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Abstract

Glia make up roughly half of all cells in the mammalian nervous system and play a major part 

in nervous system development, function, and disease. Although research in the past few decades 

has shed light on their morphological and functional diversity, there is still much to be known 

about key aspects of their development such as the generation of glial diversity and the factors 

governing proper morphogenesis. Glia of the nematode C. elegans possess many developmental 

and morphological similarities with their vertebrate counterparts and can potentially be used as 

a model to understand certain aspects of glial biology owing to advantages such as its genetic 

tractability and fully mapped cell lineage. In this review, we summarize recent progress in our 

understanding of genetic pathways that regulate glial development in C. elegans and discuss how 

some of these findings may be conserved.
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Introduction

Since their discovery by Virchow in 1846, glia were long thought to be a group of 

homogenous cells that passively supported neuronal function. Since then, we have found that 

they are a diverse group of cells with significant roles during nervous system development 

and function. Consistent with the plethora of functions they perform in the nervous system, 

glia exhibit remarkable morphological and molecular diversity, even within glia of the same 

type [1–4]. While we have learned much about their various functions in the past few 

decades, there is still much we do not know about how these highly specialized cells develop 

and how disruptions during this process may affect nervous system function. Since glial 

dysfunction has been associated with a long list of neurological disorders [5–7], learning 
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more about their developmental mechanisms may help inform our understanding of these 

disorders.

Our understanding of glial biology can often be hampered by experimental obstacles 

presented by the diversity of glia and the broad number of essential roles they play. 

For example, it is often difficult to track specific glial populations in the mammalian 

brain, especially given our growing appreciation of glial heterogeneity and the varied 

landscape throughout the brain. Furthermore, since glia are required for neuronal survival, 

manipulation of glia in vivo often leads to severe defects and death that make studying 

other aspects harder. On the other hand, culturing glial cells can provide many mechanistic 

insights into glial biology and function, but doing so often removes them from their 

immediate cellular surroundings that include other neurons and glia.

One way around this is to use simpler model organisms like C. elegans and Drosophila, 

whose glia show many similarities with their vertebrate counterparts [8–10]. In C. elegans, 

nervous system development is deterministic with a fixed number of neurons and glia 

whose stereotyped development can be specifically studied with spatial and temporal 

precision [11]. Furthermore, the wealth of genetic tools available paired with the fact that 

its glia are generally not required for survival of the worm means that many aspects of 

glial development can be studied in an in vivo setting. Here, we summarize some of the 

knowledge gained about glial development in C. elegans.

C. elegans glia

The C. elegans hermaphrodite possesses 302 neurons, 50 ectoderm-derived glia, and six 

mesoderm-derived glial-like cells. These 50 ectoderm-derived glia can be further divided 

into sheath and socket cells. In the C. elegans sense organs called sensilla, one or more 

sensory neurons associate with one socket and one sheath cell, where the glia ensheath the 

dendritic endings of the neurons (Fig. 1A) [12]. In the head, these glia project processes 

to the nose, where apical junctions connect the socket and sheath glia to form a channel 

[12,13]. Neuronal endings pass through this channel to interact with the environment, where 

they can interact with the environment as well the glia that envelop them (Fig. 1B).

In addition to ensheathing the neuronal receptive endings of sensory neurons, four sheath 

glia called the cephalic sheath (CEPsh) also send out posterior processes that envelop the 

nerve ring, which is the neuropil of C. elegans (Fig. 1C). Recent studies have shown 

that CEPsh glia exhibit many astrocyte-like features, such as how they show similarities 

in expression profiles, express a homolog of the astrocyte-expressed glutamate transporter 

GLT1, extend processes that are in close proximity to synapses, and promote synaptogenesis 

[14–17]. Interestingly, electron micrograph reconstructions show that at least one synapse in 

the worm shows a tripartite arrangement, where a CEPsh cell process envelops a synapse 

between the ALA and AVE neurons [18,19].

The generation of glial diversity

While glia ensheathing different sense organs perform similar roles, there are distinct 

morphological and molecular differences between them that show parallels to vertebrate 
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glial diversity. For one, the two sheath cells of the largest chemosensory organ, the amphid 

sheath (AMsh) glia, are larger than their other sheath glia counterparts and they ensheath 

the greatest number of sensory neurons [20]. Unlike the sheath glia of other sensilla, AMsh 

cells lack deeply invaginated membrane lamellae on the inner face of their channels and 

instead have a large Golgi apparatus that produce many vesicles close to the inner side of the 

channels [12]. Furthermore, transcriptomic data and studies of fate specification reveal that 

different socket and sheath glia can show differences in expression profiles and mechanisms 

of cell fate specification [21–23]. Thus, by studying gliogenesis in C. elegans, insights into 

various mechanisms of glial fate specification and the generation of glial diversity can be 

gained. Molecular differences between the various types of C. elegans glia also mean that 

there are subtype-specific promoters that can be used for better visualization and precise in 
vivo manipulations, many of which have been discussed in detail in Fung et al. [24].

Early studies have shown that the zinc finger transcription factor lin-26 is not only important 

for a hypodermal cell fate, but is also an important regulator of glial fate [25,26]. In lin-26 
loss-of-function mutants, many glia exhibit structural and functional abnormalities, and 

some glia end up dying or transforming into neurons [25]. While lin-26 lacks orthologs in 

higher order organisms, recent studies of more downstream events reveal many potentially 

conserved aspects of gliogenesis.

For example, several conserved proneural transcription factors such as Neurog1 and 

NeuroD1 have been shown to regulate neuron-glia fate determination, where they 

independently promote a neuronal fate while suppressing a glial fate [27–29]. Recent studies 

in C. elegans show that loss of function of the Neurog1 and NeuroD1 orthologs, ngn-1 
and cnd-1 respectively, also results in an increase in the number of AMsh glia, which is 

consistent with a suppression of glial fate [22]. It was also found that LIN-32, an ortholog 

of the proneural gene Atoh1, functioned similarly. While Atoh1 has not been known to have 

a gliogenesis-suppressing function in the vertebrate central nervous system, overexpression 

of Atoh1 has been found to induce the transdifferentiation of glial-like support cells into 

functional hair cells in the cochlea and specify cerebellar granule neurons at the expense of 

glial numbers in embryoid bodies [30–32]. Furthermore, at least some of the ectopic AMsh 

glia in lin-32 loss-of-function mutants came from cells originally fated to become CEPsh 

glia, suggesting that this proneural transcription factor may also play a role in glial identity 

specification [22].

Further downstream, developing CEPsh glia were found to specifically express hlh-17, an 

ortholog of the transcription factor Olig2 that is required for oligodendrocyte specification 

[21,33,34]. In the developing spinal cord of vertebrates, oligodendrocytes form from distinct 

ventral and dorsal domains, where Olig2 expression is induced in the ventral region by 

the transcription factors Nkx6 and Pax6 [21,35,36]. Interestingly, CEPsh expression of 

hlh-17 also requires the Nkx-like MLS-2 and Pax-like VAB-3, where MLS-2 in particular is 

required for ventral CEPsh glia development [21]. Similarly, another conserved transcription 

factor alr-1, the C. elegans homolog of Aristaless, is expressed in amphid socket (AMso) 

glia and is required for the proper maintenance of its structure and function [37]. alr-1 
mutants exhibit abnormal AMso morphology and a loss of tight junctions between AMso 

and AMsh glia, which is reflected by a loss of sensory function [37]. Postdevelopmentally, 
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PROS-1/Prox1 is expressed in AMsh glia, where it was found through transcriptomics 

to regulate AMsh glial-specific secretome expression [38]. Among the secreted proteins 

includes FIG-1, which contains the conserved thrombospondin type 1 (TSP-1) domain also 

found in mammalian thrombospondins that are secreted by astrocytes [39,40]. Furthermore, 

in addition to the fact that human Prox1 can functionally rescue pros-1 mutant phenotypes 

[41], homologs of prospero are also expressed postdevelopmentally in support cells in 

the mammalian ear [42] and vertebrate astrocytes [43]. This suggests that there could be 

potential functional conservation in this class of transcription factors.

Interestingly in C. elegans males, AMso glia function as a neural progenitor during larval 

development and divide to generate a daughter AMso cell and a male-specific MCM 

interneuron [44]. During this division, the daughter AMso cell inherits its polar morphology 

and cellular contacts, which is reminiscent of how radial glia in vertebrates divide and 

self-renew while keeping their bipolar morphology intact [44,45]. A recent study by Molina-

García et al. [46] has also revealed that the male-specific PHD neuron arises from a glia-to-

neuron transdifferentiation process during larval sexual maturation. In this case, the PHso1 

glia directly transdifferentiate into the PHD neuron and integrate into circuits for male 

mating. Interestingly, this mode of postembryonic neuron generation parallels the direct 

conversion of adult neural stem cells into postmitotic neurons in the zebrafish brain [47].

The many similarities during different stages of cell fate specification suggest that despite 

major differences between vertebrate and C. elegans glia, there may be conservation of many 

developmental processes. Furthermore, recent studies have generated transcriptomic profiles 

for single cells in the developing embryo [23] as well as the AMsh [38] and CEPsh glia [16] 

in postembryonic animals, aiding in our understanding of these cells from early embryonic 

development through late larval development. Katz et al. have recently used transcriptomic 

profiling to show that CEPsh glia and astrocytes share many molecular similarities, and 

demonstrated that the conserved glial glutamate transporter GLT-1/EAAT2 plays similar 

roles in regulating repetitive behaviors [48].

Together, these studies suggest that C. elegans can be used as a complementary approach 

to understand conserved developmental mechanisms during the various stages of glial 

specification, where the sheer diversity of cell types and lineages in the vertebrate nervous 

system could make studying these questions challenging. Although different from vertebrate 

neuron-glia fate determination, the deterministic and fully mapped cell lineage of C. elegans 
allows for repeatable and cell-specific examination of glial development in an in vivo 
system. Thus, many conserved or analogous mechanistic details of gliogenesis can be first 

studied in the simpler system, and insights gleaned may hopefully further our understanding 

of this process in higher order organisms.

Glial morphogenesis

The diversity of tasks that glia perform is closely linked to their elaborate morphologies, 

yet it is still unclear exactly how they are formed. For example, mature human astrocytes 

possess numerous fine processes that can contact up to two million synapses while also 

exhibiting tiling behavior [49]. At the same time, loss of astrocyte complexity is commonly 
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observed during neurological disorders [50]. Recent studies have shown that in addition to 

responding to changes in neural activity, astrocyte morphogenesis also depends on direct 

contact with neuronal processes that is mediated by the neuroligin family of adhesion 

proteins [49,51]. C. elegans CEPsh glia may represent an exciting model to study the 

morphogenetic processes relating to neuropil infiltration, synapse ensheathment, and tiling 

with other CEPsh cells. The stereotyped structure and interactions with other cells may 

allow for the controlled study of mechanisms that regulate where these glia may extend and 

which synapses they envelop. During early CEPsh development in the embryo, these cells 

exhibit a bipolar morphology, in which a posterior-facing process cooperates with pioneer 

neurons to promote and direct the early stages of neuropil assembly [52]. These embryonic 

CEPsh glia then develop into adult CEPsh glia, which exhibit a more branched and 

astrocyte-like morphology, where the processes infiltrate the neuropil and come into close 

proximity with synapses. The exact mechanisms underlying this morphogenetic change are 

currently unclear, and future work will need to be done to learn more about these cells.

More well understood are some of the mechanisms that regulate sensory channel formation 

by sheath glia in C. elegans. A key aspect of sheath glia function is their ability to form 

a tube that can snugly fit neuronal receptive endings. Analysis of a patched-related protein 

DAF-6 revealed that loss-of-function mutations resulted in overgrown AMsh glial channels 

that ended up blocking the neuronal receptive endings and preventing proper function (Fig. 

2A,B) [53–55]. It was found that DAF-6 as well as the dispatched-related protein CHE-14 

localizes to the luminal portion of the channel where they regulate sensory compartment 

formation. Further analysis showed that the neuronal cilia being ensheathed also exert 

control over channel formation, as mutants with disrupted cilia formation exhibit smaller 

and misshapen lumens and altered localization of DAF-6 [55,56]. Through a screen, the 

Nemo-like kinase homolog LIT-1 was found to suppress daf-6 mutant phenotypes and 

instead promote expansion of the lumen [56]. LIT-1 is activated by MOM-4/MAP3K 

and interacts with WASP to potentially promote channel growth through regulating actin 

polymerization. Furthermore, LIT-1 compartment localization is required for this function 

and it also requires neuronal signals. Similarly, the retromer complex components SNX-1, 

SNX-3, and VPS-29 as well as the Ig/FNIII protein IGDB-2 all suppress the DAF-6 bloated 

channel phenotype and promote lumen expansion [57,58]. The implication of retromer 

complex components suggests that vesicle trafficking may be a potential mechanism for 

controlling channel size. On the other hand, IGDB-2 binds to a predicted ligand-gated ion 

channel LGC-34, which may implicate osmoregulation and fluid accumulation as another 

potential mechanism though there is no direct evidence of this so far. These results suggest 

that proper sensory compartment morphogenesis in AMsh glia is a process that not only 

requires several different molecular pathways but also inputs from the neurons beings 

enveloped (Fig. 2B).

The amphid channel is not the only compartment that is formed by AMsh glia at nose tip, 

as they can also ensheath the receptive endings of specific neurons in different compartments 

from the channel [20] (Fig. 1B). These include sensory neuron endings that track through 

the amphid channel and then divert into these pocket compartments, where they track 

volatile odors. There is also the thermosensory AFD neuron, which does not track through 

the amphid channel and is ensheathed by the AMsh glia. In this microenvironment, the 
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AMsh glia regulate AFD neuronal receptive ending shape through a glial K+/Cl−cation-

chloride cotransporter KCC-3 [59]. Here, the AMsh cells perform a conserved glial function 

of ion homeostasis where they regulate K+ and Cl− levels in the compartment. Interestingly, 

these AMsh compartments that have been described likely represent distinct subcellular 

domains (Fig. 2C). This is shown by the differential localization of KCC-3 to the AFD 

neuron receptive ending microenvironment and DAF-6 and LIT-1 to the amphid channel 

lumen, where they perform their respective functions [55,56,59].

Another aspect of sheath glia morphogenesis is how their process extends to the appropriate 

location to form these sensory channels. In the developing embryo, AMsh glia and amphid 

neurons are born near the tip of the presumptive head [60]. The glia and neurons then extend 

short processes that are anchored to the nose tip by interactions between the neuronally 

secreted zona pellucida domain protein DYF-7 and the non-neuronally secreted zonadhesin 

domain containing protein DEX-1. These proteins can multimerize and form an anchor, 

much like how tectorins anchor stereocilia in the inner ear. After anchoring, these cells 

migrate posteriorly together, stretching out dendrites and processes through a process called 

retrograde extension (Fig. 3A). In dyf-7 and dex-1 mutants, the glia and neurons are unable 

to properly anchor when they migrate, resulting in a failure to extend their processes. 

Furthermore, a recent study suggests that amphid neurons and glia share properties with 

epithelia, and formation of the tubular glial channel is reminiscent of epithelial tube 

formation [61]. DYF-7 was observed to forms fibrils as an apical ECM component and helps 

promote amphid channel formation akin to how the apical ECM is important for continuous 

lumen formation in narrow epithelial tubes. In addition, apical FRM-2 helps support amphid 

epithelial integrity during morphogenesis, similar to how its homologs PBL15/moe/Yurt 

maintain epithelial integrity in other systems [61–63]. Interestingly, retrograde extension has 

been reported as a mode of axon extension in the zebrafish olfactory placode suggesting 

that this mode of extension could be shared in other animals [64]. Another mechanism 

of retrograde extension was recently observed between the BAG and URX neurons and 

their inner labial socket (ILso) glial partner. Instead of DYF-7 and DEX-1, they utilize 

the conserved adhesion molecules SAX-7/L1CAM and GRDN-1/CCDC88C [65]. URX and 

BAG dendrites form specialized attachments with the ILso glia, and during development, 

their dendrites form by retrograde extension likely through neuron-glia attachments. 

Together, these studies suggest that the specialized morphology of sheath glia near the 

nose is likely functionally important for dendrite extension of the neurons they interact 

with. Furthermore, while the processes and dendrites themselves may not require long range 

guidance cues in this mode of extension, the cell bodies migrate to highly stereotyped 

positions in C. elegans, suggesting there may be regulatory mechanisms guiding cell body 

migration.

It has recently been found that the C. elegans Robo receptor functions to promote AMsh 

glial migration during development in a Slit-independent fashion (Fig. 3B) [66]. In this 

case, neuron-expressed Robo is cleaved extracellularly and interacts with its glial-expressed 

receptor SYG-1/Neph to function as an attractive cue during AMsh glia migration. SYG-1/

Neph may function through regulation of the WAVE regulatory complex, which has also 

been implicated in vertebrate oligodendrocyte precursor cell and Drosophila midline glia 

migration [67,68]. On the other hand, there are likely mechanisms that instruct migrating 
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AMsh cell bodies where to stop. While migrating AMsh glia typically stop close to the 

terminal pharyngeal bulb in developing larva, the AMsh of certain ptp-3 loss-of-function 

mutants migrate almost 40% further than normal and correspondingly have longer processes 

(Fig. 3C) [69]. PTP-3 is most similar to the family of cell adhesion molecules called LAR 

protein tyrosine phosphatase transmembrane receptors, where it was found to interact with 

the ECM component nidogen 1/NID-1 during synaptogenesis [70]. Similarly, the interaction 

between glial PTP-3 and NID-1 likely secreted by the pharyngeal muscle also plays a role in 

stopping AMsh glia from migrating too far [69] (Fig. 2B). However, it is not clear whether 

these two pathways interact to specify where the AMsh cell body ends up, and it is likely 

other molecular pathways play a role.

Amphid sheath glia can also exhibit morphological plasticity in response to the environment. 

When faced with environmental stressors such as starvation, high population density, and 

high temperatures, C. elegans can enter a developmentally arrested stage called dauer [71]. 

Many changes occur during this alternative developmental state, and AMsh glia and AWC 

neuron receptive endings were observed to show concomitant remodeling (Fig. 4) [71,72]. 

The left and right AMsh glia expand their ensheathing domains and fuse at the nose 

tip to accommodate the remodeled AWC receptive endings [73]. The fusion process was 

found to be mediated by the fusogen AFF-1. Further analysis implicated the glial-expressed 

OTX/OTD transcription factor TTX-1 and zinc finger transcription factor ZTF-16 in this 

AMsh remodeling process, where they likely function through the transcriptional regulation 

of the receptor tyrosine kinase VER-1 [72,74]. Similarly, a recent study by Lee et al. 
has implicated the glial GPCR REMO-1 during stress-induced amphid glial and neuronal 

remodeling by also promoting VER-1 expression [75]. Interestingly, the authors have further 

linked amphid remodeling to faster exit from the dauer stage when conditions become 

favorable, suggesting this plasticity is of functional importance in dauer animals. However, 

the exact molecular mechanisms underlying AMsh glia and AWC neuron remodeling are 

still unclear, and it would be interesting to learn more about the interactions between these 

cells during this process given that AWC neuron remodeling requires AMsh glia.

In C. elegans, many highly conserved genes and pathways regulate glial morphogenesis and 

include many conserved cell adhesion molecules. In addition to the simplicity of the system, 

the studies reviewed here also made use of genetic screens. Use of forward genetic screens 

and suppressor screens can be useful for studying glial morphogenesis, as morphological 

defects in the glia of choice can be rapidly screened for and isolated. This unbiased approach 

allows for the identification of unexpected or novel genes and pathways. Furthermore, many 

genes that are essential in higher order organisms can be studied for their effects on glial 

development and function in C. elegans due to glia not being essential for animal survival.

Conclusions

In the past several decades, glia have been revealed to play a wide array of essential roles 

in the nervous system; yet, there is still much to be learned. With new experimental tools 

available, there is a growing appreciation for the diversity and complexity of these cells. 

In this review, we summarized some of the experimental findings regarding various aspects 

of glial development in C. elegans and discussed how this model can be harnessed to 
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study glial specification and morphogenesis in mechanistic detail. The many developmental 

and functional similarities between the glia of C. elegans and higher order animals also 

show how the worm can become a powerful tool of understanding due to their stereotyped 

development, amenability to forward genetic screens, and facile genetics. Learning more 

about glial biology and development would not only allow us to better understand their 

myriad functions, but also help inform our understanding of their role in disease.
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Fig. 1. 
(A) Schematic of a generic sense organ in C. elegans. The processes of socket (blue) and 

sheath glia (green) together form a channel at the nose tip where dendrites of sensory 

neurons (red) protrude through to interact with the environment. A, anterior; P, posterior. (B) 

Close-up of the channel at the nose tip area demarcated by the black box in A. Sheath glia 

(green) are connected to sensory neurons (red) and socket cells (blue) by apical junctions 

(black dots). Socket cells are connected to the cuticle of the worm. The cilia may vary 

in shape depending on the type of neuron. The dendrites of some neurons remain in the 

channel while others can be completely or partially embedded in the sheath glia. (C) 

Schematic of AMsh (left) and CEPsh (right) glia. Note that the posterior process of the 

CEPsh infiltrates the neuropil and comes into close contact with synapses like astrocytes do.
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Fig. 2. 
(A) Schematic of the amphid channel. AMsh (green) and AMso (blue) form a channel that 

certain neuron receptive endings (NREs) sit in. Regulation of AMsh growth in this area can 

determine the size of the lumen. (B) Model for amphid channel morphogenesis. Genes that 

increase channel size are colored green while those that decrease channel size are colored 

red. (C) Distinct subcellular domains are generated by the AMsh depending on its specific 

neuronal partners. For example, KCC-3 is localized to the AMsh pocket interacting with the 

AFD neuron while DAF-6 and LIT-1 are localized to the main amphid channel.
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Fig. 3. 
(A) The process of retrograde extension in the AMsh glia. During embryogenesis, AMsh 

cells (green) and amphid neurons (not shown) extend processes that anchor to the nose tip 

through DEX-1 and DYF-7. Posterior migration stretches out the cells to form the processes 

and dendrites observed. A, anterior; P, posterior. (B) AMsh cell body migration mediated 

by cleaved Robo and its glial receptor SYG-1/Neph. (C) Halting of further AMsh migration 

occurs at the terminal pharyngeal bulb, where the glia-expressed cell adhesion molecule 

PTP-3 interacts with the extracellular matrix protein NID-1.
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Fig. 4. 
(A) Schematic of the head of the worm showing the AMsh glia. Horizontal line indicates 

cross section visualized in (B) and (C). (B-C) Sections showing the two bilateral AMsh glia 

(green) and AWC neurons (red) in non-dauer (B) and dauer (C) conditions. In dauer animals, 

the two AMsh glia fuse while the AMC receptive endings expand.
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