, and the degree of uncoordination varies greatly, from a 

slight deviation to a severe impairment in the animal’s movement. Furthermore, when 

describing a phenotype, the same abbreviation can be used but with only the first 

letter in capital (e.g. unc-9 mutants often appear as “Unc”).  

 C. elegans labs routinely generate new strains.  Newly created alleles are given unique 

names which refer to the lab that created them, followed by a number. For example, 

if a new mutant of the inx-1 gene is created in the Busch lab (where the allele 

designation is cip) then the genotype of this strain would be written as follows: inx-

1(cip1) if it was the first allele created in the lab. 

 

1.3 Gap junctions in C. elegans are encoded by the innexin family 

C. elegans innexins were described for the first time in 1996 by Starich and colleagues 

when they isolated and characterised eat-5 and unc-7 (Starich et al., 1996). In 1998, 

with the complete sequencing of the worm’s genome, it was revealed that the C. 

elegans innexin family consisted of 25 genes overall (C. elegans Sequencing 

Consortium 1998)(Table 1). 
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Table 1 C.elegans innexins. Table adapted from Simonsen et al. 2014. 

 

The most comprehensive study so far on C. elegans gap junction genes was conducted 

by the Hall lab (Altun et al., 2009). They individually fused all 25 innexin promoters to 

GFP and visualised fluorescence throughout development and in adult animals. From 

these experiments, we learned not only that innexins are virtually present in all cell 

types and tissues but also that they exhibit complex and dynamic expression patterns. 

In the nervous system alone, researchers have counted 6,000 gap junctions in 

hermaphrodites and 10,000 in male animals (see Hall 2017 for a review). Despite the 

small number of cells in the C. elegans nervous system, the diversity of innexin 

expression is unparalleled to any other model system. Specifically, out of the 25 known 

innexin genes, 20 are expressed in one or more of the worm’s neurons. For instance, 

many neurons coexpress unc-7, unc-9 but also inx-7 (Starich et al., 2001; Altun et al., 

2009). in fact, the expression patterns of unc-9 and inx-7 suggest that they may form 

heteromeric channels. Some neurons express a single innexin (e.g. AVF), while others 
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(e.g. AVK) express up to ten different ones. UNC-9 is present in about half the nervous 

system while other innexins, such as INX-1 and INX-2, are restricted to a tiny number 

of neurons (AIB and AIY for the former, and AIB for the latter). Perhaps one of the most 

striking observations from large-scale studies is that there is little correlation between 

how many types of innexins a neuron expresses and how many connections with other 

neurons it makes. 

Given the small number of tissues that make up the worm and the abundance of gap 

junction components, it seems likely that gap junction function and regulation is 

complex as well as flexible. One might hypothesise that these different configurations 

might serve different purposes throughout the animal’s development but that they 

also help coordinate responses to various external stimuli. For example, in 2007, 

Chuang et al. found that during embryogenesis a transient network was formed by 

innexin INX-19 (also known as NSY-5) that coordinates left-right asymmetry in the 

developing nervous system the animal (Chuang et al., 2007). Furthermore, Kawano et 

al. showed that directional movement in C. elegans is modulated by an imbalanced 

motor neuron activity, originating from UNC-7 and UNC-9 innexin-dependent 

premotor interneuron-motoneuron coupling (Kawano et al., 2011). Finally, Macosko 

et al. described a hub-and-spoke circuit for sensory integration in C. elegans, which 

controls the animal’s social behaviours (Macosko et al., 2009). They identified the 

RMG motor/interneuron as the hub which in turn is highly connected almost entirely 

by gap junctions to several classes of sensory neurons responding to diverse external 

stimuli. UNC-9 was found essential in this network (Jang et al., 2017), showing that C. 

elegans innexins are highly versatile and involved in most aspects of the worm’s 

physiology and behaviours.  

In addition to their importance in the nervous system, C. elegans gap junctions have a 

plethora of functions in other systems and organs. For example, in the alimentary 

tract, large groups of innexins are required for the synchronised contraction of the 

eight pharyngeal muscles. Further down the alimentary canal, INX-2, INX-5, INX-11 and 

INX-16 are found in the intestine, with INX-16 being required for efficient calcium wave 

propagation to control the muscle contraction for defecation (Peters et al., 2007). 
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Finally, in the reproductive system, another extensive innexin network was found to 

be crucial for oocyte maturation, sperm guidance, fertilisation and egg-laying (White 

et al., 1986; Whitten and Miller, 2007; Altun et al., 2009). 

By and large, innexins are involved in all aspects of the worm’s physiology and its 

behaviour, and yet much about their biological role is still unknown. For instance, why 

is there such a high number of different subunits? To what extent does their function 

overlap? What is their relationship to chemical synapses? What mechanisms regulate 

their coupling of cells? What signalling molecules propagate through them?  

Vertebrate and invertebrate gap junctions have unrelated sequences, yet their 

function and structure are strikingly similar, which gives rise to a tantalising question: 

what are the evolutionary mechanisms that gave rise to these unique intercellular 

channels of communication in multicellular organisms, and what can we learn from 

the latter that we can apply to the former? 

In this thesis, I will take advantage of C. elegans to learn more about gap junctions and 

in particular will explore their role in a process all of us, worms and humans cannot 

escape, namely ageing.  

 

1.4 Ageing 

Ageing is a fundamental, inescapable and enigmatic aspect of life. We all experience 

it, whether we witness its effects in ourselves or those around us. Often defined as the 

process through which structural and functional changes accumulate as a result of the 

passage of time, it affects every biological system and manifests itself through 

physiological deterioration. In humans, old age comes with a variety of changes, 

including a gradual loss of strength and flexibility, circulatory and respiratory 

malfunctions. Everyday life becomes particularly challenging as our sensory organs 

and cognitive functions decline. Moreover, the weakening of our immune system, also 

known as “immunosenescence”, makes us more vulnerable to autoimmune disorders 

and external pathogens (see Ponnappan & Ponnappan 2011 for a review). 

Although the inevitability and ubiquity of ageing have fascinated mankind since 

ancient times, as a field of scientific enquiry, it is still young, and a complete 
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understanding of its causes remains to be achieved.  In recent years research on ageing 

has exploded, with millions of dollars being invested in innovations to halt, or even 

reverse, the process. As it stands, ageing is the single most important risk factor for 

the most prevalent diseases afflicting the human population, which points towards an 

underlying core biological process affecting our cells and tissues (Niccoli and Partridge, 

2012)(Figure 9).  

 

 
Figure 9 Incidence rates for the most common diseases of old age. Adapted from Niccoli and Partridge, 2012 

Current Biology. 

 

A fascinating aspect of studying ageing is the vast variation in lifespan between 

individuals and species. Even between closely related species, the rate of ageing 

(measured using mean lifespan) can vary dramatically; the house mouse (Mus 

musculus) lives no longer than four years, while the eastern grey squirrel (Sciurus 

cardinensis) can live for more than twenty years (Gorbunova, Bozzella and Seluanov, 

2008).   

The reason for these striking differences in lifespan may be that ageing is not a passive 

process similar to the increase of entropy in all closed systems over time, leading to 

the progressive degradation of the organism (Hayflick, 2007). A mounting body of 

evidence indicates that, like virtually all other biological processes, ageing is a plastic, 

genetically controlled phenomenon, subject to regulation by signalling pathways and 

transcription factors. 
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1.4.1 C. elegans in ageing research 

Due to its short lifespan and easy genetic manipulation, C. elegans has become the 

leading animal model system for the molecular and genetic analysis of lifespan. We 

know now that mutations in single genes can have a dramatic impact the worm’s 

lifespan, increasing or decreasing longevity. Interestingly, most of these mutations 

affect stress responses and nutrient sensors (Vanfleteren 1993; Lithgow et al. 1995; 

Murakami & Johnson 1996; Alcedo & Kenyon 2004; Liu & Cai 2013). When threat levels 

are low, and food abundant, these genes promote healthy development and 

reproduction. However, when environmental threats increase and resources become 

scarce, these genes change their expression levels, and the worm goes through a 

global physiological shift. This new state not only protects the animal from external 

stressors but at the same time also extends its lifespan. Most importantly, in the best 

cases, animals not only live longer but they also have a more youthful appearance, 

health and physiology than their control counterparts. As Cynthia Kenyon, a pioneer 

in the ageing field put it: “Imagine yourself, in your thirties, learning that your 

attractive young dinner date is actually 70.”(Kenyon 2010). 

In the following sections, I will provide a brief overview of some examples of pathways 

and mutations involved in the control of C. elegans lifespan. 

 

1.4.1.1 The insulin/IGF-1 signalling pathway 

The insulin/IGF-1 signalling pathway is perhaps the best-known pathway found to 

influence ageing in animals. It was first discovered in C. elegans that mutations in the 

daf-2 gene, encoding an insulin/IGF-1 receptor orthologue, can double the worm’s 

lifespan (Kenyon et al., 1993). Furthermore, lifespan extension was also observed in 

mutations involving the downstream phosphatidylinositol 3-kinase (PI(3)K)/AKT/PDK 

kinase cascade. In wild-type worms, the DAF-2 hormone receptor triggers a cascade 

of events that stop DAF-16, a FOXO transcription factor, from activating downstream 

stress response genes, which in turn encode antimicrobial peptides, chaperones, 

apolipoproteins, lipases and channels (Wang, O’Rourke and Ruvkun, 2008). In daf-2 

mutants, some of these genes are up- or downregulated and produce cumulative 
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effects on the animals’ lifespan. Strikingly, this pathway is highly conserved throughout 

evolution and thus increases in lifespan are observed in many model organisms, from 

flies all the way to mammals (Dell’Agnello et al., 2007; Ismail et al., 2015).  

Naturally, the discovery of this pathway brought to light new questions about the 

evolution of longevity (Kenyon, 2005). The fact that longevity can be triggered by 

mechanisms promoting cell maintenance and protection points towards the 

hypothesis, that longevity pathways may have evolved as a byproduct of enabling the 

organism to thrive in harsh environments.  

 

1.4.1.2 Dietary Restriction 

Dietary restriction is one of the most conserved signals involved in lifespan 

modulation. It is known to extend the life expectancy of many species, from yeast to 

primates (Colman et al., 2014; Mattison et al., 2017). Initially, researchers thought that 

the lifespan extension was due to a slower metabolism and therefore a lessened 

accumulation of damage in the cell. Experiments in Drosophila overturned this 

hypothesis when Mair et al. observed that the fly’s mortality rate decreased very 

rapidly, evidence that the organism counteracts the effects of ageing actively (Mair et 

al., 2003). Further research revealed that that the effects of dietary restriction on 

lifespan were mediated by various nutrient sensing pathways including the 

insulin/IGF-1 signalling pathway (Arum et al., 2009), the kinase target of rapamycin 

(TOR) (Hansen et al., 2007), and AMP kinase (Greer et al., 2007). Interestingly, which 

pathway will come into play depends on the type of dietary restriction (Greer and 

Brunet, 2009). 

 

1.4.1.3 Sensory Systems 

The relationship between sensory systems and lifespan was discovered in C. elegans 

(Apfeld and Kenyon, 1999).  Specifically, the animal’s lifespan can be shortened or 

extended by different groups of sensors including chemosensory (Alcedo and Kenyon, 

2004), thermosensory (Lee and Kenyon, 2009) and even oxygen-sensing neurons (Liu 

and Cai, 2013; Abergel et al., 2017), in an environmental context-dependent manner.  
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Not being able to smell or taste food decreases insulin /IGF-1 signalling and promotes 

longevity in worms and flies, and is predicted to do so to in mammals (Alcedo and 

Kenyon, 2004; Libert et al., 2007).  Specifically, in 2004, Alcedo and Kenyon found that 

in C. elegans, ablating the gustatory neurons  ASI and ASG extends lifespan while 

ablating another gustatory neuron called ASK shortens it (Alcedo and Kenyon, 2004). 

Furthermore, in the same study, they found that that the combined ablation of ASI, 

AWA and AWC produces a more substantial extension of lifespan than ablating them 

individually. Another interesting finding that came out of this study was the discovery 

of an interaction between the worm’s olfactory neurons and the reproductive system. 

Together, they influence lifespan through tuning of the endocrine signalling pathway 

involved in the animal’s reproduction. 

Metabolic processes also play a crucial role in the ageing process and closely related 

to this, the abundance of oxygen in tissues, as this affects the generation of reactive 

oxygen species. The close link between oxygen and lifespan raises the question of how 

and if neuronal O2 sensing affects ageing. The Cai and Gross labs examined the role of 

the oxygen-sensing neurons URX and BAG in controlling C. elegans lifespan (Liu and 

Cai, 2013; Abergel et al., 2017). In contrast to URX which is activated by high oxygen 

concentrations, BAG responds to low oxygen stimuli and is also a CO2 sensor. They 

found that URX and BAG opposingly control lifespan - URX appears to extend lifespan 

whereas BAG has a limiting effect on it. Environmental O2 levels also modulate 

C.elegans lifespan. In the same study, Liu and Cai found that as environmental O2 

decreased below atmospheric levels, lifespan increased. 

Taken together, studies from sensory systems provide evidence that our complex 

environments and the way our organs process external information can exert a 

significant influence on an organism’s ageing and lifespan. In mammals, we do not yet 

have a complete understanding of the nervous system’s connectivity mapping or 

adequate techniques to further explore these relationships and the involvement of 

gap junction in these phenomena. Luckily, C. elegans, with its short lifespan and the 

wealth of information we possess about gap junction expression in its small nervous 

system provides an ideal platform to explore this topic.  
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1.5 Aim of Thesis 

Electrical synapses formed by gap junctions are abundant in nervous systems and 

critical for brain function. They allow not only the exchange of ions but also of 

metabolites and second messengers and are now known implicated in the 

transmission of damage or neuronal death signals between cells. Despite their 

ubiquity in both vertebrate and invertebrate nervous systems nothing is currently 

known about their role in ageing and lifespan modulation.  

 

This thesis aims to use the model organism Caenorhabditis elegans to investigate the 

link between electrical synapses and ageing through a series of lifespan assays using a 

wide range of genetic mutants and techniques such as RNAi interference. To our 

knowledge, this is the first study of its kind. 

 

In Chapter 2, I sought to explore the effect of gap junctions on ageing. For this, I 

assayed the effect on the lifespan of loss-of-function mutants for nearly all C. elegans 

innexins. I discovered that there is a broad spectrum of how innexins shape life 

expectancy, with different innexin mutations in C. elegans leading to distinct effects; 

we found mutations that increased, decreased or did not affect lifespan. The most 

striking increase in lifespan was a result of the unc-9 mutation and increased median 

survival by up to 35% compared to control wild-type animals. 

 

In Chapter 3, I used RNA interference by bacterial feeding to localise the effect we 

observed in unc-9 mutants from Chapter 2. I used a set of strains which were 

selectively sensitive to RNAi in different groups of cells. These groups included 

GABAergic, acetylcholinergic, glutamatergic and dopaminergic neurons as well as 

muscles. 

 

In Chapter 4, I hypothesised that in unc-9 mutants, the spread of oxidative-stress 

related damage to the nervous system is reduced or delayed which results in longer-



44 

 

lived animals. To test that hypothesis, I exposed both wild-type and unc-9 mutants to 

the antioxidant compound N-acetyl cysteine. 

 

Lastly, in chapter 5, I sought to assess if our long-lived unc-9 mutants also had 

increased healthspan by measuring pharyngeal pumping, locomotion and 

responsiveness. 
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2 Gap Junctions Modulate Ageing  

 

 

2.1  Introduction: Measuring C. elegans lifespan on solid medium 

Rather than an arbitrary degradation of an organism’s cells and tissues, ageing is a 

controlled, dynamic and plastic phenomenon. Nowadays, we have access to a wealth 

of data about genetic, epigenetic and environmental factors that can modulate the 

ageing process in various model organism ranging from yeast to large mammals 

(Tigno, Gerzanich and Hansen, 2004; Hansen et al., 2007; Ismail et al., 2015; Mattison 

et al., 2017). If ageing is a controlled process, this also means in multicellular organisms 

that it must be coordinated between cells and organs to shape ageing of the whole 

organism. Indeed, a wealth of data from recent research strongly supports the idea 

that signals exchanged between cells play an essential role in organismal ageing.   

Gap junctions are unique and universal intercellular conduits and play fundamental 

roles in the development and physiology of animals. They have a known influence on 

spreading neuronal death between cells. Surprisingly, it is essentially unknown 

whether gap junctions play any role in shaping ageing processes.  

The genetic basis of ageing was first identified in C. elegans (Friedman and Johnson, 

1988; Kenyon et al., 1993). Since then, a plethora of genes and pathways involved in 

lifespan and ageing were described in the worm (we introduced some of them in 

section 1.4). Because of its genetic amenability, small size and short lifespan, the worm 

provides an ideal platform to observe physiological, anatomical and behavioural 

changes that come with the passage of time. Strikingly, we observe in worms many of 

the changes and traits associated with ageing humans (Herndon et al., 2002a; 

Ayyadevara et al., 2016). As outlined in section 1.3, C. elegans has an abundance of 

gap junctions, encoded by 25 innexin genes, contributing to the function of all of its 

organs and basic life processes. C. elegans, therefore, presents itself as a model of 

choice to address the question: do gap junctions modulate ageing? 

Ageing is a primary risk factor for numerous diseases that we associate with a rising 

probability of death, but to this day there is no consensus on how to measure it. I 
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mentioned before that ageing is an all-encompassing phenomenon that affects all 

aspects of the organism and is responsible for anything from small anodyne 

deteriorations to severe impairments. In its place, ageing research predominantly 

resorts to measure the time elapsed between an organism’s birth until its death, its 

lifespan. ‘Lifespan’ and ‘ageing’ have different meanings, but they are nevertheless 

closely intertwined. Specifically, numerous studies from different model organisms 

and human cohorts reveal that increasing lifespan is consistently associated with a 

delayed onset of ageing symptoms (Colman et al., 2009; Ismail et al., 2016; Roberts et 

al., 2017; also see Quesada et al., 2019 for an interesting review on Giant Tortoises). 

Therefore, we consider lifespan as a highly effective index for ageing. In this thesis, I 

will use lifespan assays in every chapter to measure the effects of mutations or 

treatments on the worm’s life expectancy.  

In essence, we measure lifespan by regularly examining a nematode population (of 

mutant or wild-type animals) from their first day of adulthood until the last individual 

from that population dies. This examination entails meticulous and detailed records of 

every death event. The data we collect from this exercise is later used to plot a survival 

curve and often measures such as minimum, mean, median and maximum lifespan are 

computed. Survival curves are ultimately compared using standard methods, mostly 

consisting of non-parametric statistical tests to determine with confidence differences 

and similarities between populations.  

Through the experiments I describe in this chapters, I attempted to answer two 

questions; Firstly, I sought to find out whether the C. elegans genes encoding gap 

junctions can modulate lifespan. Given their essential roles in development and the 

known influence of gap junction proteins in catalysing neuronal death (for a review 

see Belousov and Fontes, 2013), I expected mutants to show a difference compared 

to wildtypes. Secondly, if indeed an effect was found, we wanted to determine its 

direction. On the one hand, one might expect that the lack of essential proteins such 

as the ones constituting gap junctions, could reduce lifespan. On the other hand, if 

innexins can propagate damage, then their absence might be beneficial to the 

organism. Importantly, considering the highly diverse expression profiles and 
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biological roles of the 25 innexin genes, I predicted that loss-of-function mutants of 

these innexins could affect the worms’ life expectancy, and thus their ageing, in 

different ways. Mutants are available and can be tested for all innexin genes which do 

not have a lethal loss-of-function phenotype. 

 

2.2 Methods and Materials 

2.2.1 Nematode Strains 

All strains were maintained in standard conditions (Sulston and Brenner, 1974) in 5 cm 

Petri dishes on standard NGM (nematode growth medium) agar (Appendix 1.1) and 

fed with E. coli OP50. In table 3, I include all the information about mutants used in 

this chapter’s lifespan assays, including their strain names, genotype, mutation details, 

the lab that produced them and where we obtained them.  

 

Table 2 C. elegans strains used in Chapter 2 lifespan assays. Inx-15 and inx-21 mutants were not tested as we did 

not have healthy adults. Except for unc-1(e1598), which is a gain-of-function mutation, all other mutants are 

assumed to be null mutants. 
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2.2.2 Bacterial Cultures 

We inoculated freshly streaked Escherichia coli OP50 bacteria into flasks with 100 ml 

liquid 2x TY (Appendix 1.1), grew it at 37°C to saturation and used to seed standard 

NGM plates at ∼150 μl/plate. Seeded plates were left at room temperature overnight 

(≥12 hours) to let the bacteria grow to a thick lawn. 

 

2.2.3 Lifespan Assays 

For our experiments, we borrowed elements from different established lifespan assay 

protocols to maximise practicality and accuracy (Apfeld and Kenyon, 1999; Lionaki and 

Tavernarakis, 2013; Amrit et al., 2014). Strains were first cultured under standard 

growth conditions for two generations to minimise non-genetic effects on lifespan by 

eliminating any potential contaminations. Then, 30 third-generation 1-day old adult 

hermaphrodites were allowed 8 hours for timed egg laying (TEL), and progeny laid 

during TEL continued to grow to a late L4 larval stage for approximately two days at 

20 °C before being transferred to fresh plates at 13 animals per plate. For each strain, 

we prepared ten plates with 13 animals each. Animals were passaged to fresh plates 

every second day during the reproductively active stage (approximately 8 days, 

however, that may vary from one strain to another) and then passaged every three 

days until the end of the experiment. Each plate was scored every day for live animals, 

dead animals that did not respond to light or harsh touch, and censored animals that 

ruptured bagged or escaped from their plates (see also below). We measured lifespan 

from day 1 of adulthood and conducted all lifespan assays at 20°C using the same 

incubator.   

 

2.2.4 Identifying dead animals 

As they get older, worms start moving slower and progressively reach a stationary 

state where they occasionally only move their head or tail. To establish if a worm is 

dead or alive, we gently brush the animal with a worm pick or human eyelash mounted 

on a pick on different parts of the body, namely, the tail, the ventral area and the nose. 

https://www.google.gr/search?q=Escherichia+coli&spell=1&sa=X&ved=0ahUKEwia29H244TXAhVFOJoKHajQBvYQvwUIIigA
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If the animal does not react after several attempts, then we consider it dead, and we 

remove it from its plate. It is, of course, crucial to use the same method and criteria 

for all individuals. Typical reactions include movements of the tail and the nose. 

 

2.2.5 Censoring animals 

Working with large numbers of animals entails that some subjects will carry defects 

that cause them to be excluded from the experiment as they can bias results. For 

instance, early in life, some worms have trouble laying their eggs which causes the 

larvae to hatch inside the mother’s body and produce a bagging phenotype. In this 

case, the animal will lie still and die after one or two days. This phenomenon can occur 

naturally in wildtype animals or can be the side effect of the mutation of interest. 

Another example where an animal would be censored and excluded from the study is 

when animals escape from the plate. In almost every case, the worm is found dead 

and dried out on the plastic edge of the plate. Escapes are frequent in both wildtype 

and mutant animals early in life.  When the worms get older, and as they start 

travelling less, escapes become a rare occurrence. The main difference between a 

censored and a dead worm is that censoring occurs when death is not due to the 

ageing process per se. A comprehensive summary of all possible censoring events is 

provided in Appendix 2.1. Throughout this thesis, I used information from Lionaki & 

Tavernarakis (2013) and Amrit et al. (2014) to determine and process censoring 

events. 

 

2.2.6 Data analysis 

Lifespan assay analyses were conducted using a Kaplan-Meier survival analysis on 

GraphPad Prism versions 6 and 7 (GraphPad Software Inc.). Prism conducts a two-

tailed Log-rank test (equivalent to a Mantel-Haenszel test) and the Gehan-Breslow-

Wilcoxon method. While the Log-rank (LR) method gives equal weight to all time 

points, the Gehan-Breslow-Wilcoxon (GBW) method puts more weight to deaths 

occurring early in the experiment. Furthermore, LR is more standard and statistically 
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powerful. Lifespan assays are generally time consuming and require very efficient time 

management.  

It is common to not only divide a single experiment into multiple assays but also to 

group multiple experiments into one large assay. This is particularly convenient when 

multiple experiments share the same control (in our case N2 as wildtype). As a result, 

often un the literature, authors do not compute adjusted p-values for their survival 

analyses (through methods such as the Bonferroni correction) even in large 

experiments where multiple strains are compared to a single control as this would lead 

to a disproportionate inflation of Type II Error (Failing to rejecting a Null Hypothesis 

when it is in fact false). To ensure transparency and allow readers to compute adjusted 

thresholds if they desire, I include information regarding assay of origin (LSA 1,2,3) in 

all summary tables.  

I base all conclusions and decisions on results from the Log-rank test and the Median 

Survival (MS) index which is the second most popular and insightful result reported by 

the test. Specifically, the Median Survival represents the time at which half the animals 

in a given experiment have died. Along with the MS which represents the central 

tendency of survival scores, I report the 25th and 75th percentiles and the inter-quartile 

range (IQR) as a measure of dispersion 

Importantly, in this thesis I do not report to the minimun, mean and maximum 

lifespan. Most survival score distributions observed throughout this theses are often 

multimodal which renders the arithmetic mean meaningless and in contrast to the 25th 

and 75th percentiles, minimum and maximum lifespan are very vulnerable to outliers. 

MS and IQR are also represented by a white dot and a black box respectively in the 

Violin Plots along with the probability density of the data at different values, smoothed 

by a kernel density estimator (KDE). Violin Plots are a combination of Box and Density 

Plots and allow the reader to gain a better understanding of how the scores are 

distributed which is especialy usefull in cases where we work with asymmetric 

distributions. All Violin Plots were generated with Seaborn’s  violinplot function in 

Python 3.7. 
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2.3 Results 

In this chapter, I sought out to find out whether mutations in genes coding for the 

various C. elegans innexins could influence lifespan. All strains were individually 

compared to the wild-type N2 and subjected to a Log-rank (Mantel-Cox) test. As 

lifespan assays can be very demanding in terms of human resources and time, I divided 

the exploratory study into three experiments.  Summaries of all three experiments are 

presented in Tables 4 to 6. Some mutations lead to lethality, and thus we could not 

include these strains in the assays as they could not develop into viable adults. These 

lethal mutations are one more argument supporting the importance of gap junctions 

for the healthy developments of the animal. On the other hand, some gap junction 

mutations led to an expansion of lifespan. Taken together our results paint a divided 

but also intriguing picture about the role of gap junctions in the process of ageing.  

 

 

2.3.1 Mutations in innexins  present in various organs can lead to an increase in 

lifespan 

In the first Lifespan Assay conducted (LSA 1), I examined mutants for 12 out of the 25 

known innexin genes. Interestingly, I observed three types of lifespan effects. Some 

strains did not show any differences compared to N2 wildtype animals, while other 

strains showed significant reductions and increases in lifespan. Furthermore, in LSA 1, 

we first identified a group of innexin mutations that lead to a particularly strong 

increase in lifespan. These innexins are expressed in various parts of the body and 

participate in different functions. The unc-9(e101) mutant (strain CB101) showed the 

most pronounced effect compared to the wildtype and the other mutants. The e101 

is mutation is the reference allele of unc-9 on Wormbase, a designation typically 

assigned to the strongest loss-of-function allele. It is a G to A point mutation in the 

splice acceptor site of the last exon of both isoforms of unc-9 (Barnes and Hekimi, 

2002). In LSA 2, while the wildtype showed a median survival (MS) of 17 days, CB101 

showed an MS of 23 days (Table 3 and Figure 10 & 11). Mutants for inx-2, inx-9, inx-

11, inx-14, inx-18, inx-19, inx-20 and unc-7 were also long-lived (Figure 10). Innexins 
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coded by these genes are expressed in a variety of tissues such as the pharynx (inx-2, 

inx-11, inx-20), the gonads and wider reproductive machinery (inx-9, inx-10, inx-14), 

the muscles (inx-18, unc-7,unc-9) and the nervous system (inx-11, inx-18, inx-19, unc-

7, unc-9) (see also Table 1).  

 

 

Figure 10 Long-lived mutants’ survival curves summary. (a) Curves from Lifespan Assay I. (b) Curves from 

Lifespan Assay II. (c) Curves from Lifespan Assay III. 

 

 

Table 3: Long lived mutants' summary table. MS = Median Survival. Log-rank p value key ns: P > 0.05, '*': P ≤ 

0.05, '**': P ≤ 0.01, '***': P ≤ 0.001, '****':  P ≤ 0.0001. LSA: Lifespan Assay. 
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Figure 11 LSA 1 Long lived mutants' Violin Plots. 

 

 

Figure 12 LSA 2 Long lived mutants' Violin Plots. 
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Figure 13 LSA 3 Long lived mutants' Violin Plots. 

 

For strains with a high incidence of phenotypes that led to censoring or when results 

seemed likely to be affected by external factors (e.g. transient contaminations) assays 

were repeated. Throughout the study, I maintained a conservative approach; when 

results differed from an assay to another, I labelled the strain as ‘inconclusive’. For 

instance, the inx-2(ok376) mutant (strain VC260) lived significantly less than the 

control (N2) the first time it was tested and longer the second time. Granted that we 

kept conditions consistent across assays, we suspect that this discrepancy was due to 

chance or unknown factors outside of our control(Lithgow, Driscoll and Phillips, 2017; 

De Magalhaes Filho et al., 2018) . For strains of interest, it is recommended to replicate 

the experiment several times to resolve incongruities. unc-9 and unc-7 are not only 

expressed very widely in the worm’s nervous system and muscles, where they also 

extensively colocalise and present similar phenotypes (Starich et al., 2009). 

Consequently, having observed an increase in lifespan for both mutants was very 

intriguing and thus I replicated the assay several times to consolidate my results. 

Specifically, in LSA 2, we tested a second unc-9 loss of function allele, unc-9(fc16), 

designated here unc-9(b) (Table 3 and Figures 14, 15 & 16). unc-9(fc16) is assumed to 

be a molecular null, with a nonsense mutation causing a premature stop at position 
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157 in the intracellular loop between the membrane-spanning domains 2 and 3 

(Barnes and Hekimi, 2002)(Figure 14). 

 

 

Figure 14 unc-9 gene organisation on chromosome X adapted from Hekimi and Barnes (1997). On the top part 

of the figure, the pair of lines represents the genetic genetic and physical maps respectively. In the middle, there is 

a depiction of sequenced cosmids neighbouring unc-9. Finally, in the bottom part of the figure, where boxes 

represent exons, fc16 is indicated, a nonsense mutation that inserts a premature stop codon in exon 5 and e101, a 

G to A point mutation in the splice acceptor site of the last exon. 

 

 Even though the unc-9(b) mutant exhibited a smaller effect, both unc-9 alleles 

resulted in a significant increase in lifespan (p<0.0001) (Table 3 and Figures 15 & 16).  

 

 

Figure 15 unc-9 mutants' survival curves from Lifespan Assay II. Both alleles live significantly longer than 

wildtypes (LSA2: CB101: Log-rank p value <0.0001, ****; CW129: Log-rank p value <0.0001, ****) 
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Figure 16 LSA 2 unc-9 mutants' Violin Plots. 

 

 

2.3.2 Innexin mutations predominantly expressed in the pharynx lead to a reduction 

of lifespan 

Besides the uncoordinated phenotypes seen in our Unc mutants, the most striking 

phenotype was the one observed in innexins mutations that are typically expressed in 

the pharynx and the intestine. For example, eat-5 mutants developed slowly and 

remained frail and small until their death. Even though previous studies (Lakowski and 

Hekimi, 1998a) reported no effect on lifespan in this mutant, in our experiment, 

animals seemed malnourished which probably contributed to their short lifespan 

compared to the control strain. Similarly, inx-6 and inx-16 mutants had a shorter 

lifespan and overall poor health (Table 4 and Figures 17, 18 & 19). inx-2 and inx-4 

mutants also had a significantly shorter lifespan in their first assays, but these results 

were not replicated successfully across experiments. 
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Figure 17 Short-lived mutants’ survival curves summary. (a) Curves from Lifespan Assay I. (b) Curves from 

Lifespan Assay II. (c) Curves from Lifespan Assay III. 

 

 

 

 

 

 
 

Table 4: Short-lived mutants' summary table. MS = Median Survival. Log-rank p value key ns: P > 0.05, '*': P ≤ 

0.05, '**': P ≤ 0.01, '***': P ≤ 0.001, '****':  P ≤ 0.0001. LSA: Lifespan Assay. 
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Figure 18 LSA 1 Short-lived mutants Violin Plot. 

 

 
Figure 19 LSA 2 Short-lived mutants Violin Plot. 
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Figure 20 LSA 3 Short-lived mutants Violin Plot. 

 

 

2.3.3 Some innexin proteins do not influence lifespan 

Last but equally intriguing was the discovery of mutations that did not influence the 

animal’s lifespan. For example, inx-1, inx-5, inx-7, inx-8, inx-9 and inx-17 mutants did 

not show significant differences in lifespan compared to the wildtype (Table 5 and 

Figure 21-24). These innexins are expressed throughout the animal’s body including 

the neuronal system, the muscles, the seam and vulval cells, the gonads, and the 

intestine-rectal valve. One possible interpretation of these results suggests that 

perhaps innexins have overlapping roles and thus when one type of protein is missing, 

other proteins can compensate for its absence. Alternatively, but not mutually 

exclusive with this notion, the modulation of lifespan is specific to individual innexins 

acting in defined sets of cells, rather than a universal feature common to all of them. 
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Figure 21 Survival curves summary for mutants showing no lifespan differences when compared to N2. (a) Curves 

from Lifespan Assay I. (b) Curves from Lifespan Assay II. (c) Curves from Lifespan Assay III. 

 

 

 

 

 

Table 5: Summary table for mutants showing no difference in lifespan when compared to N2 (wt). 
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Figure 22 Mutants from LSA 1 showing no difference in lifespan compared to N2. 

 

 

Figure 23 Mutants from LSA 2 showing no difference in lifespan compared to N2. 
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Figure 24 Mutants from LSA 3 showing no difference in lifespan compared to N2 (wt). 

 

 

2.3.4 UNC-1 stomatin regulates UNC-9 and its mutations lead to analogous effects 

on lifespan  

unc-1 codes for a stomatin-like integral membrane protein which functions along UNC-

9 in the C. elegans nervous system to control locomotion (Chen et al., 2007). Chen et 

al. observed in bimolecular fluorescence complementation assays that besides their 

functional proximity, UNC-1 and UNC-9 are also physically close. In the same study, 

the authors also confirmed that the unc-1 and unc-9 loss-of-function mutations 

phenocopy each other. In this experiment, I conducted lifespan assays with the unc-

1(e719) loss-of-function (strain CB719, referred to as LOF) and unc-1(e1598) gain-of-

function (strain CB1598, referred to as GOF) mutants, and we compared them to the 

wild-type N2. I found that indeed LOF mutants lived significantly longer than controls, 

and, comparable to unc-9(e101), had one of the strongest effects of all tested 

mutants, while the GOF mutants had significantly shorter lifespans, albeit with a 

weaker shift of median survival (Table 6 and Figures 25 & 26). These results lend 

further support to the hypothesis that UNC-9 has a significant  influence on C. elegans 

ageing.  
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Table 6 unc-1 mutant lifespan assay (part of LSA 3) summary table. MS = Median Survival. Log-rank p value key 

ns: P > 0.05, '*': P ≤ 0.05, '**': P ≤ 0.01, '***': P ≤ 0.001, '****':  P ≤ 0.0001. 

 

 

Figure 25 unc-1 mutants' survival curves. Gain-of-function allele mutants live significantly longer than wildtypes 

(CB719: Log-rank  p value <0.0001, ****), while loss-of-function allele mutants have significantly shorter 

lifespans than N2 (CB1598: Log-rank p value = 0.0146, *). 

 

 
Figure 26 unc-1 mutants' Violin Plot compared to N2 (wt). 
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2.4 Discussion 

Innexins are widely expressed in most C. elegans tissues and participate in virtually 

every vital function. Some innexin mutants, namely inx-3, inx-12 and inx-13, do not 

survive which suggests, that not unlike mammals, worms also require gap junctions 

for healthy development. On the other hand, other innexin mutant animals can hatch, 

grow and function normally. In this chapter, I conducted a series of lifespan assays to 

determine whether gap junctions can influence ageing in C. elegans.  

 

Mutants of the neuronal unc-9 innexin have a median survival up to 35% higher than 

wild-type 

Perhaps the most striking finding is that from all 20 innexins I tested, close to half of 

them - at least eight mutants - survived longer than the control animals (N2 Bristol). 

These include inx-9, inx-11, inx-14, inx18, inx-19, inx-20, unc-7 and unc-9. unc-9 is one 

of the most widely expressed innexins in the nervous system, present in about half of 

all neurons, and is involved in many of the worm’s behaviours including locomotion, 

egg-laying and the response to volatile anaesthetics. UNC-9 colocalises and forms 

heterotypic functional gap junction pairs with UNC-7. Both unc-7 and unc-9 mutants 

exhibit similar uncoordinated movements, also referred to as kinking, which consists 

of bending motions instead of the typical C. elegans sinusoidal movement. UNC-9 and 

UNC-7 can form functional homotypic and heterotypic gap junctions in coupled 

Xenopus oocytes (Starich et al., 2009). Interestingly, functionally removing UNC-9 and 

UNC-7 from muscles does not produce an uncoordinated phenotype, which suggests 

that the two proteins act primarily in the nervous system to produce coordinated 

movements (Liu et al., 2006). Despite these similarities in function, my experiments 

suggest that UNC-7 and UNC-9 influence lifespan to a different extent.  Even though 

both unc-7 and unc-9 mutants extend lifespan, the effect is considerably more 

pronounced in the latter. Specifically, in LSA 1, we saw an increase of 35% in median 

survival compared to controls. A study by Liu et al. from 2006,  found that unlike in 

unc-7 mutants, in unc-9 mutants, body wall muscle coupling was significantly reduced 
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(Liu et al., 2006). Taken together, these results suggest that despite their functional 

and cell biological similarities, UNC-9 and UNC-7 are involved in the function of the 

nervous system to a different extent in a non-redundant way and that their mutations 

might give rise to proportional effects on lifespan.  

These results surprised me initially as a previous study did not detect consistent effects 

in different unc-9 mutant alleles tested (Hekimi, 2000). The difference could be due to 

differences in protocols. Regrettably, the previous study was published in a book 

chapter and only references % change in lifespan relative to wild-type controls; it did 

not include detailed results and no information at all was given on the methods and 

protocols used, making it difficult to evaluate the data provided. In the future, one way 

to address these discrepancies would entail a lifespan assay for all unc-9 alleles used 

in the Hekimi (nr450, hs6, ec27) report with our protocol and our analysis workflow 

for a fairer comparison. The next step, would be to rescue unc-9 in all those alleles to 

find out whether that would result in lifespans comparable to the widltype’s. That 

setup would help us identify potential background effects present in the animals. In 

this chapter, besides replicating the assay with an additional unc-9 allele (unc-9b), to 

provide a further confirmation, we conducted lifespan assays with loss- and gain-of-

function unc-1 mutants. Unc-1 encodes a stomatin-like protein and is also involved in 

coupling body wall muscles in C.elegans (Chen et al., 2007). Importantly, while UNC-1 

and UNC-9 do not depend on each other for their expression and localization, evidence 

from work published by Chen et al. (2007) as well as Liu et al. (2011), supports the 

hypothesis that they function together to some extent. Specifically, Liu and colleagues 

showed that losing UNC-1 interfered with UNC-9 coupling which led to impaired 

synchrony in body wall muscles (Liu, Chen and Wang, 2011).  Our experiments seem 

to provide further supporting evidence for a relationship between these two proteins. 

In fact, the loss-of-function mutant unc-1(e719) had an increase in lifespan resembling 

the one observed in unc-9 mutants while the gain-of-function mutant unc-1(e1598) 

showed a slight decrease. If UNC-1 indeed regulates the gating of UNC-9 as found by 

Chen and colleagues (2007), I speculate that the gain-of-function mutant increases the 

opening state of UNC-9, and therefore may resemble the effect of an unc-9 gain of 
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function mutant or of overexpressing this innexin, leading to increased intercellular 

coupling. In this model, UNC-9-dependent coupling would be inversely related to 

lifespan. 

Taken together, these results support the hypothesis that the lifespan extension 

observed in this chapter, are likely to be linked to intercellular coupling rather than a 

non-junctional property of UNC-9 proteins. An example of such a non-gap junctional 

function was observed by Yeh and colleagues in 2009, where both UNC-7 and UNC-9 

were found to be involved in active zone differentiation in presynaptic neurons 

through gap junction independent mechanisms (Yeh et al., 2009). 

It is also worth mentioning that Unc mutants have a reduced locomotory activity which 

overall result in slower speeds in their motion. This reduced physical activity of the 

animal could be linked to lower energy loss and slower metabolic rates. Elevated 

metabolic rates were associated with premature mortality (for a review pertaining 

theories linking metabolic rate and mortality see Speakman 2005), thus reduced 

movement could be beneficial for the nematode. However, in a study where unc 

mutations were tested for their effects on lifespan, results seemed inconclusive 

(Hekimi, 2000). On a note of caution, this is the same study that showed no clear effect 

for unc-9. Also, in my own results, unc-7 and unc-9 mutants significantly differ in their 

effect on lifespan although they have a highly similar effect on locomotion. 

In vertebrates, connexin-36, which is the dominant connexin of the nervous system, 

has been associated with neuronal death following neuronal injury by enabling an 

excessive release of glutamate to neighbouring neurons. Studies have shown that 

genetic knockouts of Cx36 have dramatically reduced ischemic neuronal death both in 

vitro and in vivo (Belousov et al., 2012; Wang et al., 2012). One could speculate that 

unc-9 mutations may have a similar neuroprotective role in the C. elegans nervous 

system. 
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Inx-18 and inx-19 mutation might extend lifespan by impairing the communication of 

sensory neurons and thus interfering with endocrine pathways  

Inx-18 and inx-19 are two innexins I have found to extend lifespan. They are expressed, 

amongst other cells, in the ADL, ASI and ASK sensory neurons. In elegant experiments 

published in 2004, Joy Alcedo and Cynthia Kenyon found that C. elegans lifespan can 

be regulated by specific gustatory and olfactory neurons (Alcedo and Kenyon, 2004). 

ASK, and ASI are gustatory neurons and ADL odoursensory, and all three neuron 

classes sense pheromones; all three neuron pairs also regulate entry into Dauer stage 

(Jang et al., 2012). ASI is thought to integrate information about the state of the 

environment, such as on whether the animal is entering harsh conditions with lack of 

food or overcrowding. Ablating ASI increases the lifespan of worms by perturbing the 

well-known insulin/IGF-1 pathway and DAF-2 activity, while the additional ablation of 

ASK blocks this effect (Alcedo &Kenyon 2004).  In contrast, a subsequent study showed 

that ASI is required for the extension of lifespan by dietary restriction (Bishop and 

Guarente, 2007). ASI, therefore, affects lifespan through two separate pathways – it 

inhibits lifespan through insulin/IGF signalling and promotes it in dietary restriction. 

Mutation of the inx-18 gene expressed in ASI and ASK could impact their signalling, 

resulting in the lifespan extension seen when they are ablated.   

 

Inx-14, an innexin expressed in the germ cells, might contribute to longevity by slowing 

the animals’ ageing rate  

INX-14 expresses in the germ cells of C. elegans and besides guiding male sperm 

deposited during mating, is also involved in oocyte repression (Govindan et al., 2006; 

Whitten and Miller, 2007). The inx-14(ag17) mutation I used is a hypomorphic allele; 

it harbours an arginine-to-histidine substitution at position 326 in the intracellular c-

terminus near the end of the third transmembrane domain; it has reduced brood size 

(Miyata et al., 2008). The inx-14(ag17) mutants lived longer than wild-type, which is 

consistent with the hypothesis about the role germ cells play in lifespan (Hamilton et 

al., 2005). It is currently well known that removal of germ cells but not the removal of 

the reproductive machinery can extend the worm’s lifespan by up to 60% (C. Kenyon, 
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2010). These findings have also been recorded in Drosophila (Flatt et al., 2008). It is 

likely that germ cells can coordinate the rate of ageing by signalling whether the animal 

is ready to reproduce. When the germ cells are not ‘ready’ to give progeny, ageing of 

the parent worm is delayed which also contributes to increased longevity. 

 

eat-5, inx-6 and inx-16 mutants live shorter lives as they cannot feed and develop 

adequately  

Like cardiac muscle cells, C. elegans pharyngeal muscles are coupled electrically by gap 

junctions formed by a variety of innexin proteins, including eat-5 and inx-6 (Starich et 

al., 1996). 

eat-5 mutants are characterised by their abnormal eating which is the consequence 

of unsynchronised pharynx pumping. In healthy worms, the pharynx captures bacterial 

food and grinds it to facilitate its transport in the intestine. While other studies did not 

find any effect of the eat-5 mutation on longevity (Lakowski & Hekimi 1998), we 

observed a very significant decrease in lifespan compared to wildtype. The difference 

is almost certainly explained by the use of different mutant alleles of eat-5: In my study 

I used the ad1402 allele which contains an intragenic deletion and is thought to be a 

null mutant, while the previous study used the weak allele ad464, which bears a point 

mutation in position 1 (methionine to isoleucine). It is important to note in this respect 

that the health of eat-5 mutants depends on the food source – the null mutants they 

develop normally on easy-to-eat bacteria but even arrest on hard to digest E. coli. Our 

results did not surprise us as, throughout their lives, eat-5 mutants were 

underdeveloped and frail.  

 

Similarly to EAT-5, INX-6 is also expressed in C. elegans pharyngeal muscles and 

coordinates pumping (Li, Dent and Roy, 2003). In the past, dye-spreading experiments 

have revealed similar defects in both eat-5 and inx-6 mutants but also that INX-6 can 

be partially substituted by EAT-5, suggesting that these two protein have identical 

roles (Starich et al., 1996; Li, Dent and Roy, 2003). We found a dramatic decrease in 

lifespan for inx-6 mutants compared to controls, which was very reminiscent of results 
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observed in eat-5. Our findings not only support the arguments about the 

resemblance of these two proteins but also helped us confirm that our assays were 

consistent.  

 

Unlike EAT-5 and INX-6, INX-16 couples intestinal cells and allows Ca2+ waves to 

propagate between them, which in turn are required for muscle contraction and 

execution of the defecation programme (Peters et al., 2007). My experiment showed 

that inx-16 mutants live shorter than control animals, with an effect on median survival 

considerably less pronounced than the ones observed in eat-5 and inx-6 mutants. 

Phenotypically, inx-16 worms resemble wildtype animals but are severely constipated 

throughout their lives, which is the direct result of their disrupted defecation cycles.   

 

Some innexin mutations do not influence lifespan   

Through my series of lifespan assays, I had the opportunity to observe a spectrum of 

different effects of innexin mutations on the lifespan of C. elegans. Unfortunately, 

some innexin mutations, including inx-3, inx-12 and inx-13 are lethal, and I did not 

include them in the experiments. Furthermore, some mutants, like inx-15 and inx-22, 

were very heavily mutagenized, and we did not have adequate controls to compare 

them. In the future, it would be desirable to produce better strains with the inx-15 and 

inx-22 mutations, but it would also be quite informative to repeat the assay for inx-2 

and inx-4 to obtain more consistent results.  

 

Last but equally interesting were the mutations with no effect on lifespan, these 

include inx-1, inx-5, inx-7, inx-8, inx-10 and inx-17. This group is particularly intriguing 

as the innexin proteins encoded by these genes are found in many different tissues 

involved in many different aspects of the worm’s physiology. For instance, the inx-1, 

inx-7, inx-8 and inx-10 genes are expressed along with several other innexins, namely 

inx-2, inx-3, inx-6, inx-11 and eat-5, in pharyngeal muscles in overlapping patterns 

(Altun et al., 2009). Moreover, inx-5, inx-8 and inx-10 are expressed along with inx-9 

in the gonadal sheath. It is noteworthy that these innexin genes are expressed along 
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with other genes which when mutated lead to increases and decreases in lifespan. 

Naturally, one might wonder why mutants of these genes do not have the same fate 

as mutants for genes that express in similar tissues or organs. From my perspective, 

there are two plausible explanations. We know that some innexins have similar 

functions, such as eat-5 and inx-6. Therefore, we can hypothesise that there is 

redundancy in innexin function and that the absence of some mutants can be 

compensated by other innexins. The second hypothesis is that the absence of an 

innexin in a tissue that would lead to a decrease in lifespan could be counteracted by 

the absence of the same innexin in another tissue which has the opposite effect.  For 

instance, the absence of inx-8 in the pharynx, where other innexin mutants are 

malnourished and short-lived (e.g. eat-5 and inx-6), could be counteracted by its 

absence in the reproductive system, in particular the gonadal sheath cells and sex 

muscles, where we see a higher incidence of innexin genes whose mutations 

contribute to longer lifespans (e.g. inx-11 and inx-14). Of course, these ideas are still 

in the realm of speculations, but they could lead to interesting prospective studies.  

 

Methodological Considerations 

As a final remark regarding the methodology used in this chapter, it is important to 

point out the differences in lifespan for the N2 control strain as well as for all repeated 

strains. These inter-assay differences can be due to small variations between OP50 

batches, incubator temperature and even to the fact that different experimenters 

were contributing in each lifespan assay. This further stresses the importance of 

meticulously choosing control animals and conditions but also ensuring that each 

strain in any given assay receives the exact same quality of handling. If multiple 

experimenters work on an assay with multiple strains, I recommend splitting each 

strain’s plates equally and ensuring each experimenter works with a subgroup of each 

strain. 
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2.5 Chapter conclusion 

In this chapter, I sought to explore the effect of gap junctions on ageing. For this, I 

assayed the effect on the lifespan of loss-of-function mutants for nearly all C. elegans 

innexins. To our knowledge, this is the first study of its kind. I discovered that there is 

a broad spectrum of how innexins shape life expectancy, with different innexin 

mutations in C. elegans leading to distinct effects; we found mutations that increased, 

decreased or did not affect lifespan. The most striking increase in lifespan was a result 

of the unc-9 mutation and increased median survival by up to 35% compared to 

control wild-type animals. unc-9 is broadly expressed in neurons and muscles. One 

possible hypothesis is that, similarly to mammalian gap junctions spreading noxious 

signals which catalyse cell death following a brain injury, UNC-9 might contribute to 

the leakage of signals that spreads neuronal death in the worm. The next steps would 

consist of firstly, determining the cellular correlate of where the unc-9 mutation leads 

to life extension. Either it acts broadly in both muscle and/or the nervous system to 

control lifespan, or it has a more specific effect in a subset of the muscles or of the 

nervous system to control ageing and lifespan. I will aim to determine this, and 

attempt to narrow down the group of cells representing the place of action of UNC-9 

on lifespan. Secondly, I will determine if this life extension goes hand in hand with a 

good quality of life for the animal or just prolongs end-of-life decrepitude, in which 

case extending lifespan would not confer a meaningful advantage. Lastly, I aim to 

identify which mechanism underpins the prolongation of lifespan. If indeed a signal is 

spread, I would test some candidate including oxidative stress. I will address each of 

these steps in the following chapters.  

Besides the lifespan extending mutants, I uncovered mutations resulting in short-lived 

worms and others that did not affect longevity at all. These open up another set of 

exciting questions that are beyond the scope of this thesis but could provide exciting 

research avenues for the gap junction field.  
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3  unc-9 Acts in Glutamatergic Neurons to 
Modulate Longevity 

 

 

3.1 Introduction: Using RNAi to knockdown specific genes in C. elegans 

The pioneering genetic studies in Caenorhabditis elegans employed forward genetic 

techniques. In classic forward genetic screens, the worms are treated with mutagens 

to induce changes in the genomic DNA, which will lead to phenotypes of interest. 

When such phenotypes are found, standard genetic mapping and molecular 

techniques can help identify the causal gene. For instance, mutagenesis can be 

induced by X-rays, chemicals like Ethyl methanesulfonate (EMS) or transposable 

elements, causing either point mutations, deletions or insertions that disrupt protein 

coding  sequences (Flibotte et al., 2010).  

With the explosion in the acquisition and annotation of genomic data, a different 

approach has emerged known as reverse genetics. In reverse genetics, the gene is 

already known, and the goal is to map a function and a phenotype to it. Methods such 

as RNA interference (RNAi) allow us to knock reduce transcript levels of any given gene 

in C. elegans quickly and efficiently to examine phenotypes.  

RNAi was discovered in 1998 when Fire and Mello found that injecting a double-

stranded RNA (dsRNA) into C. elegans would result in the degradation of the 

corresponding messenger RNA (mRNA) (Fire et al., 1998).  

During RNAi, long dsRNA is cleaved into smaller (~22nt) interfering RNA fragments 

(siRNA) by an endonuclease protein called Dicer. These siRNAs bind to RISC, the RNA-

induced silencing complex on an Argonaute protein at which point, one of the dsRNA 

strands is removed. The remaining strand will then base-pair to mRNA target 

sequences. Subsequently, Argonaute cleaves the bound mRNA thus initiating its 

destruction (Figure 27). This mechanism is part of a natural defence against viruses or 

transposable element replication (Ketting et al., 1999). Researchers now routinely use 

this innate mechanism as a quick and easy way to selectively knock down the animal’s 

genes to help identify their function.  
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Figure 27 A schematic of the RNAi mechanism. dsRNA = double-stranded RNA, siRNA = small interfering RNA, 

mRNA = messenger RNA, RISC = RNA-induced silencing complex. For an explanation of the mechanism see the 

main text. 

 

There are several methods to carry out RNAi in C. elegans. Initially, dsRNA produced 

in vitro was injected into adult animals (Fire et al., 1998). Later, it was found that the 

same effects could be achieved by soaking the worms in dsRNA (Tabara, Grishok and 

Mello, 1998). Lastly, a very convenient and most widely used approach is to feed the 

worms E. coli strains engineered to produce the desired dsRNA (Figure 28A). Several 

E. coli feeding RNA libraries covering most C. elegans genes are available (Kamath and 

Ahringer, 2003).  Subsequently, the animals or their progeny are scored relative to the 

phenotype of interest (Timmons and Fire, 1998).  

In chapter II, we discovered a group of innexin mutations that increased lifespan. 

Mainly, unc-9 mutants could reach a median survival 35% higher than wildtype 

animals. unc-9 is expressed very widely in the worm’s nervous system and muscles and 

plays an essential role in many vital functions such as locomotion (Starich et al., 2009). 

Here, we sought out to understand whether the life extension in mutants is linked to 

the nervous system and if that was the case, determine whether the role of unc-9 in 

ageing is widely distributed across neurons or can be narrowed down to a specific 

group of neurons involved. To achieve that I used a group of strains produced in the 

Hammarlund lab with selective sensitivity to RNAi that results in knocking down unc-9 

in either acetylcholinergic, GABAergic, dopaminergic or glutamatergic neurons only, 

but not elsewhere in the animal (Firnhaber and Hammarlund, 2013) (Figure 28B-C).  
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Figure 28 (A) The RNAiby feeding approach in C.elegans. (B) and (C) are taken from Firnhaber and Hammarlund 

(2013). In (B) Animals used in Chapter 3 lifespan assays carry a genetic background of lin-15B(n744); 

eri1(mg366); rde-1(ne219), and express wildtype sid-1(+) and rde-1(+) in selected neurons. In this schematic 

GABA neurons are represented by red spots. (C) Wildtype sid-1 and rde-1 expressed from an artificial operon 

under different neuron sub-type-specific promoters are inserted as a single copy into the genome by MosSCI. 

 

I found that the nervous system but not the muscles were involved in unc-9-mediated 

lifespan control, and more specifically, the domain of glutamatergic neurons. In a 

follow-up experiment, where I also had the opportunity to replicate these results, I 

had attempted to narrow down potential neurons or networks involved in unc-9 

lifespan extension. Although RNAi does not always eliminate the expression of the 

target gene entirely, these experiments succeeded in giving us the first insight into the 

cellular correlate of where UNC-9 affects lifespan, and thereby a potential handle to 

identify the underlying cause.    

 

3.2 Methods and Materials  

In this chapter, my goal was to narrow down where the effects of the unc-9 mutation 

took place. I used RNAi by feeding to knock down unc-9 selectively in different parts 

of the nervous system. In N2 worms, systemic RNAi of unc-9 does not reach the 
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nervous system but does affect its expression in the muscles (Timmons, Court and Fire, 

2001; Kamath et al., 2003). Throughout both experiments, we fed the worms three 

types of RNAi clones, namely oac-47, unc-9 and inx-14. oac-47 is a pseudogene that 

served as a negative control. unc-9 was the gene of interest and inx-14, which is 

expressed outside of the nervous system and has shown an extension of lifespan in 

both mutants and RNAi experiments was a second, positive, control (Hamilton et al., 

2005).  

 

3.2.1 Nematode Strains 

In the following tables (Table 7), I summarise all the information about strains used in 

both RNAi lifespan assays. I provide the strain name, the genotype, the site of action 

under ‘Target’, the different RNAi clones we fed each strain and the lab they were 

created. All strains were ordered from the Caenorhabditis Genetics Centre (CGC). 

While KP3948 affects all of the worm’s tissues (labelled as ‘global RNAi’ in the table). 

N2 served as an excellent control to study the effect of the unc-9 mutation in muscle 

cells hence the label ‘non-neuronal, muscle cells’ in the table. This is due to the fact 

that while unc-9 is expressed in both neurons and muscles, in N2 the effect of RNAi 

does not permeate to the nervous system.  

 

Table 7 C. elegans strains used in Chapter 3 RNAi lifespan assays I and II.  
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Table 8 C.elegans strain used in Chapter 3 transgene molecular identities. 

 

3.2.2 RNAi knockdown of unc-9   

We induced RNAi via feeding as described previously (Timmons, Court and Fire, 2001; 

Firnhaber and Hammarlund, 2013a) with a few adaptations for the lifespan assays. For 

the plates, we supplemented standard NGM agar with 25 μg/ml carbenicillin and 1 

mM isopropyl b-D-1-thiogalactopyranoside (IPTG) which induces transcription of the 

gene fragment from C. elegans in sense and antisense direction, generating a double-

stranded RNA (Appendix 1.3). The plates were allowed to dry for five days before use 

in a dark environment at room temperature. The RNAi clones of interest contained in 

Escherichia coli HT115 bacteria were initially streaked on LB plates containing 25 μg/ml 

carbenicillin and 10 μg/ml tetracycline and grown overnight at 37°C. The next day we 

inoculated the cultures in 2x TY (Appendix 1.1) medium containing 25 μg/ml 

carbenicillin overnight at 37°C in a shaking incubator. Two drops from the inoculated 

culture were seeded onto each plate with NGM, carbenicillin and IPTG. L4 worms were 

transferred to the plates and allowed to grow and lay eggs in a 20°C incubator. This 

process was repeated for three generations. L4s resulting from the third generation 

were subsequently used in our experiments. For the lifespan assays in this chapter, we 

used the following RNAi clones: the oac-47 pseudogene (clone T22H2.2, Ahringer 

library), unc-9 (clone R12H7.7, Ahringer library) and inx-14 (clone F07A5.1, Ahringer 

library). I used the pat-2 (clone F54F2.1, Ahringer library) which causes a lethal 

phenotype to confirm that the protocol and plates were working efficiently (data not 

shown). All clones were sequenced prior to use to verify their identity.  
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3.2.3 Lifespan Assays 

Both lifespan assays were conducted as described in section 2.2.3, with the only 

difference that we scored animals every other day instead of every day.  

 

3.2.4 Analysis 

Survival analysis and statistical tests for this chapter were conducted as described in 

section 2.2.6.  

 

3.3 Results 

I had two objectives in conducting these sets of RNAi assays. On the one hand, I 

wanted to establish the validity of our results using a different method (as results in 

Chapter 2 could be partially caused by the strains’ genetic background). On the other 

hand, I sought to narrow down which groups of cells were involved in the lifespan 

extension observed in unc-9 mutants in Chapter II. To achieve these objectives, I used 

strains with sensitivity to RNAi in only different parts of their nervous system, and in 

their muscles.   

 

  

 
Table 9 RNAi 1 lifespan assays summary table. MS = Median Survival, Log-rank p value key: ns: P > 0.05, '*': P 

≤ 0.05, '**': P ≤ 0.01, '***': P ≤ 0.001, '****':  P ≤ 0.0001. 
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Table 10 RNAi 2 lifespan assays summary table. MS = Median Survival, Log-rank p value key: ns: P > 0.05, '*': 

P ≤ 0.05, '**': P ≤ 0.01, '***': P ≤ 0.001, '****':  P ≤ 0.0001. 

 

 

3.3.1 Like inx-14 mutants, worms fed with the inx-14 RNAi clone lived significantly 

longer than controls  

In Chapter II, the inx-14 mutant had a longer lifespan that the wildtype (Table 9 and 

Figures 29 & 30). I thus knocked down inx-14 via RNAi by feeding as an additional 

control to ensure the validity of our protocol. Function and expression of inx-14 are 

primarily in the germline, which is accessible to systemic RNAi by feeding in N2 animals 

(Altun et al., 2009). I did find that animals fed with the inx-14 clone had a significantly 

longer lifespan than those fed with the oac-47 clone (Table 9 and Figures 29 &30). 

These results are consistent with a previous genome-wide RNAi screen that identified 

inx-14 as a candidate longevity gene (Hamilton et al., 2005).  

 

 

Figure 29 Survival curves for N2 animals fed with the inx-14 clone versus N2 animals fed with the oac-47 control 

clone. When inx-14 is knocked down, animals live significantly longer compared to controls (Log-rank p value 

0.002, ***). 
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Figure 30  Violin Plot for N2 animals fed with the inx-14 clone versus N2 animals fed with the oac-47 control 

clone. 

3.3.2 Lifespan increases in unc-9 do not involve muscular gap junctions 

N2 animals fed with the unc-9 clone did not show any significant differences in lifespan 

compared to worms fed with the oac-47 clone. Because unc-9 is widely expressed in 

neurons and muscles, and since the nervous system is refractory to RNAi in N2 animals, 

these results suggest that the role of unc-9 in regulating longevity does not involve the 

gap junctions it forms in the muscles (Table 9 and Figures 31 & 32).  

 

 

Figure 31 Survival curves for N2 animals fed with the unc-9 clone versus N2 animals fed with the oac-47 control 

clone. No differences in lifespan were found between these groups (Log-rank p value = 0.5448, ns). 
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Figure 32 Violin Plot for N2 animals fed with the unc-9 clone versus N2 animals fed with the oac-47 control clone. 

 

3.3.3 unc-9 knockdown in the nervous system results in a lifespan extension 

KP3948 contains two mutations in the lin-15B and eri-1 genes causing hypersensitivity 

to RNAi, which is thought to confer RNAi sensitivity to all neurons as well (Sieburth et 

al., 2005). Animals fed the unc-9 knockdown bacteria increased lifespan compared to 

animals fed with the oac-47 clone (Tables 9 & 10 and Figures 33 & 34).  

 

 

Figure 33 When unc-9 is knocked down in the RNAi hypersensitive strain KP3948, animals live significantly longer 

than controls (RNAi I: Log-rank p value < 0.0001, ****). 
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Figure 34 Violin Plot for KP3948 animals fed with the unc-9 clone versus KP3948 animals fed with the oac-47 

control clone. 

Compared to N2, the mutations in lin-15B and eri-1 and potentially additional 

mutations caused by EMS mutagenesis give KP3948 animals a worse quality of life, 

temperature-sensitive sterility, and overall reduced lifespan. Many animals are 

censored early in the experiment as they exhibit a strong ‘bagging’ phenotype, where 

larvae are not released but grow within the parent.  

 

3.3.4 Knocking down unc-9 in glutamatergic neurons extends the worms’ lifespan 

Along with N2 and KP3948 I also looked at strains with selective sensitivity in different 

groups of neurons; GABAergic (XE1375), dopaminergic (XE1474), acetylcholinergic 

(XE1581) and glutamatergic neurons (XE1582). These strains are created through the 

selective neuronal rescue of sid-1/RNA transporter and rde-1/Argonaute in a lin-15 

eri-1 (RNAi hypersensitive) rde-1 (eliminates RNAi knockdown) mutants, that make 

them selectively sensitive in only specific subdomains of the nervous system 

(Firnhaber and Hammarlund, 2013b). 

 

Whereas I did not observe any significant differences when knocking down unc-9 in 

XE1375, XE1474 and XE1581 by feeding them the unc-9 RNAi clone, I observed a 

significant lifespan extension in XE1582 fed with the unc-9 clone compared to XE1582 

fed with the oac-47 clone (Table 9 & 10 and Figures 35-40). Together, these 
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observations suggest that glutamatergic neurons are involved in the unc-9 mutant 

lifespan extension.  

 

 

Figure 35 When unc-9 is knocked down only in glutamatergic neurons targeted in XE1582, animals show a 

significantly longer lifespan than their controls. Results from lifespan assay RNAi I is shown: Log-rank p value 

<0.0001, ****). 

 
Figure 36 Violin Plot for XE1582 animals fed with the unc-9 clone versus XE1582 animals fed with the oac-47 

control clone. 

 

All four strains appeared very fragile, and many animals were censored at the 

beginning of the experiment. However, this phenotype was observed in both unc-9 

knockdown strains and controls and will have been caused by the genetic background 

of the strain, carrying three mutations and two transgenes.  
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Figure 37 Survival curves for XE1375, XE1474, XE1581 pairs. unc-9 knock down in these strains did not result 

in any significant differences in lifespan (RNAi I: XE1375: Log-rank p value = 0.1761, ns; XE1474: Log-rank p 

value = 0.0943, ns; XE1581: Log-rank p value = 0.1761, ns; XE1474: Log-rank p value = 0.0943, ns; XE1581: 

Log-rank, p value = 0.3887, ns). 

 

 

 

Figure 38 Violin Plot for XE1375 animals fed with the unc-9 clone versus XE1375 animals fed with the oac-47 

control clone. 
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Figure 39 Violin Plot for XE1474 animals fed with the unc-9 clone versus XE1474 animals fed with the oac-47 

control clone. 

 

Figure 40 Violin Plot for XE1581 animals fed with the unc-9 clone versus XE1581 animals fed with the oac-47 

control clone. 

 

The neurons targeted in XE1582 were determined by expression from the promoter 

of the eat-4 vesicular glutamate transporter, and are therefore expected to be 

glutamatergic. I then sought to determine the subset of neurons where expression of  

unc-9 and eat-4 overlap, that is the glutamatergic neurons forming UNC-9 gap 

junctions. Strikingly, this list consists mostly of mechanosensory or predicted 

mechanosensory neurons, as well as interneurons connected to mechanosensory 

neurons such as LUA and PVR. Only one sensory neuron pair, ADL, has not been 

implicated in mechanosensation (ref: Wormatlas.org). During the second RNAi 

lifespan assay, I tried to narrow down the number of candidate neurons where UNC-

9 may act to regulate lifespan by including strain TU3568, which carried RNAi 
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sensitivity in AVM, ALM, PVM and PLM only. These neurons all sense gentle body touch 

and are part of the potential glutamatergic mechanosensory neuron network. I did not 

observe a significant difference between TU3568 with the unc-9 knockdown and the 

control fed with the oac-47 clone (Table 10 and Figures 41 & 42). A relevant caveat to 

note is that this strain, unlike XE1582, does not also carry the eri-1 mutation and 

therefore may be relatively less sensitive to RNAi, potentially making the unc-9 

knockdown less potent. 

 

 

Figure 41 When unc-9 is knocked down in a subset of mechanosensory neurons targeted in TU3568, no difference 

is lifespan is compared to the control (Log-rank p value = 0.3026, ns). 

 

Figure 42 Violin Plot for TU3568 animals fed with the unc-9 clone versus TU3568 animals fed with the oac-47 

control clone. 
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3.4 Discussion 

In chapter II, I discovered a group of innexin mutations that extended lifespan. 

Amongst these strains, unc-9 mutants stood out the most, with a striking extension of 

median survival of up to 35% compared to the wildtype. unc-9 is expressed in the 

animal’s nervous system, and muscles and are involved in several of the worm’s vital 

functions, especially its ability to move. 

In chapter III, I set out to narrow down which groups of cells were involved in the 

mutant’s lifespan extension. I used RNA interference to knock down unc-9 selectively 

in different groups of neurons and in the muscles with the help of specially engineered 

strains generated by the Hammarlund lab (Firnhaber and Hammarlund, 2013a) and 

the Ahringer library of RNAi clones (Kamath and Ahringer, 2003). 

To confirm that our protocol was working as expected, I first knocked down inx-14 in 

N2 by feeding RNAi. In the previous chapter, I observed a lifespan extension in the inx-

14 mutant which was consistent with finding from a large-scale RNAi screen for 

lifespan regulators (Hamilton et al., 2005).  My experiment showed that N2 animals 

fed with the inx-14 clone had indeed a significantly longer lifespan than N2 fed with 

the oac-47 pseudogene clone. Moreover, I used the pat-2 clone which causes lethality 

and enabled me to validate that the plates were still fresh and functional.   

 

unc-9 knockdown in glutamatergic neurons leads to a significant extension of lifespan  

In this experiment, I initially knocked down unc-9 in five RNAi-sensitive strains. KP3948, 

a generally RNAi-hypersensitive strain, had a significantly longer lifespan when fed 

with the unc-9 clone. Furthermore, I observed an extension to the same degree in 

XE1582, which had selective unc-9 knockdown in the glutamatergic neurons only. The 

GABAergic, dopaminergic and acetylcholinergic neuron-sensitive strains did not show 

any effects under the same treatment. Importantly, recent studies have shown that 

most neurons only use a single type of neurotransmitter and that there is little overlap 

between these groups of neurons defined by neurotransmitter use (Gendrel, Atlas and 

Hobert, 2016). This means that collectively, these strains cover virtually the entire 

nervous system.   
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This finding tantalisingly suggests that the effect of UNC-9 gap junctions on lifespan 

may be caused by its coupling of specific neurons or neural circuits. The fact that the 

effect of unc-9 knockdown in KP3948 and XE1582 on lifespan is highly similar, 

prolonging median lifespan by two days, suggests that UNC-9 indeed exerts all or most 

of its effects on lifespan in glutamatergic neurons.  

 

To further narrow down the place of action of unc-9, we can make use of the fact that 

unc-9 is only expressed in a subset of glutamatergic neurons: expression of unc-9 and 

of the vesicular glutamate transporter eat-4 overlap in 17 neuron classes, namely the 

sensory neurons ADL, ALM, AVM, FLP, OLL, PHA, PHB, PHC, PLM, PVD; the 

interneurons ADA, AUA, DVC, LUA, PVQ and PVR; as well as the polymodal IL1 

sensory/inter/motoneurons (Altun-Gultekin et al., 2009; Serrano-Saiz et al., 2013). 

These 35 neurons narrow down the presumed place of action of UNC-9 on lifespan to 

about a tenth of the nervous system.  (Figures 43 & 44).  

 

These neuron classes show intriguing common features: firstly, with only one 

exception, the sensory neurons of this set are implicated in mechanosensation, 

including gentle touch, harsh touch, head withdrawal or proprioception (Goodman, 

2006). They comprise most neurons known or suspected to be mechanosensory in C. 

elegans, with the exception of the ciliated mechanoreceptor neurons. Also, several of 

the interneurons on the list, PVR and LUA, are connected with the mechanosensory 

neurons and thus may also have a function in mechanosensation. Secondly, these 

neurons feature considerable electrical coupling both with each other and with the 

command interneuron circuit, particularly AVD and PVC, which controls the direction 

of movement; these neurons all express unc-9 as well (fig. x) (Altun-Gultekin et al., 

2009). Some neurons stand out in this predicted circuit in having a highly 

interconnected role, in particular, the mechanosensory-linked interneurons PVR and 

LUA.  

These observations raise the possibility that a functional circuit consisting of these 

neurons regulates lifespan in an unc-9 gap junction-dependent manner. Sensory 
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perception plays a central role in regulating C. elegans lifespan, and also 

mechanosensory defective (mec) mutants such as mec-1 or mec-10 can positively or 

negatively affect lifespan (Apfeld and Kenyon, 1999; Pan et al., 2011). However, it is 

not understood how mechanosensation or the neuron classes we identified may affect 

lifespan. 

 

 

Figure 43 Connectivity within the eat-4/unc-9 overlap neurons (this diagram excludes AUA and PVD which are 

not synaptically connected with the others in this version of the connectome). 

 

So far, I have hypothesised that UNC-9, like the mammalian gap junction protein 

connexin-36, might contribute to spreading neuronal damage between cells. Whereas 

there is currently only evidence of such transmission through gap junctions following 

a traumatic brain injury(TBI) or a stroke, this might also be the case with damage 

caused as a by-product of ageing.  

If this hypothesis is correct, the damage might spread in parts if not exclusively within 

this interconnected glutamatergic network of mechanosensory neurons. Interfering 

with unc-9 might disrupt this process by keeping the insult localised for longer, or by 

shielding less active neurons from the increased oxidative stress of highly active ones.  
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Figure 44 Core circuit around the most heavily interconnected mechanosensory and interneurons. 

 

On the other hand, disrupting normal communications between neurons might halt 

their normal function. 

In the strain TU3568, RNAi works through the mec-18 promoter, resulting in 

knockdown of unc-9 in a set of mechanosensory neurons, namely AVM, ALM, PVM 

and PLM. ALM, AVM and PLM form part of the glutamatergic neuron network 

described earlier. Remarkably, no effect was observed with TU3568 which suggests 

that the increase in lifespan in unc-9 mutants is likely linked to the interneurons and 

not the mechanosensory aspect of the circuit or these specific neurons. Alternatively, 

an effect on lifespan may not have been captured in this strain because it lacks the eri-

1 RNAi-hypersensitive mutation and the knockdown was, therefore, less effective. 

In the future, ablating each neuron of this network individually or in different 

combinations could help us understand if the lifespan extension in unc-9 mutants is 

the result of UNC-9 acting in individual neurons, or if it involves entire networks.  
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UNC-9 does not seem to act in muscles to modulate longevity 

In wild-type worms, UNC-9 not only is involved in vital functions like egg-laying but it 

also plays a crucial role in synchronising body wall muscle cells (Liu et al., 2006). In the 

N2 Bristol stain, systemic RNAi largely does not reach the nervous system, but it can 

fully affect muscles (Timmons, Court and Fire, 2001). In our experiment, the group fed 

with the bacterial unc-9 clone did not show differences in lifespan compared to the 

group fed with the control clone. These results further support the hypothesis that 

lifespan can be modulated by gap junction coupling in the nervous system, in 

particular by gap junctions formed by UNC-9.   

 

Future directions  

Although we obtained very interesting results by using RNAi by feeding in this chapter, 

in the future other methods can be considered to further narrow down unc-9’s site of 

action. For example, one could use CRISPR based methods to either disrupt or rescue 

unc-9 different tissues or cells of interests. Specifically, we could introduce point 

mutations and interfere with unc-9 function in wild type animals as described by 

Friedland and collaborators in 2013 (Friedland et al., 2013). Alternatively, another 

approach would be to constitutively rescue unc-9 in mutants by homology directed 

repair (as proposed by Chen, Fenk and de Bono 2013 and Paix et al., 2015)in different 

neurons (those that are part of the aforementioned core circuit being of particular 

interest) until lifespan is restored to that of N2 worms. Another important 

consideration for future experiments is that the glutamatergic network is very large 

compared to other networks. As a consequence, it is possible that RNAi results were 

more salient in strains where we targeted glutamatergic neurons as opposed to the 

other strains in the experiment. 
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3.5 Chapter Conclusion 

In this chapter, I used RNA interference by bacterial feeding to localise the effect we 

observed in unc-9 mutants from Chapter II. I used a set of strains which were 

selectively sensitive to RNAi in different groups of cells. These groups included 

GABAergic, acetylcholinergic, glutamatergic and dopaminergic neurons as well as 

muscles. Strikingly, I only found an effect in animals where unc-9 was selectively 

knocked down in glutamatergic neurons. The anatomical circuit map of these neurons 

suggests that they form a tightly interconnected network made of mechanosensory 

neurons and interneurons. Further unc-9 knockdowns in mechanosensory neurons 

from this network did not show any effects on lifespan, suggesting that this increased 

longevity in the mutant might not be linked to mechanosensation per se, or if it is, 

then the entire network must be involved. In future experiments, ablations of 

individual or subsets of neurons from the circuit would help us dissecting this effect. 

In the next chapter, I set out to investigate whether the unc-9 mutation protects 

animals from oxidative stress by using the anti-oxidant N-Acetyl-L-Cysteine on wild-

type animals and unc-9 mutants to learn more about the mechanisms involved in their 

lifespan extension.  
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4 A Potential Neuroprotective Effect in unc-9 
Mutants Against Oxidative Damage 

 

4.1 Introduction: Oxidative Stress as a Catalyst for Ageing 

In previous chapters, I discussed how through a series of lifespan assays, I discovered 

a group of innexin mutants that led to significant increases in lifespan. unc-9 was of 

particular interest, as it not only showed the most dramatic effect but is also expressed 

very widely in the nervous system. These results intrigued us, as gap junctions 

participate in many of the animal’s vital functions throughout development. In the 

previous chapter, I knocked down unc-9 in different groups of neurons as well as 

outside of the nervous system, to narrow down further which groups of cells or tissues 

were involved in the lifespan extension observed in the second chapter. I discovered 

that when unc-9 is removed from glutamatergic neurons, we see an increase of 

lifespan that is comparable to the one in unc-9 mutants and that unc-9 expression in 

muscles was likely, not involved in this phenomenon.  

Despite this narrowing down of the presumed place of action of UNC-9 to such a small 

group of cells, we still had to learn more about the mechanisms or pathways involved 

in the control of longevity by unc-9. So far, my primary hypothesis has been that as 

neurons aged, signals related to their deterioration spread to their neighbours, 

causing bystander damage similarly to the way neuronal death spreads following a 

traumatic event in mammalian brains. It is conceivable that these signals are related 

to reactive oxygen species (ROS). For instance, Feine et al. showed that oxidative 

insults could propagate through gap junctions between endothelial cells in bENd.3 cell 

line cultures, which lead to an expansion of damage in adjacent cells (Feine et al., 

2012).  

We know from past research in ageing animals that there is considerable evidence of 

molecular damage caused by the presence of ROS. For example, studies in rats showed 

that with age, levels of lipid peroxidation increase in comparison to those in young 

animals (Roberts and Reckelhoff, 2001). Lipid peroxidation is the consequence of free 
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radicals attacking cell membranes (Sohal and Weindruch, 1996). ROS can also damage 

proteins through the formation of carbonyl derivates. Specifically, protein 

carbonylation increases as organisms age, both in specific proteins and the total 

protein content (Bokov, Chaudhuri and Richardson, 2004). This increase is observed 

across species such as humans, rhesus monkeys, rats, fruit-flies and C. elegans (Oliver 

et al., 1987; Starke-Reed and Oliver, 1989; Sohal and Dubey, 1994; Adachi, Fujiwara 

and Ishii, 1998; Zainal et al., 2000).  

Besides making these correlative observations, researchers have attempted to assess 

whether treatments that increase lifespan can also protect organisms against 

oxidative damage.  For instance, I discussed in previous chapters how caloric 

restriction leads to increased lifespan in various model organisms through insulin/IGF-

1 signalling and other pathways. In studies with rodents on caloric restriction, in 

addition to lifespan extension, animals also exhibited reduced molecular damage 

(Bokov, Chaudhuri and Richardson, 2004). Furthermore, in 1995, Xia et al. reported 

that caloric restriction led to higher rates of antioxidant enzymes in the animals’ 

tissues (Xia et al., 1995). 

Experiments in Drosophila showed that long-lived flies with mutations in the 

insulin/IGF-1 signalling pathway also showed increased antioxidant enzyme activity 

and higher resistance to oxidative damage (Clancy et al., 2001). Strikingly, in a 

selection-based experiment which led to the production of long-lived strains, higher 

rates of antioxidant activity were also reported (Arking et al., 2000). Moreover, lines 

resistant to paraquat, a strong oxidative agent, had also a longer lifespan (Vettraino, 

Buck and Arking, 2001). Similarly, in C. elegans, Johnson et al. found that long-lived 

mutants were also resistant to a variety of external stressors, including ROS, high 

temperatures and UV-irradiation (Johnson et al., 2002).  

In sum, a large body of work supports the argument that longevity coincides with 

higher protection against oxidative damage. One more popular approach used to 

investigate this relationship is to manipulate oxidative stress levels and observe the 

effects on lifespan. In C. elegans, increasing ROS formation through the increase of 

ambient oxygen concentration from 21% to 60% leads to a shorter lifespan while 
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decreasing it to 2% can increase it (Honda et al., 1993; Adachi, Fujiwara and Ishii, 

1998). Furthermore, oxidative compounds such as paraquat, juglone and arsenate 

significantly shorten lifespan (Vanfleteren, 1993; Olahova et al., 2008; Van Raamsdonk 

and Hekimi, 2009). Considering the toxicity of these agents, it is difficult to determine 

with absolute certainty that the animal’s short lifespans are due to the oxidative stress 

or other mechanisms. Using antioxidant compounds follows the same rationale while 

providing neater results. For example, Benedetti et al. extended lifespan compared to 

controls by adding α-lipoic acid to the animals’ plates (Benedetti et al., 2008). 

Moreover, similar results were obtained from experiments using other substances 

such as tocotrienols and N-Acetyl-L-Cysteine (NAC) (Adachi and Ishii, 2000; Liao et al., 

2011; Oh, Park and Park, 2015). Interestingly, even though vitamin C does not 

influence lifespan when added alone in the worms’ medium, it can increase lifespan 

when inserted into liposomes (Shibamura, Ikeda and Nishikawa, 2009).  

However, the role of oxidative stress in ageing has been controversial, as there has 

been much-conflicting evidence coming from studies using pro-oxidative and anti-

oxidant compounds (Harrington and Harley, 1988; Schulz et al., 2007; Gems and 

Doonan, 2009). Surprisingly, in 2017, Desjardins and colleagues discovered that the 

relationship between the rate of ageing and oxidative damage could be described by 

an inverted U-shaped dose-response curve (Desjardins et al., 2017). Their findings 

indicate that both pro- and antioxidants can both extend and shorten lifespan 

depending on their actual concentration and that more measures need to be taken 

from future studies to identify the right redox balance in target tissues to obtain 

replicable results.   

To sum up, different approaches have brought to light evidence pointing towards a 

conserved evolutionary relationship between lifespan and oxidative stress. The 

evidence is also consistent with Harman’s oxidative stress theory, according to which 

the rate of ageing is directly modulated by oxidative stress (Harman, 1956). For us, it 

is an exciting starting point in understanding how gap junctions play a role in the 

ageing, nervous system. In this chapter, I set out to explore whether unc-9 mutants’ 

longevity could be attributed to a reduced propagation of oxidative damage signals 
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which could, in turn, enable neuronal degradation ultimately leading to their demise. 

I chose to enrich growth medium with NAC as proposed in Oh et al. in unc-9 mutant 

and wild-type animals and measured their lifespan. I found that while unc-9 on NAC 

plates exhibited no additional advantage compared to unc-9 animals on regular plates, 

wild-type worms on NAC lived significantly longer than their controls. Interestingly, 

even on NAC plates, wild-types could not achieve the lifespan extension observed in 

unc-9 mutants which suggests that whereas the mutation could protect against 

oxidation, there are likely more factors to be considered.  

 

4.2 Methods and Materials 

In the effort to investigate whether the unc-9 mutation protects animals from 

oxidative damage, I designed an experiment where unc-9 mutants and wild-type N2 

worms were grown on regular plates and NAC enriched plates and compared their 

lifespans.  

 

4.2.1 Nematode Strains 

All strains and treatments used for this chapter’s experiment are summarized in Table 
11.  
 

 
Table 11 Summary of all strains and conditions used in Chapter 4 assays. 

 

4.2.2 Antioxidant Administration 

N-Acetyl-L-Cysteine (purchased in powder form from Sigma-Aldrich, CAS Number 616-

91-1) was dissolved according to the manufacturer’s instructions, and the resulting 

solution was added to nematode growth medium during its preparation to a 5 mM 

concentration. Both NAC enriched, and regular NGM plates were poured and used on 
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the same days. Furthermore, all plates were cultured in a 7% oxygen chamber to 

protect animals from additional external oxidative stressors. 

 

4.2.3 Lifespan Assay 

Both lifespan assays were conducted as described in section 2.2.3 with the exception 

that all strains were cultured in a 7% oxygen chamber. The temperature was set for 20 

˚C. However, both analogue thermometers indicated that the actual value was 24˚C.  

 

4.2.4 Analysis 

Survival analysis for this chapter was conducted as described in section 2.2.6.  

 

4.3 Results 

In this chapter, I attempted to find a potential mechanism that could account for the 

unc-9 mutant lifespan extension observed in previous chapters. Ageing and oxidative 

damage are very strongly associated in the literature, and gap junctions are viewed as 

a potential passage for oxidative stress-related signals from cell to cell. Wild-type 

animals and unc-9 mutants were grown on regular or NAC enriched plates, and I 

compared their lifespans. It is worthwhile mentioning that all worms lived slightly less 

than in previous experiments. This was likely due to the oxygen chamber’s 

temperature (24˚C), which was four degrees higher than in our usual experimental 

setups (20˚C).  

 

 

 
Table 12 Antioxidant assay result summary. MS = Median Survival, p value from the Kaplan Meier method, Log-

rank p value (ns: P > 0.05, '*': P ≤ 0.05, '**': P ≤ 0.01, '***': P ≤ 0.001, '****':  P ≤ 0.0001). 
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Figure 45 Antioxidant Assay Violin Plots. 

4.3.1 NAC provides a small advantage in wild-type but not in unc-9 mutants 

All strains were kept at a reduced (7%) oxygen tension throughout their lives to protect 

them from additional external oxidative stress that could also mask the NAC 

treatment’s effect. Albeit small, I observed a significant advantage in N2 animals grown 

with the anti-oxidant (Table 12 and Figure 45 & 46). Specifically, median survival 

increased by two days. The effect of NAC on lifespan appears to be mostly affecting 

the survival of older animals - whereas the survival curves show virtually no difference 

in the first two weeks of life, they diverge significantly in later life stages.  

 

 
Figure 46 When cultivated in NAC enriched plates, N2 animals live significantly longer than when grown in regular 

NGM plates (Log-rank p value = 0.0056, **). 
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4.3.2 NAC does not influence unc-9 mutants’ lifespan 

Once again, I observed a significantly longer lifespan when both N2 wild-types and 

unc-9 mutants are grown on regular medium (Figure 47). However, as seen in (Table 

12 and Figure 25), unlike in the wild-type, no differences in lifespan can be seen 

between unc-9 mutants grown on NAC enriched plates versus mutants grown on 

regular plates.   

 

 

 

 
Figure 47 Consistent with previous results, even at 7% oxygen, when cultivated on regular plates, unc-9(e101) 

mutants have a significantly longer lifespan than wild-types (Log-rank p value < 0.0001, ****). 

 

 

 

 

 

 
Figure 48 Whether grown on NAC enriched or regular NGM plates, unc-9 mutants do not show any significant 

differences in lifespan (Log-rank p value = 0.4718, ns). 
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Interestingly, when comparing the long-lived NAC-treated wild-type and the CB101 

unc-9 mutants grown on regular medium, there is still a very large difference in 

lifespan (Table 12 and Figure 49). Namely, CB101 grown on regular NGM plates have 

a median survival of 18 days, in contrast to the 16 days observed in N2 grown in the 

presence of N-Acetyl Cysteine.   

 

 

 
Figure 49 When cultivated on NAC enriched plates, N2 animals still have a shorter lifespan than unc-9 mutants 

raised on regular NGM plates (Log-rank p value = 0.0005, ***). 

 

 

4.4 Discussion 

Oxidative stress is viewed in the literature as a major contributor to ageing. This 

relationship is observed in diverse species including humans, rodents, flies and worms, 

thus pointing to an evolutionarily conserved mechanism. In the injured nervous 

system, gap junctions contribute to propagating neuronal damage by facilitating the 

passage of injury-related signals that ultimately cause bystander death. The molecular 

identity of these signals is not known. Interestingly, it was suggested that gap junctions 

might also facilitate the propagation of harmful signals related to oxidative stress 

(Feine et al., 2012). I hypothesised that the lifespan extension seen in unc-9 mutants 

might be linked to the noxious signals spreading less or not as quickly, which would 

consequentially delay neuronal death and ageing. To test this hypothesis, I cultivated 

wildtype animals and unc-9 mutants on NGM plates enriched with NAC, an antioxidant 

compound. Once again, when comparing animals grown on regular plates, I observed 



101 

 

that unc-9 lived significantly longer than wildtypes, confirming my previous findings. It 

is interesting to note that the expansion of lifespan caused by the absence of unc-9 is 

robust and not dependent on a particular growth condition, persisting at elevated 

temperature (24°C vs 20°C) or reduced ambient oxygen tension (7% vs 21% O2). 

Cultivation of wildtype animals on NAC enriched plates extends lifespan  

I found that compared to N2 animals raised on regular NGM, worms raised on NAC 

enriched NGM lived significantly longer. This finding is consistent with previous 

experiments which used NAC to study the effect of antioxidants on lifespan (Oh, Park 

and Park, 2015). In the past, lifespan assays combined with antioxidants did not always 

yield consistent results, but this can be explained by the recent finding by Desjardins 

and colleagues who showed that there is a U-shaped dose-response relationship 

between ROS and the ageing rate. Consequentially, if antioxidant concentrations 

administered to the animals are too low or too high, they will not result in lifespan 

extension. This is partially due to the fact that low levels of ROS are not stressful and 

can even trigger protective mechanisms (Desjardins et al., 2017).  

NAC treatment did not extend lifespan in unc-9 mutants 

Strikingly, despite being subjected to the same protocol as wild-type animals, unc-9 

did not benefit from the antioxidant treatment. Median lifespan was the same in both 

groups, and the survival curves look almost identical. This observation suggests that 

perhaps unc-9 mutants are already protected from oxidative stress and that the 

improvement in lifespan seen in the wild-type is already included in the original effect 

seen in the mutants. If mutants had exhibited a further extension in lifespan, it would 

suggest that two dissociated mechanisms are taking place. Furthermore, when 

comparing long-lived wildtype animals treated with NAC to unc-9 mutants grown on 

regular NGM, we find that there is still a big difference between N2 and CB101. This 

indicates that while protection against oxidative damage could increase lifespan in the 

mutant, there are still other factors involved in the phenomenon. In the instance 

where wild-type treated with antioxidants had a similar lifespan to unc-9 mutants, 

there would be strong evidence that that the expansion of lifespan caused by the 

absence of unc-9 is entirely caused by changes in oxidative stress levels. 



102 

 

4.5 Chapter Conclusion 

In previous chapters, we learned that unc-9 mutants have a significantly longer 

lifespan than wildtype animals and that this effect appears to depend largely on a 

subset of glutamatergic neurons. unc-9 has a key role in the function of the C. elegans 

nervous system and thus understanding how its mutations extend lifespan could give 

us invaluable insight in the role gap junctions may have in neuronal ageing and death. 

It is now established that in mammalian nervous systems, gap junctions exacerbate 

neuronal injury following a traumatic event by allowing injury-related signals to spread 

to neighbouring cells. Oxidative stress could result in the spread of equally damaging 

signals that could be involved in the neuronal degeneration observed in ageing 

animals. In this chapter, I hypothesised that in unc-9 mutants, the spread of the 

damage is reduced or delayed which results in longer-lived animals. I put that 

hypothesis to the test by exposing both wild-type and mutants to the antioxidant 

compound N-acetyl cysteine (NAC). I found that mutants exposed to the antioxidant 

did not have an advantage compared to mutants grown on regular plates. 

Furthermore, I found that N2 wild-type animals exposed to NAC lived significantly 

longer than untreated ones, but not as long as untreated unc-9 mutants. 

Taken together, these findings suggest that unc-9 mutants could be protected in part 

by reduced or delayed oxidative damage, but that this factor is not sufficient on its 

own to explain the full effect of unc-9 on lifespan. In the next chapter, I attempt to find 

out whether the increase of lifespan in unc-9 mutants presents a real benefit rather 

than a mere extension of a decrepit state, by observing and measuring healthspan 

parameters in these animals 
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5 Mutations of unc-9 affect specific aspects of 
Healthspan in C. elegans  

 

5.1 Introduction: Defining and Observing Healthspan in Long-lived Mutants 

Defining physiological traits to describe the ageing process is the subject of interest of 

many researchers. Since the discovery of the first mutation able to increase lifespan, 

age-1, worms have been at the forefront of the ageing field (Friedman and Johnson, 

1988). However, we now have access to a multitude of findings on ageing coming from 

different model systems including yeast, worms, flies, zebrafish, killifish and mice 

(Kenyon et al., 1993; Longo, Gralla and Valentine, 1996; Promislow et al., 1996; 

Gerhard et al., 2002; Barbieri et al., 2003; Terzibasi et al., 2008; Anchelin et al., 2011). 

We now know a plethora of other genetic pathways able to modulate lifespan, 

including many that are present in humans (Willcox et al. 2008; Flachsbart et al. 2009; 

and further discussed in Bartke 2011).  

Lifespan, often defined as the amount of time elapsed from birth to death, is to this 

day the main index to measure the ageing process. Despite the wealth of information 

one can gather from lifespan, and its related values (mean, minimum and maximum 

lifespan and median survival), the term ‘ageing’ itself is not consistently defined and 

consequentially is difficult to measure. Ageing can be defined as the sum of changes 

that occur in an organism’s tissues and organs over its lifetime. Alternatively, from a 

statistical perspective, ageing can be defined as the increase in the probability of 

death. While the terms ‘ageing’ and ‘lifespan’ are often intertwined, it has become 

increasingly clear that the latter is only one aspect of the former. 

Examples of mechanisms involved in lifespan extension in C. elegans include the 

insulin/IGF-1 signalling (IIS) pathway described in previous sections, target of 

rapamycin (TOR) pathways, sirtuins, protein transcription and mitochondrial signalling 

(Mukhopadhyay, Oh and Tissenbaum, 2006; Yen, Narasimhan and Tissenbaum, 2011). 

These mechanisms can function separately or in conjunction with the IIS pathway (see 

C. J. Kenyon 2010 for an extensive discussion).   
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Compared to the extensive knowledge gained from mutations capable of extending 

lifespan in different organisms, little is known about their effect on healthspan. Willcox 

and colleagues defined healthspan as “the period of midlife vigour that precedes 

significant functional decline” (Willcox et al., 2008). Flachsbart et al. described 

healthspan as “the length of time an organism is able to maintain good health” 

(Flachsbart et al., 2009). Applied to humans, extending lifespan but not healthspan 

would lead to an increased incidence of age-related diseases such as diabetes, 

arthritis, cancer and dementia which would, in turn, result in overall reduced life 

quality for our ageing population along with booming healthcare costs (Tenand, 2016). 

One of the most significant challenges in ageing research is to find a standard 

definition for healthspan that could be applied to all species as well as reliable ways to 

measure it. Moreover, it will become increasingly important to understand whether 

these measurements could be compared across different model organisms and 

whether they could help us learn more about human health and disease.  

Besides the need for defining healthspan, there is also a need to understand typical 

patterns of changes that occur while the individual is ageing. Healthspan data are still 

limited and mostly pertain to age-related characteristics similar to those observed in 

humans. Thanks to its many advantages (described in depth in Chapter 1), C. elegans 

has contributed vital information about healthy ageing and its associated changes at 

the molecular, cellular and behavioural levels. For instance, Haithcock et al. identified 

age-related changes in nuclear architecture (Haithcock et al., 2005). These included 

changes in nuclei shape and nuclear envelope protein distribution. Similar changes 

were also previously observed in Hutchison-Gilford Progeria syndrome patients in 

which the natural ageing is accelerated (Goldman et al., 2004). Moreover, at the tissue 

level, morphological changes were described in the animal’s gonads, pharynx and 

muscles (Garigan et al., 2002; Herndon et al., 2002a). Specifically, deterioration of 

body wall muscles resembles mammalian sarcopenia which is described as an age-

dependent decline in muscular structure and function (Herndon et al., 2002a). 

Strikingly, similarly to ageing humans, ageing worms also exhibit deterioration of 

learning and memory (Kauffman et al., 2010). 
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In their majority, healthspan assays are conducted in both wild-type animals and 

mutants of interest. Researchers then record whether changes occur earlier or later 

in the mutant compared to the wildtype. In instances where a mutation improves 

healthspan, long-lived mutants’ health indexes should start declining at later stages 

that in wildtypes. Interestingly, in addition to a delayed onset of age-related change, 

studies show that long-lived mutants tend to be more resilient against environmental 

stressors including thermal stresses, reactive oxygen species and exposure to UV 

irradiation (Lithgow et al. 1994; Hsu et al. 2003; also reviewed in Johnson et al. 2000). 

For example, in 1996, Murakami et al. showed that all long-lived age-1 and clk-1 

mutants were more resistant to UV irradiation than wild-type animals (Murakami & 

Johnson 1996). In contrast, animals with progeric mutations like daf-16 and mev-1 

were more vulnerable to external stressors when compared to their controls (Yanase, 

Yasuda and Ishii, 2002; Singh and Aballay, 2006). 

Given the critical implications for human ageing, I wanted to probe whether the long-

lived unc-9 mutants also lead to an increase in healthspan compared to wild-type 

worms. I conducted a series of healthspan assays in both unc-9 mutant strains CB101 

and CW129, and the N2 wild type. I measured pharyngeal pumping, egg-laying and 

designed scales for scoring movement and responsiveness consistently throughout 

the animals’ lives. I found that in unc-9, egg-laying was halted and pharyngeal pumping 

declined earlier than in N2. However, unc-9 mutants remained active and responsive 

for longer. Finally, I also tested how increasing oxygen levels beyond 21% O2, thus 

inducing high oxidative stress levels, impacts lifespan in these strain. These initial 

results not only show us that long-lived unc-9 mutants can sustain their youthfulness 

for longer but also help us design more comprehensive test batteries for future 

healthspan investigations.   
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5.2 Methods 

5.2.1 Worm Strains 

In this chapter, I used C. elegans strains N2, CB101 (unc-9(e101)) and CW129 (unc-

9(fc16) (described in detail in Table 2 in section 2.2.1.). All strains were fed with the 

Escherichia coli strain OP50 on NGM plates and kept in a 20˚C incubator.  

 

5.2.2 Assays and Analysis 

5.2.2.1 Hyperoxia and Normoxia Lifespan Assays 

For the hyperoxia and normoxia Lifespan Assays, 130-150 animals were cultivated at 

21% oxygen while 130-150 animals were cultivated in a Billups-Rothenberg modular 

incubator chamber with an oxygen concentration that varied between 80 and 100% 

O2 – 100% O2 was pumped in every few days, and due to leakage, the oxygen tension 

in the chamber decreased in between, but never below 80%.  Lifespan assays and 

analysis were conducted as described in Chapter 2 in sections 2.2.3 and 2.2.6. 

respectively. All animals were kept in a 20˚C incubator. 

 

5.2.2.2 Pharyngeal Pumping Rate and Healthspan Assays 

Worms consume bacteria which pass through the pharynx to enter the digestive tract. 

The pharynx contracts rhythmically (referred to as pumping), to crush bacteria in the 

pharyngeal grinder and allow food to pass to the intestines (Figure 50). Pharyngeal 

pumping is a good proxy for muscular fitness and healthspan, can be easily observed 

and quantified under the microscope, and is known to decline with age (Collins et al., 

2008).  
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Figure 50 Anatomy of the pharynx and pharyngeal pumping. (a) Simplified cross-section of the pharynx. (b) 

Transverse section of the pharynx showing the main regions involved in pharyngeal pumping. (c) Step-by-step 

schematic of pharyngeal pumping. 

 

Huang et al. observed that in day 2 adults, pumping rate was around 300 pumps per 

minute which gradually decreased to 150 pumps per minute at day 7 of adulthood 

(Huang, Xiong and Kornfeld, 2004a). By day 11 of adulthood, worms pump around 20 

times per minute, but within the next couple of days no more pumping is observed. In 

healthspan assays, the measurement of pumping can provide information about 

‘Pumping Rate’, defined as the number of contractions within a defined period of time 

and about ‘Pumping Span’, defined as the amount of time a worm sustains continuous 

pharyngeal pumping (Keith, Amrit and Ratnappan, 2014).  

In my experiment, I measured pumping every four days until pumps were no longer 

discernible. Worms used for the pumping assays were sampled from the main lifespan 

assay population grown at normoxia. For each strain 10 animals, from different plates, 

were randomly selected and transferred to fresh plates. I ensured that animals were 

not starved and were on the bacterial lawn during the experiment. Once under the 

stereomicroscope, before starting counting, worms were given 2 to 5 minutes to 

recover from the transfer . A timer was set to a minute, and with the help of a standard 

cell counter, pumps were counted during the time interval. If pumping was 

interrupted, the trial was discarded. Typically, five trials were taken per animal. At the 
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end of the experiment, trials were averaged for each animal. I computed the average 

and the median pumping rate for each strain and proceeded to a pairwise comparison 

between each mutant strain and N2. For the pairwise comparisons, I chose a two-

tailed non-parametric Mann-Whitney U test with the Prism software (GraphPad). 

The Mann-Whitney test is a good alternative to Student’s t statistic when we cannot 

satisfy the assumption that our populations are normally distributed. In our 

experiment, there were only ten data entries per strain, and therefore, a non-

parametric test was more appropriate. Compared to other software, Prism computes 

an exact P value which considers ties among values. 

 

5.2.2.3 Locomotion and Responsiveness Assays 

The most prominent manifestation of senescence in C. elegans is a progressive decline 

in the movement which eventually halts altogether. Initially, morphological studies 

conducted by Herndon et al. suggested that the nervous system was relatively spared 

and that deterioration in muscles was behind the locomotory decline (Herndon et al. 

2002). However, a functional analysis performed by Liu et al. revealed that 

deterioration in the nervous system preceded the first signs of change in muscle 

morphology (Liu et al., 2013). Observing and scoring moving could, therefore, provide 

a reliable proxy for assessing nervous system function. Worm tracking technology can 

nowadays help us collect high precision data about these animals’ speed. However, in 

my experience, subtle behavioural changes cannot be captured by tracking devices 

currently available in the lab. Furthermore, towards the end of their lives, immobilized 

animals can still exhibit a variety of degrees of responsiveness. To my knowledge, 

there is no standardised protocol for collecting this type of information reproducibly.  

To this end, I designed an index for scoring locomotory state and responsiveness 

(Tables 13 & 14), which allowed me to record the worms’ state throughout their lives. 

During the lifespan assay at normoxia, I collected both locomotory and responsiveness 

data every other day. For each strain, we had 10 plates with 15 animals on each plate 

for both normoxia and hyperoxia which brought us to a total of 150 worms. In each 

plate, all worms were given a score for each which were subsequently averaged to 
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give us the overall plate score for each of the 10 plates (per strain). Plate scores were 

subsequently summed and averaged to create the daily strain score. To avoid 

inequalities between plates, when an animal was dead it was given a ‘0’. Averaged 

scores were also used in conjunction with a two-tailed, non-parametric, Mann-

Whitney U test for pairwise comparisons between mutants and the N2 control strain. 

The significance threshold was set to 0.05. To conduct this analysis I used the 

mannwhitneyu function from scipy’s stats module in Python 3.7. 

 

 
Table 13 Locomotion scoring index. 

 

 

Table 14 Responsiveness scoring index. Animals were classed as responsive if they moved their tail, body or nose 

after being prompted by tap, poke or eye-lash stroke. 

 

5.3 Results 

 

5.3.1 Normoxia and Hyperoxia Lifespan Assays 

For animals cultivated at normoxia, results were consistent with experiments in 

previous chapters (Table 15 and Figure 51). CB101 unc-9(e191) and CW129 unc-

9(fc16) loss-of-function mutants lived significantly longer than N2, with CB101 

showing an overall longer lifespan than CW129.   
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Table 15 Normoxia and Hyperoxia lifespan assay summary table, based on results from the Kaplan-Meier method, 

Log-rank test as described in section 2.2.3 and 2.2.6. 

 

When cultivated under hyperoxic conditions (80-100% O2), all strains had a shorter 

lifespan than their counterparts grown in normoxia. Interestingly, while CB101’s 

advantage drops slightly in Hyperoxia, CW129 shows no significant difference in 

lifespan than N2.  

 

 

Figure 51 (a) Survival curves from strains cultivated in normoxia (21% O2). Both unc-9 mutant strains lived 

significantly longer than the wildtype (Log-rank p value < 0.0001. ****, CW129: Log-rank p value = 0.0002, ***). 

(b) Survival curves from animals cultivated in hyperoxia (80-100 % O2). When cultivated in hyperoxia, even though 

CB101 maintains its advantage albeit to a lesser extent, CW129 does not live significantly longer than the wildtype 

(CB101: Log-rank p value = 0.0001, ***, CW129: Log-rank p value = 0.8460, ns).  

 

When comparing the curves of each strain in normoxia versus hyperoxia, we observe 

that CB101 and CW129 show the greatest discrepancy between conditions (Figure 51 

& 52). While N2 in normoxia has a significantly longer lifespan than in hyperoxia, 

median survival does not change. In CB101 and CW129, median survival dropped by 4 

days from normoxia to hyperoxia.  
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Figure 52 Survival curves from all strains raised in normoxia compared to their counterparts cultivated in 

hyperoxia. All strains show significantly longer lifespans in normoxia (N2: Log-rank p value < 0.0001, ****, 

CB101: Log-rank p value < 0.0001, ****, CW129: Log-rank p value < 0.0001, ****). 

 

 

 

5.3.2 Pharyngeal Pumping Rate and Span 

We collected pharyngeal pumping data on days 1, 5, 9, 13, 17 and 21 (Figure 53). On 

day 22, we could no longer see signs of pumping in any of the strains. Results show 

that on day 1, N2 animals (median = 271.5 min-1, n = 10) pumped significantly more 

than CB101 (median = 250 min-1, n = 10, U = 15.5, p = 0.0072) and CB129 (median = 

246 min-1, n = 10, U = 7, p = 0.0005) strains. On day 5, N2 (median = 200 min-1, n = 10) 

animals showed higher pumping rates that CW129 (median = 173 min-1, n = 10, U = 

12.5, p = 0.0031) but not CB101 (median = 210 min-1, n = 10, U = 34.5, p = 0.2548). For 

the rest of the experiment, no significant differences were reported.  
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Figure 53 Bar graphs showing differences in pharyngeal pumping between unc-9 mutant strains and N2 wild type. 

Error bars are based on the standard error of the mean (SEM). Significance summary key: ns: P > 0.05, '*': P ≤ 

0.05, '**': P ≤ 0.01, '***': P ≤ 0.001, '****':  P ≤ 0.0001. 

 

 

5.3.3 Locomotion and Responsiveness in animals cultivated in normoxia (21% O2) 

Locomotion and Responsiveness data were collected every other day (Table 16 and 

Figure 54). On one hand, I did not encounter any statistically significant differences in 

locomotion between CB101 unc-9(e101) mutants and N2. On the other hand, CW129 

unc-9(fc16) mutants are more motile throughout their life; a trend that persists even 

after N2 animals have stopped moving (day 10: median = 36, U = 23, p = 0.0386; day 

14:  median = 32.25, U = 17.5, p = 0.0121; day 24: median = 4, U = 11.5, p = 0.0015) 

(Figure 54).  
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Figure 54 Locomotion and Responsiveness averaged scores in normoxia. (a) Locomotion scores comparison 

between N2 and CB101 unc-9 mutants. (b) Locomotion score comparison between N2 wildtype and CW129 unc-9 

mutants(c) Responsiveness score comparison beween N2 and CB101 unc-9 mutants. (d) Responsiveness score 

comparison between N2 wildtype and CW129 unc-9 mutants. Error bars are based on 95% confidence intervals. 

 

Responsiveness data for animals cultivated in normoxia show that whilst early in the 

experiment all strains are equally responsive, both CB101 and CW129 unc-9 mutants 

are significantly more responsive than N2 as they age (CB101: day 24: median = 2.5, U 

= 26, p = 0.0466; CW129: day 24: median = 4, U = 15, p = 0.0037) (Figure 54). Table 13 

is a comprehensive summary of all statistical results from strains cultivated in 

normoxia.  
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Table 16 Summary of averaged scores from Locomotion and Responsiveness assays conducted in normoxia.  

M-W U = Mann-Whitney U test, PVAL = p value, SIGN.SUM = Significance Summary (ns: P > 0.05, '*': P ≤ 

0.05, '**': P ≤ 0.01, '***': P ≤ 0.001, '****':  P ≤ 0.0001), CB = CB101, CW = CW129. 

 

5.3.4 Locomotion and Responsiveness in animals cultivated in hyperoxia (80-100% O2) 

Animals cultivated in hyperoxia have a shorter lifespan than those grown in normoxia. 

Therefore, we had fewer points of comparison for all strains. While both unc-9 loss-

of-function mutants CB101 and CW129 show similar locomotion scores during the first 

half of their lives, CB101 gains an advantage around day 12 over the wildtype (day 12: 

median = 20, U = 11.5, p = 0.0024; day 14: median = 10.5, U = 20, p = 0.0208). CW129 

unc-9 mutants show no difference in locomotion from N2 throughout the experiment. 

Responsiveness data show that N2 has a strong advantage compared to CW129 

around day 8 (median = 44, U = 8.5, p = 0.0009) which is subsequently lost. CB101 

shows no difference early in the experiment but in day 16 it is significantly more 

responsive than N2 (day 16: median = 21.8, U = 6.5, p = 0.0004) (Figure 55). 

Table 17 presents a comprehensive summary of all statistical results from strains 

cultivated in hyperoxia. 
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Figure 55 Locomotion and Responsiveness averaged scores in hyperoxia. (a) Locomotion scores comparison 

between N2 and CB101 unc-9 mutants. (b) Locomotion score comparison between N2 wildtype and CW129 unc-9 

mutants. (c) Responsiveness score comparison between N2 and CB101 unc-9 mutants. (d) Responsiveness score 

comparison between N2 wildtype and CW129 unc-9 mutants. Error bars are based on 95% confidence intervals. 

 

 

 
Table 17 Summary of averaged scores from Locomotion and Responsiveness assays conducted in hyperoxia.     

M-W U = Mann-Whitney U test, PVAL = p value, SIGN.SUM = Significance Summary (ns: P > 0.05, '*': P ≤ 

0.05, '**': P ≤ 0.01, '***': P ≤ 0.001, '****':  P ≤ 0. 
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5.4 Discussion 

Ageing in humans and C. elegans alike comes with different types of functional decline, 

which at later stages of life become individually and conjointly apparent. Age-related 

changes can vary from simple morphological alterations to severe functional 

deterioration. Lifespan analysis, being historically the most popular metric for 

quantifying the ageing process, does not account for qualitative information. 

Healthspan, on the other hand, although still not well defined, can help us understand 

whether our interventions give the animal the opportunity to live a longer but also 

healthy and active life. Extending lifespan but not healthspan would lead to an 

extended decrepit state. For humans, this would not only lead to an insurmountable 

societal burden but also a reduced life quality for the ageing individual. 

In chapter 1, I identified a group of long-lived innexin mutants. I then focused on the 

results in unc-9 mutants, as unc-9 innexins are widely expressed in the C. elegans 

nervous system and are involved in most functions and behaviours.  In Chapter 5, I set 

out to explore whether this lifespan extension is accompanied by an improvement in 

healthspan in long-lived mutants. Importantly, I had to devise a battery of tests that 

would allow us to assess relevant functions, including feeding (through the 

measurement of pharyngeal pumping), movement and responsiveness. Although 

pharyngeal pumping is extensively studied and measured, there is no standard way of 

measuring movement and responsiveness throughout the lifespan. Sophisticated 

worm trackers have allowed researchers to measure speed and distance covered in C. 

elegans (Swierczek et al., 2011), but from my experience from past lifespan assays, 

movement in the ageing animal can be subtle and often requires multiple observations 

during each day. Additionally, there are no standardised scales to assign a score which 

describe the worm’s state. To obtain a metric for qualitative information that would 

allow me to compare strains, I defined scales for the assessment of movement and 

responsiveness. Furthermore, we conducted a high-oxygen assay that would allow us 

to observe the animals under conditions of stress, namely increased oxidative stress.  
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High oxygen concentrations led to a significant reduction in lifespan for all strains 

Consistent with our previous results, when grown at 21% oxygen, both unc-9 mutant 

strains lived longer than controls. When cultivated at hyperoxia (80-100% oxygen), all 

strains lived significantly less than their counterparts grown in normoxia. These results 

are consistent with previous findings from Honda et al. showing that high oxygen 

concentrations can dramatically shorten lifespan (Honda and Matsuo, 1992). In 

previous work, it was shown that long-lived mutants are also highly resistant to 

external stressors (G. J. Lithgow et al., 1994; Murakami and Johnson, 1996c; A.-L. Hsu, 

Murphy and Kenyon, 2003). However, in our experiment, unc-9 mutants did not show 

an advantage against external oxidative stress. Even though CB101 lived significantly 

longer than wildtype (with a considerably smaller advantage than that seen at 

normoxia), CW129 showed no significant lifespan difference compared to N2 at 

hyperoxia. Overall, this seems to suggest that external oxidative stress appears to 

overrule the effect of unc-9, which is very likely linked to the propagation of an 

internal, cell-generated source of oxidative stress. It is clear that more experiments 

are required to understand that result further. In the future, other stressful conditions 

could be tested to get more data on the wildtype’s and the mutant’s resistance to 

adverse conditions, including UV irradiation. 

Furthermore, one might try a gradient of different oxygen concentrations as 80 to 

100% oxygen could be too extreme and damaging to the animals.  

 

Pharynx pumping did not differ significantly between strains 

We measured pumping rates in all strains every four days. We found that compared 

to other reports in the literature (Huang et al. 2004), pumps were visible for a longer 

period of time during the animal’s lifetime. This observation could be due to 

differences in equipment. Taking day 1 old adults as the baseline, unc-9 strains have a 

significantly reduced pumping rate compared to wild type. In contrast, there were no 

significant differences after day 5 between our three strains, with a nearly linear 

decrease of pumping over the lifetime of the animals.  This suggests that the decline 

of pharyngeal pumping activity with age progresses slightly slower in the unc-9 
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mutants than in N2, concomitant with the longer lifetime that those animals enjoy. 

For measurements, we sampled worms from the lifespan assay, and thus we chose 

four-day intervals to avoid damaging or stressing the animals too often. In future 

experiments, we will attempt to increase data resolution by taking measurements 

every day until pumping is no longer discernible. Additionally, pictures of the pharynx 

can also be taken on measurement days to document morphological changes over 

time.  

 

In normoxia, unc-9 mutants show better responsiveness scores than wildtypes 

For the normoxia lifespan assay, we cultivated animals at 21% O2 and collected 

locomotory and responsiveness data every other day as described in section 5.3.3. On 

the one hand, older CW129 animals move significantly more than N2, while CB101 

shows no difference compared to controls. On the other hand, responsiveness data 

show that both unc-9 strains show significantly higher responsiveness scores than the 

wildtype throughout ageing. Taken together, the pharyngeal pumping, locomotory 

and responsiveness data suggest that the unc-9 mutation does not extend decrepitude 

but results in animals that live a longer and more active life.  

 

In hyperoxia, unc-9 shows less of an advantage compared to controls 

All strains in hyperoxia had a shorter lifespan than those raised in normoxia. 

Furthermore, they appeared less healthy than their counterparts at 21% oxygen. 

CB101 but not CW129 showed significantly better locomotion scores than N2. 

Moreover, CB101 shows higher responsiveness compared to N2 towards the end of 

the lifespan. Overall, in comparison to scores from animals raised in normoxia, unc-9 

seems to maintain only a small advantage under conditions of external oxidative 

stress. This observation is mostly valid for CB101 as healthspan scores from CW129 

were in the majority not significantly different than those from N2.  
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Future unc-9 healthspan experiments and considerations 

Despite its small nervous system, there are now in the literature numerous accounts 

suggesting that C.elegans is capable of non-associative and associative learning as well 

as imprinting (Rankin, Beck and Chiba, 1990; Rankin and Broster, 1992; Saeki, 

Yamamoto and Iino, 2001; Zhang, Lu and Bargmann, 2005). For example, in their 

study, Saeki et al. in 2001 found that worms starved on plates containing NaCl for 4 

hours, would migrate away from it in a subsequent gradient choice test (Saeki, 

Yamamoto and Iino, 2001).  By contrast, animals that were not starved on NaCl plates, 

did not develop this aversion. A few years later, Hukema et al. (2008) showed that 

NaCl could not only be associated with starvation but also other aversive stimuli such 

as undiluted benzaldehyde (Hukema, Rademakers and Jansen, 2008). Interestingly, 

daf-2 mutants show significant deficits in tasks aiming to investigate benzaldehyde-

starvation associative plasticity (Lin et al., 2010). This presents a dual opportunity for 

us, on the one hand we could conduct a series of learning assays with our unc-9 

mutants to investigate forms of nervous system healthspan that do not depend on 

motor function. On the other hand, results would help us understand better whether 

there is a link between unc-9 longevity and the insulin/IGF-1 signalling pathway. 
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5.5 Chapter Conclusion 

Lifespan is the most popular metric for ageing studies in C. elegans. Despite the wealth 

of data that one can acquire from lifespan assays, we need the ability to gain more 

insight into the animals’ healthspan and overall quality of life. In humans, an extension 

of lifespan but not healthspan would lead to a prolonged state of decrepitude that 

would be detrimental to society and the individual. To assess if our long-lived unc-9 

mutants also have increased healthspan, we measured pharyngeal pumping, 

locomotion, responsiveness and resistance to environmental oxidative stress. We 

found that unc-9 mutants remained more active and responsive compared to N2 when 

cultivated at 21% oxygen, a state that persisted even after the wild-type strain 

perished. We observed no significant difference in pharyngeal pumping and only a 

small improvement in locomotion and responsiveness under hyperoxic conditions. 

Overall, unc-9 mutants performed better than wildtype, but this effect was diminished 

or absent in hyperoxia, which imposes external oxidative stress on the animal. In the 

future, we will collect pharyngeal data at smaller intervals to obtain a higher resolution 

and try more environmental stressors. 
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6 Discussion 

 

 

"By the time you're eighty years old you've learned everything. You 
only have to remember it." 

 

-George Burns (1896-1996) 

 

 

 

 

Neurons communicate dynamically through chemical and electrical synaptic 

transmission. On the one hand, at chemical synapses, information is conveyed from 

one cell to the other via neurotransmitters. On the other hand, electrical synapses, 

made by gap junctions, consist of intercellular channels which allow direct 

communication and exchange of molecules between neighbouring cells. While long 

viewed as mostly static structures, mounting evidence suggests that gap junctions play 

a crucial role in development and injury. For example, after a traumatic event such as 

a traumatic brain injury or a stroke, affected neurons also referred to as ‘the core’ start 

very quickly to show signs of necrosis. Subsequently, the damage spreads to 

surrounding neurons also known as ‘the penumbra’. It is thought that secondary death 

could occur via massive and toxic releases of unknown death-inducing signals through 

gap junctions from the core to the penumbra, mediated by the release of glutamate 

which in turn triggers an increase in Ca2+  (Arundine and Tymianski, 2004).  

C. elegans is an excellent model for studying electrical synapses’ dynamics. Their gap 

junctions are formed by the innexin family of proteins. To this day, we know of at least 

25 innexin genes in these animals, which are present in virtually all cells and tissues. 

From egg-laying and reproduction to locomotion or feeding, gap junctions play pivotal 

parts in the worm’s biology.  

 



122 

 

6.1 C. elegans Gap Junctions Regulate Ageing 

This research project aimed to investigate the role of gap junctions in lifespan and 

ageing. A series of lifespan assays on non-lethal loss-of-function innexin mutants 

revealed that gap junction genes have distinct and divergent effects on longevity: 

some innexin mutants show no difference compared to N2 wild-type worms, other 

strains show a decrease in lifespan compared to wildtype, and a third group of strains 

show an increase in lifespan. The last group represented the majority, with unc-9 

reaching a median survival extension of up to 35%.  

Considering the degree of involvement innexins have in the worm’s physiology, 

reductions in lifespan in the absence of certain innexins were not surprising. For 

instance, eat-5, inx-6 and inx-16 are expressed in the digestive system, and mutations 

result in small, weak animals that perform poorly compared to wildtype (Bristol N2). 

Strikingly, however, mutations of many other innexins led to an increase in lifespan. 

Although this finding seemed counterintuitive at first, a closer look revealed some 

possible explanations to partially account for this phenomenon. For example, inx-19 

(also known as nsy-5) is expressed in head and tail neurons, where it is involved in 

chemosensation. Moreover, it is expressed in larval AWC olfactory neurons and 

required for their asymmetric function (Chuang et al., 2007). Our results regarding inx-

19 mutants are consistent with previous work by Joy Alcedo and Cynthia Kenyon 

showing that ablating AWC increases lifespan possibly through the insulin/IGF-1 

pathway and DAF-2 activity (Alcedo and Kenyon, 2004). Another interesting example 

is the lifespan extension observed in the inx-14 mutant. inx-14 is expressed in germ 

cells and is involved in guiding male sperm and oocyte repression (Whitten and Miller, 

2007). Our observations from inx-14 mutants are consistent with extensively 

documented findings showing that germ cells can influence the worm’s rate of ageing 

by ‘signalling’ when the animal is ready to reproduce. Interference with this 

mechanism can lead to lifespan extensions of up to 60% that can be observed in both 

C. elegans and Drosophila melanogaster (Arantes-Oliveira et al., 2002; Flatt et al., 

2008). 
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Interestingly, at least seven innexin mutants including inx-1, inx-5, inx-7, inx-8, inx-10 

and inx-17 did not show significant differences in lifespan compared to wild-type 

animals. Considering the widespread expression of these innexins in the nervous 

system, I hypothesise that there is some degree of redundancy and functional overlap 

and thus compensation for their loss between these innexins.  

 

From this series of lifespan assays, perhaps the most surprising finding was the 

dramatic increase in longevity seen in unc-9 mutants. unc-9 is the most widely 

expressed innexin in the nervous system, present in about half of all neurons, and is 

involved in a variety of behaviours like locomotion, egg-laying and responses to volatile 

anaesthetics. These results were replicated in multiple assays, including with a second 

unc-9 allele, but also in RNAi knockdown experiments. Furthermore, we examined 

unc-1 gain-of-function and loss-of-function mutants. unc-1 codes for a stomatin-like 

protein thought to regulate UNC-9 gap junctions (Liu, Chen and Wang, 2011), where 

a loss of unc-1 is hypothesised to close UNC-9 channels, and gain of function of unc-1 

will increase their opening. We found that the unc-1 loss-of-function mutant has an 

increase in lifespan that is reminiscent of the one observed in unc-9 mutants, whereas 

the gain-of-function mutants show a decrease in lifespan.  

Taken together, I have collected substantial evidence showing that unc-9 mutants 

have a definite advantage in longevity compared to N2 wild-type animals. A previously 

published book chapter mentioned contradictory effects of different mutations of 

unc-9 on lifespan (Hekimi 2000), but it is impossible to evaluate these data as only 

summary results were presented, and no information was given on the methods used.     

 

6.2 Glutamatergic Neurons Play an Important Role in Extending the unc-9 Mutant’s 

Lifespan 

In Chapter 3, I set out to narrow down whether the advantage seen in unc-9 loss-of-

function mutants involves the nervous system and if so, which groups of neurons are 

affected.  I used RNAi-sensitive strains from Firnhaber & Hammarlund (2013) where 

RNA interference is restricted to subdomains of the nervous system, and bacterial 
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RNAi feeding clones from Kamath & Ahringer (2003). We found that when fed with 

the unc-9 clone, the RNAi-hypersensitive (KP3948) and glutamatergic neurons-

sensitive strains (XE1582) were the only ones to show a significant lifespan extension 

when compared to animals fed with the control clone. Knocking down unc-9 solely in 

the muscles did not result in significant lifespan differences either, supporting the 

notion that the phenomenon involves the nervous system.  

Besides providing us with additional confirmation of unc-9’s role in modulating 

longevity, these results helped me to narrow down the likely place of action of UNC-9 

on lifespan to a group of cells for future investigations. Interestingly, the group of 

neurons targeted in XE1582 were in the majority mechanosensory (see chapter 3), 

which opens new research avenues to explore a link between ageing and 

mechanosensation.  

Altogether, these observations led me to hypothesise that perhaps similarly to 

neuronal injury models, noxious or ageing-promoting signals might be spreading to 

adjacent neurons in ageing animals. Lacking UNC-9 might delay the transfer of this 

signals which eventually spread through other compensatory gap junction channels 

such as the ones formed by unc-7.  Knowing that UNC-9 and UNC-7 colocalise and can 

form channels together, it would be interesting to conduct lifespan assays on double 

mutants. One might expect that these mutants would exhibit an even more significant 

effect than the one observed in unc-9 mutants alone.  

Alternatively, a second hypothesis focuses more on the mechanosensory nature of the 

neurons narrowed down in the RNAi experiment. Perhaps overactivation of these 

neurons shortens lifespan via a mechanism involving UNC-9 gap junction transmission. 

To test this hypothesis, we will need to grow animals in environments where 

mechanosensory stimulation is reduced, i.e., to raise them in isolation. Alternatively, 

the unc-9 mutation could be combined with mutants defective in sensing mechanical 

stimuli, such as the mec mutants. 

In both cases, to acquire more evidence, we would need to ablate these glutamatergic 

neurons, individually or in different combinations. This will help us understand 
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whether the lifespan extension in unc-9 mutants is the result of specific neurons or 

whether it involves network-wide mechanisms.  

Another hypothesis to consider involves the possibility involves the possibility that 

during development, the unc-9 mutation causes disruptions in the transient network 

that will give rise to chemical synapses – these chemical synapses might in fact be 

responsible for the lifespan extension seen in the mutants. Using RNAi, it would be 

possible to interfere with unc-9 expression at different life stages such as early larval, 

young adult and older adult. In Chapter 1, we observed that unc-9 mutants gain a 

significant advantage after day 15. If the unc-9 mutation affects neurons during 

development then I speculate that this advantage will be lost.   

 

To further explore the predicted set of glutamatergic neurons where UNC-9 appears 

to modulate lifespan, I conducted a brief graph analysis on C. elegans’ nervous system, 

making the assumption that a pair of adjacent neurons both expressing unc-9 can form 

a UNC-9 gap junction between them, based on the published information of cells 

expressing unc-9 in the nervous system (Altun et al., 2009) as well as the known 

connectivity of neurons based on the work by John White et al. (1984). I then 

determined all possible subnetworks where each neuron in the network is connected 

by UNC-9 to at least one other cell.  I found that there are 16 subgraphs of which the 

largest is made of 47 neurons spreading from the worm’s head to its tail (Table 18, 

subgraphs can also be seen in Figures 43 & 44).  All other subgraphs are small and not 

likely to be functionally significant in this context. Given that glutamatergic neurons of 

interest are also in this subgraph, I hypothesise that in long-lived unc-9 mutants, 

glutamatergic neurons identified in Chapter 3 are isolated from the network, which 

delays the spread of potentially deadly signals.   

 

 

 



126 

 

 
Table 18 Subgraph characteristics resulting from a graph search in the C. elegans nervous system. The search 

aimed at identifying smaller networks of adjacent neurons expressing unc-9. The assumption is that if two adjacent 

neurons express the same innexin, then it is likely that these neurons are connected by a gap junction formed by 

this innexin. Abbreviations: se : sensory neuron, in : interneuron, mo : motoneuron. GJE : gap junctions, SE : 

synapses. 

 

 

 



127 

 

A compelling hypothesis we have not addressed so far, is that perhaps UNC-9 is not 

involved in spreading signals but rather the mutation affects signaling in neurons 

involved in lifespan regulation expressing unc-9. Insofar, there is no study focusing 

specifically on investigating lifespan modulation when neurons expressing unc-9 are 

targeted. In section 1.4.1.3., I discuss how numerous papers report that ablating 

specific sensory neurons such as ASI, ASG, AWA, AWC and URX can lead to a lifespan 

extension in C.elegans. Information available so far shows that UNC-9 is not found in 

those aforementioned neurons, however, ablating subgroups or individual cells from 

the subgraphs would allow us to confirm or disprove that hypothesis.  

 

6.3 Protection Against Oxidative Stress Could be Partially involved in Lifespan 

Extension in unc-9 Mutants 

If it is true that noxious signals can flow from one neuron to another, then what would 

be the nature of these signals? Oxidative stress-related molecules are strong 

candidates when considering the evidence in the literature linking ageing to oxidative 

damage. To test whether unc-9 mutants are protected to some extent against 

oxidative stress, I added N-acetyl cysteine (NAC), an antioxidant compound, to the 

worm’s growth medium. Since the focus was on oxidative damage intrinsically 

generated within cells or tissues by their own physiological and metabolic activity, I 

raised all strains at 7% oxygen to reduce additional external oxidative stressors 

impacting the redox state of cells. 

On the one hand, I found that unc-9 mutants’ lifespan did not differ whether they were 

grown on regular growth medium or on NAC-enriched medium. Conversely, wild-type 

animals had significantly longer lifespan when grown in NAC-enriched plates when 

compared to those grown in regular plates. Taken together, these two findings suggest 

that the unc-9 mutants might be partially protected by internal oxidative stress but in 

future experiments, it will be important to try higher NAC concentrations as well as 

other factors. A complimentary approach that could help us shed more light on this 

chapter’s hypothesis, would entail exposing animals to different concentrations of 

pro-oxidant agents such as paraquat and juglone at different life points as described 
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by Senchuk, Dues and Van Raamsdonk, 2017. Alternatively, one can expose worms to 

ultraviolet light for different durations. If unc-9 mutants exhibit more resistance 

(expressed by a longer survival period), that would reinforce the possibility of oxidative 

stress being involved in their longevity. An important limitation to this approach would 

be that we do not yet have a lot of data regarding cuticle permeability in mutants and 

wildtypes. If the cuticle is more permeable in one or the other, that would largely 

affect results as antioxidants could be more efficient and pro-oxidant agents more 

damaging. This scenario could be mitigated by crafting an experiment where we would 

use miniSOG (mini singlet oxygen generator) or KillerRed to selectively genetically (Qi 

et al., 2012; Kobayashi et al., 2013). Following exposure to high-intensity blue or green 

light, genetically encoded miniSOG and KillerRed respectively, generate reactive 

oxygen species which is effective for photo-inducible cell ablation. Perhaps, it would 

be possible to create a lower-damage version of this protocol to induce oxidative 

stress to individual neurons of interest to observe how that affects other neurons in 

the same subnetwork with high spatial and temporal fidelity (Wojtovich and Foster, 

2014). 

Interestingly, wild type grown in the presence of NAC had still a significantly shorter 

lifespan than the mutant raised without the antioxidant. Altogether these 

observations suggest that protection against oxidative damage might be one 

important factor why unc-9 mutants live longer, but that it is not the only mechanism 

through which this innexin affects lifespan.  

Moreover, in the future it will be crucial to fully identify what type of gap junctions 

form in the circuits of interests. Depending on their voltage dependencies, by docking 

together, hemichannels can form rectifying or non-rectifying synapses. Although in 

this thesis we focus on the nervous system, we have seen that subnetworks can often 

contain neurons of different types, such as sensory or interneurons. Phelan and 

collaborators in 2008, described cases where coupling between neurons of different 

classes led to the creation of structurally asymmetric rectifying synapses (Phelan et al., 

2008). This is particularly interesting for our work as rectifying synapses can change 
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the behaviour of small neuronal networks and affect the direction information is 

flowing (Gutierrez and Marder, 2013).  

 

6.4 unc-9 Mutants Are More Active and Responsive in Old Age 

 An essential corollary of extending an organism’s lifespan is also to extend its 

healthspan. Healthspan is often defined as the period where an animal can maintain 

a good life quality. Obviously, in an ageing society, this is highly relevant when 

considering its consequences on an individual and societal level.  

unc-9 mutants have consistently shown an increase in lifespan and a median survival 

improvement of up to 35%. Despite replicating that finding successfully on multiple 

occasions, we did not have a standard way to quantify the animals’ life quality as they 

age. In Chapter 5, I collected pharyngeal pumping measurements, survival data but 

also locomotory and responsiveness scores based on a newly developed scoring 

method. To assess whether, similarly to other long-lived mutants, unc-9 mutations 

also conferred an advantage against external stressors, we also grew animals in a 

hyperoxic environment, which elevates oxidative stress levels.  

We found that when raised in normoxia, unc-9 animals get significantly higher scores 

in responsiveness as they age and that the CW129 unc-9 mutants also exhibited 

significantly higher scores in locomotion. Under hyperoxic (80-100% O2) conditions, all 

strains performed poorly compared to animals cultivated in normoxia (21% O2), and 

unc-9 mutants only showed small advantages in locomotion and responsiveness 

compared to wild type. Furthermore, I did not observe consistent differences 

regarding pharyngeal pumping rates between mutants and wildtype. This result 

provides one argument albeit not very strong, that unc-9 mutants do not eat less than 

its control. It is important to point out that these observations were quite limited as 

pharyngeal movements became harder to discern around day 15. In future 

experiments, we will try to collect higher resolution pharyngeal data in conjunction 

with defecation counts to gain a better understanding of alimentary patterns in 

mutants compared to wildtypes. An additional method to validate or reject the 

hypothesis that unc-9 is dietary restricted is to prepare a lifespan assay where mutants 
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and controls are fed OP50 in lower concentrations to induce caloric restriction. This 

will help us identify potential interactions between the mutation and dietary 

restriction. 

In sum, these results lead to the following conclusions: Firstly, unc-9 mutants are not 

particularly resistant to high levels of external oxidative stress. In the future, we could 

conduct gradient assays where more oxygen culture conditions would be tested. More 

importantly, we could expose animals to additional sources of stress, including UV 

irradiation and heat shocks to gain more insight into unc-9 mutants’ performance. 

Lastly, movement and locomotion scores suggest that in addition to their lifespan 

extension, unc-9 mutants can remain more active as they age compared to wildtype 

and thus this intervention can provide us with valuable insight in healthy ageing.  

 

6.5 Conclusions and Future Directions 

My study shows for the first time that innexin mutations are capable of modulating C. 

elegans’ lifespan. I focussed on the unc-9 mutants as not only they   consistently 

showed the most significant lifespan extension, but UNC-9 is also one of the most 

widely expressed innexins in the nervous system.  

Taken together, these findings could have significant implications for both the gap 

junction and the ageing field. For the gap junction field, my results reinforce the idea 

that gap junctions are not simply passive channels but play crucial roles in function 

and ageing of the nervous system throughout the animal’s life. In the future, it will be 

essential to learn more about how gap junctions are reorganised as the animal ages. 

For example, are there changes in channel gating or turnover on the gap junction 

plaques? By combining lifespan assays in wildtype and mutants with fluorescence 

microscopy, we could answer these questions for the first time.  

My results also show that a network of glutamatergic sensory neurons is involved in 

the lifespan extension seen in the unc-9 innexin mutant.  One could attempt to further 

dissect this network through ablation or silencing of individual neurons or subsets of 

neurons. I further hypothesise that molecules could spread from one neuron to 

another, spreading deadly signals during ageing in a similar fashion to the bystander 
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effect observed post-injury.  If this hypothesis is correct, what is the nature of that 

signal? Considering the critical link between ageing and oxidative stress in the 

literature, I speculate that reactive oxygen species-related signals could be spreading 

through gap junction channels. Preliminary results are consistent with this scenario 

but suggested that there are likely to be not the only players involved in the lifespan 

extension observed in unc-9 mutants. Besides designing an experiment where animals 

will be exposed to both pro- and antioxidants at different concentrations, it will be 

crucial to understand if the glutamatergic nature of the neurons I narrowed down as 

the apparent place of action of UNC-9 is also of interest. In mammalian brains post-

injury, massive quantities of glutamate are spread from the affected site to 

neighbouring cells which ultimately leads to their demise.  It would thus be of interest 

to knock down the vesicular glutamate transporter eat-4 and unc-9 concurrently in the 

same RNAi strains used in Chapter 3, to gain more insight into a possible link between 

UNC-9 function and glutamate release. Lastly, in future experiments, we should cross 

unc-9 mutants with daf-2 and daf-16 mutants, which encode the IGF receptor and 

FOXO transcription factor, respectively, to examine if gap junctions influence ageing 

through the insulin/IGF-1 signalling pathway. 

 

For the ageing field, my study unveils a novel research avenue. Ageing researchers 

aspire to discover mutations, and ultimately treatments that extend not only lifespan 

but also healthspan. In an ageing society where the incidence of age-related diseases 

is increasing, a scenario where we would stay ill for longer would be unsustainable 

from both the financial and societal perspectives. Results from our lifespan and 

healthspan assays combined suggest that unc-9 mutants not only live longer but also 

remain more active and responsive compared to control animals. Ideally, we would 

like to gather more data to assess the mutant’s performance, but we first need to 

understand better which C. elegans healthspan indicators are most comparable to 

mammalian healthspan indicators. In mammalian nervous systems Cx36 plays a critical 

role in neuronal development and in the response following neuronal injury (Frantseva 

et al., 2002; Ohsumi et al., 2006; Belousov et al., 2012). These findings (discussed in 
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more detail in Chapter 1), suggest the possibility of using gap unction blockers as a 

new therapeutic avenue (see Belousov et al., 2017 for a review addressing this topic). 

Much like firebreaks can slow down the spreading of a wildfire, blockade could halt 

the propagation of gap junction permeable signals. Understanding further through 

what mechanisms unc-9 mutation extends lifespan could point to similar strategies for 

slowing down the progress of age-related signals. 

 

In sum, this work undoubtedly represents only a first glimpse into the relationship 

between gap junctions and ageing. Just like C. elegans nervous systems, our 

mammalian brains also use gap junctions for neuronal communication. From synaptic 

development to healthy oscillatory activity to pathological states observed in disorders 

like epilepsy, gap junctions are now recognised as more than a primitive and passive 

form of neuronal communication. Hopefully, experimental work in C. elegans and 

other model organisms will not only help us learn more about these enigmatic 

structures but will also help us understand this process that is so universal and yet 

inevitable – ageing. 
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Appendix 1 

1.1. 2x TY Medium Protocol 

For 1L of Medium: 
 
Tryptone 16g 
Yeast extract 10g 
NaCl 5g 
Make the final volume to 1L. pH is 7.4.  
Autoclave. 
 

1.2. Regular NGM Protocol 

 
For 1L of Medium: 
 
17g agar  
2.5g peptone (BD Bacto, product number: 211677) 
3g NaCl 
975ml dH2O 
 
Autoclave 
Cool to 55 degrees 
 
Add:  
25ml KH2PO4 (1M pH6.0) (autoclaved) 
1ml CaCl (1M) (autoclaved) 
1ml MgSO4 (1M) (autoclaved) 
 
 

1.3. NGM Protocol for RNAi BY Feeding Experiments 

For 1L of Medium: 
 
Prepare NGM as instructed in section Appendix 1.2 then add the following during the 
last step of the preparation.  
 
1ml cholesterol (5mg/ml cholesterol in ethanol) (filter-sterilized) 
Carbenicillin to 25µg/ml final concentration  
IPTG to 1mM final concentration  
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Appendix 2 

2.1. Censoring Events Description Table 

 
 

Code Censoring Event Description 
a Internal hatching of eggs (bagging) 
b Vulva protrusion 
c Vulva rupture 
d Paralysis 
e Bacterial  or fungal contamination 
f Plate escape 
g Mishandling 
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