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Abstract

Mounting evidence support that glia play a key role in organismal ageing. However, the 

mechanisms by which glia impact ageing are not understood. One of the processes that has 

significant impact on the rate of ageing is the unfolded protein response. The more robust the 

UPR, the more the organism can counteract the effect of environmental and genetic stressors. 

However, how decline of cellular UPR translates into organismal ageing and eventual death is 

not fully understood. Here we discuss recent findings highlighting that neuropeptides released by 

glia act long distance to regulate ageing in C. elegans. Taking advantage of the short lifespan and 

the genetic amenability of this organism, the endoplasmic reticulum unfolded protein responses 

(UPRER) can be activated in C. elegans glia. This leads to cell-nonautonomous activation of the 

UPRER in the intestine. Activation of intestinal UPRER requires the function of genes involved in 

neuropeptide processing and release, suggesting that neuropeptides signal from glia to the intestine 

to regulate ER stress response. Importantly, the cell-nonautonomous activation of UPRER leads to 

extension of lifespan. Taken together, these data suggest that environmental and genetic factors 

that impact the response of glia to stress have the potential to influence organismal ageing. Further 

research on the specific neuropeptides involved should cast new light on the mechanism of ageing 

and may suggest novel anti-ageing therapies.
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1. Introduction

Despite being discovered at the same time as two distinct cell types almost 200 years ago 

(Virchow, 1856), glia and neurons were not given the same importance and were not equally 

investigated. This stems primarily from the discovery of “animal electricity” by Galvani 

at the end of the eighteen century, which led investigators to focusing on neurons and to 

assuming that these were the most important cells in the nervous system (Galvani, 1791). 

*Corresponding author at.: Department of Physiology and Biophysics, University of Miami, Miller School of Medicine, Rm 5133 
Rosenstiel Building, 1600 NW 10th Ave, Miami, FL 33136, USA. lbianchi@med.miami.edu (L. Bianchi). 

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

HHS Public Access
Author manuscript
Exp Neurol. Author manuscript; available in PMC 2022 February 16.

Published in final edited form as:
Exp Neurol. 2021 May ; 339: 113648. doi:10.1016/j.expneurol.2021.113648.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



However, in the last 70 years, we have been re-evaluating the importance of glial cells in 

the function of the nervous system. In particular, we now appreciate that their disfunction 

can significantly contribute to diseases such as Alzheimer’s disease, autism, psychiatric 

disorders, multiple sclerosis, and Parkinson’s disease among others (Coleman et al., 1985; 

Cotter et al., 2001; Damier et al., 1993; Nagele et al., 2004; Schonrock et al., 1998).

A paper recently published in Science takes this a step further and puts the importance 

of glia in the context of organismal pathophysiology (Frakes et al., 2020). Frakes and 

colleagues showed that activation of the endoplasmic reticulum unfolded protein response 

(UPRER) in the cephalic sheath (CEPsh) glial cells of C. elegans regulates longevity via 

release of neuropeptides (Fig. 1A). Activation of the UPRER in these glial cells was achieved 

via overexpression of spliced xbp-1 (xbp-1s), a transcription factor that is part of one of the 

three signaling pathways leading to UPRER activation (Yoshida et al., 2001) (Fig. 2), and 

was monitored using a GFP reporter for the gene hsp-4, the worm homologs of HSPA5, also 

known as GRP78/BiP, a molecular chaperone activated by ER stress (Nuss et al., 2008). The 

neuropeptides released by CEPsh glia overexpressing xbp-1s act 300 μm away (about 1/3 of 

the worm’s body length) on intestinal cells, where they control clearance of intestinal protein 

aggregation, which is known to worsen with age. The involvement of neuropeptides in this 

process was elucidated by the use of mutants in genes involved in neuropeptides’ processing 

and release. Indeed, the effect of overexpressing xbp-1s in CEPsh glia on longevity and on 

cell-nonautonomous UPRER activation is lost in egl-3 and unc-31 mutant C. elegans. While 

egl-3 encodes a peptidase involved in the processing of neuropeptides, unc-31 is a homolog 

of CADPS (Ca2+-dependent secretion activator) and it is involved in the fusion of dense core 

vesicles. Importantly, expression of xbp-1s in the intestine causes cell-autonomous activation 

of the UPRER, but does not activate the UPRER in any other cell and does not cause changes 

in lifespan (Fig. 1B).

The Dillin lab had already shown that activation of the UPRER in one tissue can lead to 

its cell-nonautonomous activation in other tissues (Taylor and Dillin, 2013). Using similar 

strategies used in their recent manuscript, they showed that activation of UPRER in neurons 

via expression of xbp-1s leads to activation of the UPRER in the intestine (Fig. 1C). The 

cell-nonautonomous activation of the UPRER in the intestine requires the function of unc-13, 

a gene that encodes a calmodulin binding protein needed for fusion of the clear core 

vesicles. Thus, neuronal-mediated cell non-autonomous activation of the UPRER requires 

neurotransmitters, rather than neuropeptides. Similar to Frakes et al. (2020), Taylor and 

colleagues showed that cell-autonomous activation of the UPRER in the intestine or in 

muscles does not extend lifespan (Fig. 1B and D) (Taylor and Dillin, 2013). Importantly, 

the neuronal and glial mechanisms of cell-nonautonomous activation of UPRER and their 

effects on longevity can be completely separated. Indeed, the effects of neuronal UPRER 

activation persist in animals in which CEPsh glia have been removed (Frakes et al., 2020). 

It is noteworthy though to mention that C. elegans glia release at least the neurotransmitter 

GABA (Duan et al., 2020). However, it is currently not known whether GABA is released 

via unc-13-dependent vesicular release or through ion channels such as bestrophins (Lee et 

al., 2010).
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Frakes et al. (2020) adds to the list of papers supporting that glia act long distance to 

regulate ageing (Apfeld and Kenyon, 1999; Cao et al., 2013; Kounatidis et al., 2017; 

McQuary et al., 2016; Volkenhoff et al., 2015; Walkowicz et al., 2017; Yin et al., 2017). 

In this review, we discuss the findings published by Frakes and colleagues (Frakes et al., 

2020), while briefly reviewing what is known about the role of glia and of mechanisms that 

maintain proteostasis such as the UPR and the heat shock response, in organismal ageing.

2. Glia and ageing in C. elegans

C. elegans is a powerful model to determine the role of glia in organismal ageing for many 

reasons but in particular for three: 1) it has a simple stereotyped nervous system (simpler 

than the Drosophila’s nervous system) with a fixed number of neurons and glial cells, 2) in 

C. elegans glia are not needed for neuronal survival, and 3) it lives for just over 2 weeks 

(Singhvi and Shaham, 2019). The hermaphrodite C. elegans nervous system contains 302 

neurons and 56 glia. Forty-six of these glial cells are ectodermally derived and ensheath the 

neuronal receptive endings at the tips of sensory dendrites. Six, known as GLR cells, are 

of mesodermal origin and guide muscle arms to appropriate territories during development. 

GLR cells also regulate axon specification of nearby RME neurons through gap junctions 

(White et al., 1986). Finally, the four CEPsh cells, have dual function via their association 

with both with CEP mechanosensory neurons and the nerve ring, the “brain” of the worm 

(Oikonomou and Shaham, 2011). The CEPsh glial cells are the ones that most closely 

resemble astrocytes both structurally and functionally. Structurally, they resemble astrocytes 

because they extend sheet-like processes that wrap around the nerve ring probably acting 

like a “blood-brain barrier” in worms (White et al., 1986). Functionally, the CEPsh glia, like 

astrocytes, express glutamate transporters that clear glutamate from the extracellular space 

(Katz et al., 2019).

A role of glia in ageing has been suggested in C. elegans by previous studies. The Kenyon 

lab showed in the late 90s that C. elegans lifespan is controlled by the worm’s ability to 

sense its environment. Indeed, mutations in genes that either alter the shape of the sensory 

neurons’ receptive endings (the cilia) or their function extend lifespan in C. elegans (Apfeld 

and Kenyon, 1999). Interestingly, the Kenyon lab also showed that a similar extension of 

lifespan could be seen in worms in which the Amphid sheath glia (AMsh), two glial cells 

that ensheath the cilia of sensory neurons, had been genetically ablated (Apfeld and Kenyon, 

1999). The Shaham’s lab demonstrated years later that the AMsh glia indeed control the 

structure and function of C. elegans sensory cilia in an age dependent manner providing 

an explanation as to why AMsh ablation phenocopied mutations in sensory neurons’ genes 

(Bacaj et al., 2008; Singhvi et al., 2016). However, a more recent study demonstrating that 

AMsh glia function as bona fide odorant receptor cells by responding directly to odours via 

odorant receptors, show that the link between the environment and glia is a lot more direct 

than previously suspected (Bianchi, 2020; Duan et al., 2020). Thus, these recent results 

suggest that environmental stimuli might regulate ageing by directly acting on glial cells. 

Taken together, this work supports that the environment regulates lifespan in the worm via 

activation of sensory neurons and/or glia.
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McQuary and colleagues identified another possible mechanism by which glia in C. elegans 
regulate lifespan (McQuary et al., 2016). In search for a potential mechanism underlying 

lifespan extension mediated by the loss of function of the S6 kinase, which is part of the 

TOR signaling pathway, the authors applied proteomics techniques to S6 mutant worms 

(rsks-1 mutants). They found that the most enriched protein in rsks-1 mutants, as compared 

to wild type, was ARGK-1, one of five C. elegans arginine kinases. Using a GFP reporter 

and co-labelling with glia enriched gene kcc-3, the authors showed that argk-1 is expressed 

in a small number of cells in the head of the worm, including the CEPsh glia. The function 

of arginine kinases is to maintain intracellular ATP levels by catalyzing the reversible 

reaction: ATP + arginine ⇌ ADP + phospho-arginine. McQuary and colleagues showed 

that ARGK-1 was required for lifespan extension mediated by loss of function of S6 

kinase, suggesting that energy regulation in glia might play an important role in longevity, 

as suggested by studies on glycolytic enzymes done in Drosophila (Delgado et al., 2018; 

Volkenhoff et al., 2015). Thus, these previous studies highlight that glia play an important 

role in organismal longevity via different mechanisms that may or may not involve sensory 

neurons.

3. Transcriptome studies in mammals

Given that glia appear to regulate ageing, it is important to determine what glial genes might 

be implicated in these effects. One approach is to establish what glial genes are up or down 

regulated by ageing. In pursue of this goal, an interesting observation was recently made: 

the cell types that undergo that most change during ageing in terms of gene expression 

are glia not neurons. Both Soreq and colleagues, and Boisvert and colleagues, in mice and 

human respectively, showed that astrocytes- and oligodendrocytes-specific genes, but not 

neurons-specific genes, undergo the largest shifts in expression during ageing (Boisvert et 

al., 2018; Soreq et al., 2017). In addition, astrocytes exhibit a reactive phenotype, increased 

number, volume and complexity, and decreased neuronal and synaptic support as the animal 

ages (Baulies et al., 2014; Pertusa et al., 2007; Wilhelmsson et al., 2006). Aged astrocytes 

also display enhanced response to inflammation, which results in a toxic effect on neurons 

(Clarke et al., 2018). Collectively, these results suggest that glia may be the first cells in the 

nervous system to respond to “ageing stress”.

4. Protein homeostasis and ageing

As the organism ages, more and more damaged/unfolded proteins accumulate leading 

to cellular toxicity and eventually cellular demise. The organism though has built in 

mechanisms to counteract the deleterious effects of the accumulation of unfolded proteins 

and to prevent cellular death. The response mechanisms that help the cell deal with 

unfolded proteins include the unfolded protein response in the endoplasmic reticulum and 

in the mitochondria, and the heath shock response in the cytosol. All these three response 

mechanisms detect the cellular stress, communicate this stress to the nucleus, and cause 

change of gene expression which consequently leads to the mounting of a defense program 

which restores cellular homeostasis. Below we briefly summarize what it is known about 

these three defense mechanisms and how they relate to ageing.
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4.1. The endoplasmic reticulum unfolded protein response (UPRER) and ageing

The ER unfolded protein response (UPRER), one of the major protein quality control 

mechanisms in the cell, is activated by stress within the endoplasmic reticulum. 

Accumulation of unfolded/misfolded proteins and lipid stress are the two major ways in 

which the UPRER is activated (Bravo et al., 2013) (Fig. 2A and B). The UPRER is so critical 

to organismal homeostasis that its dysregulation is linked to several age-related diseases 

including Type 2 diabetes, non-alcoholic fatty liver diseases, cancer, and neurodegenerative 

diseases such as Alzheimer, Parkinson, and Huntington’s disease (Hoozemans et al., 2005; 

Puri et al., 2008; Ryu et al., 2002; Wang et al., 2009; Ye et al., 2010; Zuleta et al., 2012).

ER stress is regulated by three highly conserved ER-bound membrane proteins: ATF6 

(activating transcription factor 6), IRE1α (inositol requiring enzyme 1 alpha), and PERK 

(Okada et al., 2002; Wang et al., 2000; Ye et al., 2000; Yoshida et al., 2001). Upon ER stress 

activation, IRE1 and PERK become auto-phosphorylated and dimerize to regulate their own 

subset of genes to restore ER homeostasis (Maly and Papa, 2014). The activation of ATF6 

begins with its cleavage in the Golgi (Chen et al., 2002). The N terminus of ATF6 is then 

transported into the nucleus where it begins serving as a transcription factor to regulate 

downstream UPR genes (Fig. 2C and D). Following activation of the UPRER, the responding 

UPR specific genes regulate protein translation, increase expression of ER chaperones, and 

clear misfolded proteins for degradation in an attempt to restore ER homeostasis (Brodsky 

and McCracken, 1999; Rao et al., 2002) (Fig. 2E). However, if the stress accumulates that 

beyond the UPRER can handle, the cell will die via programmed cell death, autophagy or 

necrosis (Iurlaro and Munoz-Pinedo, 2016).

The IRE1 branch of the UPRER is the branch that was exploited by Frakes and colleagues 

in their work (Frakes et al., 2020). This branch has the largest number of regulated genes as 

compared to the PERK and ATF6 branches. These genes are regulated through the excision 

by IRE1 of an intron from the XBP1 mRNA. The excision causes a translational frame 

shift that results in the production of the spliced/activated form of XBP1 protein, an active 

transcription factor responsible for the induction of the expression of downstream UPR 

genes (Yoshida et al., 2001) (Fig. 2C and D). Frakes and colleagues indeed expressed the 

spliced/activated form of xbp-1 (xbp-1s) in C. elegans glia to induce activation of the UPRER 

in these cells (Frakes et al., 2020). The other well-known IRE1 downstream target is c-jun 

NH2 terminal kinase (JNK). JNK phosphorylation stimulates pro-apoptotic factors BID and 

BiM that consequently inhibit anti-apoptotic factors BCL-2, BCL-XL and MCL-1 (Urano 

et al., 2000). On the other hand, prolonged UPRER activates the regulated IRE1-dependent 

decay (RIDD), a process by which IRE1 degrades ER-bound mRNAs through cleavage at 

both stem-loop sites and non-stem-loop sites (Hollien et al., 2009) (Fig. 2C and D). This 

process is thought to reduce the folding load of nascent proteins entering the ER therefore 

alleviating ER stress.

As mentioned above, membrane lipid perturbation activates the UPRER and this occurs via 

engagement of one or more of the three UPR transducers ATF6, IRE1α, and PERK (Fig. 

2B). For example, disruption of the ratio between the membrane phosphatidylcholine (PC) 

and phosphatidylethanolamine (PE), or the depletion of the phospholipid building block 

inositol strongly activated IRE1 (Halbleib et al., 2017; Ling et al., 2012). Lipid perturbation 
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activates the effectors of the UPRER via their transmembrane domains (Promlek et al., 2011; 

Volmer et al., 2013). Interestingly, owning to the different activation mechanism, activation 

of the UPRER by lipid perturbation leads to regulation of genes that are involved in lipid 

metabolism as opposed to genes encoding chaperones (Acosta-Alvear et al., 2007; Tam et 

al., 2018).

The activation of the UPRER declines with age, which results in the accumulation of 

unfolded/misfolded proteins further contributing to disruption of protein homeostasis. These 

findings are consistent with the observation that there is a decrease in the expression level 

of ER proteins with ageing, including chaperones such as the protein disulfide isomerase-A1 

(PDI) and the immunoglobulin heavy chain-binding protein (GRP78/BiP) (hsp-4 in C. 
elegans) (Nuss et al., 2008). Thus, ageing reduces the protective functions of the UPRER 

through a decrease in the pro-apoptotic, autophagy, and lipophagy signaling.

Consistent with data in mammals, longevity studies in C. elegans showed that knockout of 

the worm ire-1 or xbp-1 genes leads to shorter lifespan as compared to wild type, indicating 

that the UPRER has an important function in lifespan regulation in the nematode as well 

(Wang et al., 2018). Moreover, it was shown that worm atf-6 regulates lifespan through ER-

mitochondrial calcium homeostasis (Burkewitz et al., 2020). Finally, the Dillin lab showed 

robust activation of cell-autonomous and cell-nonautonomous UPRER by overexpression of 

spliced/activated xbp-1(xbp-1s) in both neurons and glia (Frakes et al., 2020; Taylor and 

Dillin, 2013). These studies support conservation of these mechanisms across species and 

justify the use of C. elegans as a model to deepen our understanding of the link between the 

UPR and longevity.

4.2. The mitochondrial unfolded protein response and ageing

There are ~1500 proteins in the mitochondria, but only a handful of these are encoded by 

the mitochondrial genome; the rest are encoded by nuclear genes. Thus, the vast majority 

of the mitochondrial proteins are translated in the cytosol and then are transported into 

the mitochondria. The transport of these proteins into the mitochondria is mediated by the 

translocase of the outermembrane (TOM) complex and by the presequence pathway, both of 

which can transport only unfolded proteins (Chacinska et al., 2009). Thus mitochondrial 

proteins originated in the cytosol of the cell are folded in the mitochondria. This is 

achieved via the function of two major chaperones: the mtHSP70, which is part of 

presequence complex and thus folds proteins as they are transported, and the multimeric 

HSP60–HSP10 machinery in the matrix (Chacinska et al., 2009). In the mitochondria 

there are also proteases that recognize and degrade proteins that fail to fold (Tatsuta 

and Langer, 2008). As unfolded proteins accumulate due to ageing or dysfunction in 

the mitochondrial quality control mechanisms, a compensatory mechanism is activated to 

try to bring the mitochondria back to homeostasis. This is known as the mitochondrial 

unfolded protein response (UPRMT) and it leads to the transcription in the nucleus of 

mitochondrial chaperones, mitochondrial detoxifying factors, mitochondrial transporters, 

and genes involved in glycolysis (Nargund et al., 2012; Wu et al., 2018; Zhao et al., 2002).

While the UPRMT was first discovered in mammals, it has been investigated much more 

extensively in C. elegans. Not only C. elegans was instrumental in identifying stimuli that 
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activate the UPRMT and the factors that are involved in the activation and translation of its 

signal (Pellegrino et al., 2013), but was also essential for discovering a link between the 

UPRMT and organismal ageing. First, a genome wide RNAi screen aimed at identifying 

genes involved in mitochondrial function found that the vast majority of these genes also 

influence ageing (Lee et al., 2003) and second, mutations in genes encoding components of 

the electron transport chain (ETC) or in genes responsible for mediating the translation of 

these proteins, such as mrps-5, activate the UPRMT and also extend lifespan (Dillin et al., 

2002; Houtkooper et al., 2013). The reason why mutations in components of the ETC cause 

activation of the UPRMT is because these cause disruption of stoichiometric balance between 

components of the ETC which are encoded by both mitochondrial and nuclear genomes.

Interestingly, as seen for the activation of the UPRER, the UPRMT can be activated in one 

tissue and then spread to others via factors acting long distance. Durieux and colleagues 

showed that impairment of the ETC in neurons causes activation of the UPRMT in the C. 
elegans intestine, suggesting the existence of extracellular mitokines capable of transmitting 

this signal long distance (Durieux et al., 2011). A more recent publication has shown that 

mitokines can be released also by glia to induce the activation of the UPRMT in other tissues. 

Yin and colleagues recently showed that a polymorphism in the glial-expressed peptide 

encoding gene rgba-1 controls the rate of age-dependent decline in mating behaviour in 

C. elegans. Knock-out of either rgba-1 or of the gene encoding the neuropeptide receptor 

npr-28 slows decline in mating behaviour via a mechanism that requires the function of the 

histone deacetylase sirtuin gene sir-2.1 and the activation of the UPRMT (Yin et al., 2017). 

Importantly though, while rgba-1 peptides regulate the rate of ageing, they do not affect 

lifespan (Yin et al., 2017).

4.3. The heat shock response and ageing

The heat shock response (HSR) is one of the most ancient and conserved cellular survival 

mechanisms and it relies on the function of proteins that are sensitive to heat shock and 

other stressors called chaperonins (Cheng et al., 1990; Hohfeld and Hartl, 1994; Liu et al., 

1997). The mechanism used by chaperonins to fold proteins is not completely understood 

but it is known to require ATP and the formation of large structures that function as folding 

chambers (Lopez-Buesa et al., 1998; Obermann et al., 1998; Wolmarans et al., 2016).

As the organism ages, the efficiency of the HSR declines. This suggests that lifespan could 

be extended by activation of HSR. Indeed, overexpression of the HSR chaperonins HSP-16 

and HSF-1 extends the lifespan in C. elegans (Hsu et al., 2003; Walker and Lithgow, 2003). 

On the contrary, inactivation of the gene encoding chaperonin HSP22 decreases lifespan in 

flies (Morrow et al., 2004). Furthermore, life extension mediated by conditions that increase 

cellular stress, such as starvation, requires the activation of the HSR (Steinkraus et al., 2008; 

Westerheide et al., 2009).

Interestingly, there is a difference in the activation of neuronal versus glial HSR. For 

example, cultured astrocytes elicit faster and higher levels of Hsp70 expression after 

heat shock as compared to cultured cortical neurons (Nishimura et al., 1991) and 

oligodendrocytes show stronger induction of the HSR as compared to striatal projection 

neurons after treatment with the HSR inducer, NVP-HSP990 (Carnemolla et al., 2015). 
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We suggest that the higher HSR of glial cells could be harnessed to provide protection in 

neurodegenerative diseases.

5. Neuropeptides and ageing

Frakes and colleagues showed that activation of the UPRER in C. elegans glia regulates 

longevity via release of neuropeptides (Frakes et al., 2020). However, they did not establish 

which neuropeptides are involved in this process. Indeed, they found that the extension of 

lifespan in C. elegans expressing xbp-1s in glia is blocked in egl-3 mutants; however, EGL-3 

is an endopeptidase homologous to mammalian subtilisin-like proprotein convertases that 

can process many different pro-peptides.

There is a total of 119 neuropeptide precursor genes in C. elegans. Thirty-one of them 

contain the conserved sequence Phe-Met-Arg-Pheamide, 40 are insulin-like peptides, and 

48 are neuropeptide-like protein (nlp) genes (Li and Kim, 2010). Intriguingly, Frakes and 

colleagues found that the expression of ins-7 and ins-31 was significantly increased in 

animals over-expressing xbp-1s in CEPsh glia (Frakes et al., 2020). These data may suggest 

that ins-7 and ins-31 are involved in signaling from the CEP glia to other tissues to extend 

lifespan. However, another report shows that over-expression of insulin-like peptides ins-7 
or ins-31 significantly shortens lifespan (Zheng et al., 2018). This last finding is in line with 

a report showing that XBP-1 functions with DAF-16, a FOXO-transcription factor that is 

activated in daf-2 (ortholog of human IGF1R) mutants, to enhance ER stress resistance and 

to activate new genes that promote longevity (Henis-Korenblit et al., 2010). Indeed, of note 

is that mutants of daf-2, which encodes the insulin-like peptide ligands receptor, are among 

the longest-lived mutant strains in C. elegans. Overall, these results suggest that peptides 

other than ins-7 and ins-31 mediate the effects of xbp-1s overexpression in CEPsh glia on 

longevity.

No flp genes were found to have differential expression in wild type animals versus animals 

over-expressing xbp-1s in CEPsh glia. However, of the 48 nlp genes, nlp-31 and nlp-51 
were increased in expression (whereas nlp-17, nlp-24, and nlp-77 were decreased) (Frakes 

et al., 2020). Consistent with these data, single cell sequencing from CEPsh glia revealed 

that nlp-17 shows low level of expression as compared to the rest of the C. elegans cells 

(Taylor et al., 2019). Lifespan studies on nlp-31, nlp-51, and on nlp-17 nlp-24, and nlp-77 
genes using knockout and over-expression mutants should determine whether CEPsh glia 

cells regulate lifespan by releasing any of these nlp type peptides. Furthermore, studies on 

other glial genes (in addition to peptidase gene egl-3 and vesicular release protein gene 

unc-31) that regulate the release of neuropeptides, both directly and indirectly, should help 

shed more light on how glial cells, regulate ageing of the entire organism via neuropeptide 

release. For example, studies on genes encoding ion channels and transporters that directly 

and indirectly regulate intracellular Ca2+ concentration and therefore membrane fusion, 

should be of interest.
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6. Conclusions and future directions

Ageing is a multidimensional process that involves multiple tissues and cell types. C. 
elegans, one of the most powerful models to study conserved mechanisms of ageing, is 

starting to shed new light on exactly how these different cell types communicate to regulate 

the lifespan of an organism. In particular, glial cells are found capable of sending long range 

signals to other tissues thereby regulating their stress response and organismal ageing. These 

are exciting new findings that not only advance our understanding of ageing but also cement 

our appreciation of glia as cells capable of communicating with other cell types both locally 

and long distance.

However, more remains to be learned. For example, Frakes and colleagues showed that 

overexpression of xbp-1s in the AMsh glia is also capable of inducing UPRER in the 

intestine, to an extent similar to what seen in animals overexpressing xbp-1 in the CEPsh 

glia. However, in animals overexpressing xbp-1s in the AMsh glia there is no extension of 

lifespan (Frakes et al., 2020). Does this mean that CEPsh glia release two different types 

of neuropeptides, one needed for activation of the UPRER in the intestine and one needed 

for the extension of lifespan? Perhaps AMsh release only the first type of peptide? If this is 

the case, comparing the AMsh and CEPsh transcriptomes, especially in animals expressing 

xbp-1s in these cells, should help in the identification of these peptides. If AMsh glia can 

activate cell-nonautonomous UPRER in the intestine, can they perhaps increase lifespan in 

conditions not explored in Frakes and colleagues’ work and via a mechanism distinct from 

sensory neurons’ function (Apfeld and Kenyon, 1999; Bacaj et al., 2008; Singhvi et al., 

2016)? Future studies in which the UPRER is activated via the engagement of the other 

UPRER pathways (PERK and ATF6) or via lipid perturbation in AMsh glia may help address 

these questions. In line with what discussed above, cell-autonomous activation of the UPRER 

in the intestine does not extend lifespan, again underscoring that activation of the UPRER per 

se is not sufficient to extend lifespan (Frakes et al., 2020; Taylor and Dillin, 2013).

Another intriguing result is that while rescue of unc-31 and egl-3 in CEPsh glia fully rescues 

lifespan extension, it has only a modest effect on rescuing the activation of UPRER in the 

intestine. While this might be due to lower level of expression of unc-31 and egl-3 cDNAs, 

as compared to genomic DNA, impacting more the cell-nonautonomous activation of the 

UPRER than lifespan extension, it also suggests that the intestine might require signaling 

from other tissues to mount a robust UPRER. Conversely, these data may suggest that 

activation of the UPRER in tissues other than the intestine, that perhaps poorly express the 

hsp-4::GFP reporter, is important to extend lifespan (Frakes et al., 2020). Finally, an entire 

array of environmental and genetic factors that influence glia development and function 

should be investigated in the context of ageing. We believe that C. elegans will be again 

instrumental in these studies given its amenability and given that in this organism neurons 

do not need glia to survive (Singhvi and Shaham, 2019). A good starting point will be to 

investigate the genes that Frakes and colleagues have found using RNA sequencing to be 

enriched in C. elegans overexpressing xbp-1s in CEPsh glia (Frakes et al., 2020).
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Fig. 1. 
Activation of UPRER by overexpression of xbp-1s in CEPsh glia or neurons extends the 

lifespan of C. elegans. (A) UPRER activated by overexpression of xbp-1s in CEPsh glia 

induces the release of neuropeptides that act on intestinal cells to increase ER stress 

resistance. These peptides also induce lifespan extension. Indeed, the effect on lifespan 

and on activation of intestinal UPRER of overexpressing spliced xbp-1 (xbp-1s) in CEPsh 

glia is lost in egl-3 and unc-31 mutant C. elegans (Frakes et al., 2020). While egl-3 
encodes a peptidase involved in the processing of neuropeptides, unc-31 is a homolog of 

CADPS (Ca2+-dependent secretion activator) and it is involved in the fusion of dense core 

vesicles. HSP-4 is the worm homologs of HSPA5, also known as GRP78/BiP, the molecular 

chaperone for ER stress (Nuss et al., 2008). (B) Overexpressing xbp-1s in intestine activates 

cell-autonomous UPRER but does not affect lifespan (Frakes et al., 2020). (C) UPRER 

activated by overexpressing xbp-1s in neurons induces the release neurotransmitters in 

a unc-13-dependent manner. unc-13 is the C. elegans homolog of UNC13, a vesicular 

protein involved in neurotransmitter release. The released neurotransmitters activate the 

UPRER in the intestine, leading to an increase in ER stress resistance in this tissue. 

The neurotransmitters also lead to lifespan extension (Taylor and Dillin, 2013). (D) 

Overexpressing xbp-1s in body wall muscle activates cell-autonomous UPRER but does 

not affect lifespan (Taylor and Dillin, 2013).
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Fig. 2. 
Activation of the endoplasmic reticulum UPR (UPRER) in C. elegans. There are three 

transducers of the UPRER on the ER membrane: IRE1, PERK, and ATF6 (Okada et al., 

2002; Ye et al., 2000; Yoshida et al., 2001). These are activated by the accumulation of 

misfolded/unfolded proteins (A) or by membrane lipid perturbation (B). (C—D) Once the 

UPR is activated by lipid perturbation or unfolded protein, the IRE-1 branch regulates 

downstream genes through the JNK pathway, the IRE1-dependent decay of mRNA, and 

the spliced XBP-1. Spliced XBP-1 functions as a transcription factor. The PEK-1 branch 

regulates downstream genes via the transcription factor ATF-4. The ATF-6 branch regulates 

downstream genes through the cleaved N-term of ATF-6. (E) The downstream UPR genes 

include apoptosis, autophagy, and lipid metabolism pathways’ genes. Specific response 

genes are transcribed based on whether the UPR is activated by protein or lipid stress 

(Kammoun et al., 2009; Rao et al., 2001; Yorimitsu et al., 2006). Activation of spliced xbp-1 
in the CEPsh glia or neurons extends lifespan in C. elegans (Frakes et al., 2020; Taylor and 

Dillin, 2013).
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