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The nematode Caenorhabditis elegans is a powerful experimental setting for uncovering
fundamental tenets of nervous system organization and function. Its nearly invariant and
simple anatomy, coupled with a plethora of methodologies for interrogating single-gene
functions at single-cell resolution in vivo, have led to exciting discoveries in glial cell
biology and mechanisms of glia-neuron interactions. Findings over the last two decades
reinforce the idea that insights from C. elegans can inform our understanding of glial operating
principles in other species. Here, we summarize the current state-of-the-art, and describe
mechanistic insights that have emerged from a concerted effort to understand C. elegans glia.
The remarkable acceleration in the pace of discovery in recent years paints a portrait of
striking molecular complexity, exquisite specificity, and functional heterogeneity among
glia. Glial cells affect nearly every aspect of nervous system development and function,
from generating neurons, to promoting neurite formation, to animal behavior, and to
whole-animal traits, including longevity. We discuss emerging questions where C. elegans
is poised to fill critical knowledge gaps in our understanding of glia biology.

he nematode Caenorhabditis elegans is a
Tpowerful experimental setting in which to
uncover biological principles in molecular detail
(Brenner 1974; Goldstein 2016). An extensive
genetic toolkit coupled with optical transparen-
¢y, enabling facile in vivo microscopy and opto-
genetics, has allowed the nervous system of this

animal to be probed at unprecedented single-
gene and single-synapse resolution. C. elegans
uses its structurally invariant neural network to
perform complex and flexible behaviors, includ-
ing sensory preference choice, locomotion, sleep,
mating, and decision-making, and to store infor-
mation of different qualities and on different
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timescales (White et al. 1986; Bargmann 1993;
Sengupta and Samuel 2009; Bargmann and
Marder 2013; Emmons 2018; Schafer 2018;
Cook et al. 2019; Goodman and Sengupta 2019;
Witvliet et al. 2021).

C. elegans glia are molecularly and anatomi-
cally diverse (Cao et al. 2017; Singhvi and Sha-
ham 2019; Purice et al. 2023), arising primarily
from ectodermal precursors, and associating
with sense organs and with the brain neuropil,
the nerve ring. One glial class is mesodermally
derived and also abuts the nerve ring (White etal.
1986). Gene expression and functional studies of
C. elegans glia have revealed extensive similarities
to vertebrate glia (Shaham 2005; Heiman and
Shaham 2007; Katz et al. 2019; Singhvi and Sha-
ham 2019; Purice et al. 2023).

C. elegans glia, however, differ from vertebrate
glia in one important aspect: while vertebrate glia
provide neurons with trophic support, C. elegans
glia do not (Shaham 2005; Wagner et al. 2006;
Barres 2008; Singhvi and Shaham 2019; Chiareli
et al. 2021). Trophic support in vertebrates may
serve to ensure precisionin neural cell numberand
circuit formation during development (Barres
2008; Clarke and Barres 2013; Farhy-Tselnicker
and Allen 2018). In C. elegans, however, develop-
ment and circuit formation are stereotyped, pre-
determined by cell lineage (Sulston and Horvitz
1977; Sulston et al. 1980, 1983; White et al. 1986;
Varshney et al. 2011; Jarrell et al. 2012; Doroquez
et al. 2014). Further, neuronal cell bodies are not
known to be metabolically privileged by a restric-
tive blood-brain barrier. Thus, glial support of
neuron survival may be unnecessary (Shaham
2015; Singhvi et al. 2016; Singhvi and Shaham
2019; Rapti 2021). C. elegans, therefore, provides
a unique in vivo arena for perturbing glial cell
functions without the concern that associated
neuron survival is affected (Singhvi and Shaham
2019; Rapti 2021).

GENERAL PROPERTIES OF C. elegans GLIA
Glial Cell Types

Like C. elegans neurons, whose numbers are in-
variant between individuals (302/387 in her-
maphrodites/males), C. elegans glia numbers

and developmental origins are constant, with 50
sex-shared glia, 36 male-specific neuroectoderm-
derived glia, and six sex-shared, mesoderm-de-
rived glial cells (Fig. 1; Table 1; Sulston and Horvitz
1977; Sulston et al. 1980, 1983; White et al. 1986).
Whole-animal, single-cell transcriptome profil-
ing (RNA-seq) initially suggested that even the
handful of glia interrogated in those studies were
not molecularly identical (Cao et al. 2017; Packer
etal.2019; Fungetal.2020; Tayloretal.2021). This
has now been conclusively demonstrated in a
complete molecular atlas of C. elegans glia across
the male and hermaphrodite nervous systems
(Purice etal. 2023). Single-nuclear RNA-seq tran-
scriptome profiling, coupled with custom compu-
tational/machine-learning analytics and in vivo
validation studies, show that glia are molecularly
heterogeneous, with even anatomically similar
glia having distinct molecular signatures.

Glia associate with every level of information
transfer in C. elegans circuits (Ward et al. 1975;
White et al. 1986). Ten bilateral sheath-glia pairs
(ADEsh, AMsh, ILsh, ILshD/V, OLLsh, OLQshV/
D, PDEsh, PHsh) and 13 bilateral socket glia pairs
(ADEso, AMso, CEPsoD/V, ILso, ILsoD/V,
OLLso, OLQsoD/V, PDEso, PHso1/2) fasciculate
with neuron dendrites, and enwrap their sensory
tips, forming environment-accessible compart-
ments (Fig. 1A). Like epithelia, socket glia also
secrete cuticles (Chisholm and Hsiao 2012).
Four CEPsh glia and six mesoderm-derived GLR
glia associate with both dendrites and axons. An-
terior CEPsh glia processes fasciculate with den-
drites and form compartments around sensory
tips of CEP and male-specific CEM neurons. Dis-
tal GLR glia processes fasciculate with IL1 neuron
dendritic bundles without ensheathing their end-
ings. CEPsh glia posterior processes surround the
outer aspect of the nerve ring (brain neuropil ) and
penetrate it to contact synapses. GLR glia proximal
processes expand sheet-like structures that sur-
round the inner aspect of the nerve ring. Here,
GLR glia form gap junctions with GABAergic
RME neurons and muscles. GLR glia sheets may
create a seal between the nerve ring and the
pseudocoelom, perhaps resembling a blood-brain
barrier.

Thirty six male-specific neuroectodermal
glia—seven sheath, 11 socket, and 18 sheath-
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socket hybrid structural cells (HOsh/HOso, bi-
lateral pairs of PCsh, PCso, R1-9, SPsol-4,
SPshD/V)—associate with the cloaca and with
sensory rays and hook sensillum copulation
structures (Sulston et al. 1980; Emmons 2005;
Cook et al. 2019).

Sexual Dimorphism

Several C. elegans glial cells exhibit structural sex-
ual dimorphism. The four CEPsh and CEPso glia
form a compartment around dendritic endings
of CEP and CEM neurons in males, but only
around CEP neurons in hermaphrodites, as
CEMs die during development (Sulston et al.
1983; White et al. 1986). CEPso glial cells control
the formation of this pore through a male-specif-
ic transcriptional switch visualized by secretion
of a Hedgehog-related protein, to differentially
pattern the apical extracellular matrix (ECM)
(Fung et al. 2023). In the tail phasmid sense or-
gan, the phasmid channelisbuiltby PHso1 gliain
hermaphrodites, while PHso2 serves this func-
tion in males (Hall 1977; Sulston et al. 1980).
Finally, AMso gliaand PHso1 glia are neurogenic
only in males, as described in detail below.
Molecular profiling of glia from sexually ma-
ture day 1 adults using shRNA-seq also reveals
sex dimorphism (wormglia.org). Specifically,
profiles of functionally analogous hermaphro-
dite PHsol and male PHso2 socket glia are dif-
ferent (Purice et al. 2023; wormglia.org). Fur-
thermore, some anatomically sex-shared glia
like PHsh, OLsh, and OLso glia also exhibit di-
vergentidentities. In contrast, thereis no discern-
able molecular sex dimorphism in either CEPsh,
CEPso, or AMso glia that persists into the adult
stage after dimorphic development is complete.

Other Heterogeneity

Despite physical association and similar contri-
butions to forming sensory organ channels,
sheath and socket glia, exhibit both morpholog-
ical diversity (White et al. 1986) and distinct mo-
lecular signatures (Purice et al. 2023). Sheath glia
of different sensory organs resemble each other
more than lineally or anatomically related socket
glia, implying functional convergence during

Glia in the Nervous System of C. elegans

development. Within each class (sheath/socket),
glia are also different across sense organs (Bacaj
et al. 2008; Katz et al. 2019; Fung et al. 2020;
Purice etal. 2023). These differences likely reflect
the identities of neurons with which they asso-
ciate. For example, ILso and AMsh glia pro-
mote dendrite elongation of associated neurons
through retrograde extension, but using distinct
physical structures and molecular mechanisms
(Cebul et al. 2020). Molecular heterogeneity be-
tween and within glial cell types is also evident
(Oikonomou and Shaham 2011; Mizeracka and
Heiman 2015; Singhvi and Shaham 2019). For
example, ventral and dorsal CEPsh glia develop
and specify their gene expression through molec-
ularly distinguishable pathways (see below)
(Yoshimura et al. 2008).

Glial Membrane Subdomains

Each C. elegans glial cell associates with a defined
number of neurons, whose identities and contact
sites are invariant, allowing for studies of glia—
neuron interactions at the resolution of single
contact sites. Often, the glial membranes appos-
ing a given neuron are enriched for specific pro-
teins. For example, the apical membranes of a
single AMsh glia can be divided into atleast three
molecularly distinct domains contacting differ-
ent sensory neurons (Ray et al. 2024). Mem-
branes associated with AFD neurons accumulate
the KCC-3 K/Cl transporter (Singhvi et al. 2016;
Rayetal. 2024), domains associated with amphid
channel neurons accumulate DAF-6/Patched-
related, VAP-1/secreted protein, and LIT-1/
Nemo-like kinase (Perens and Shaham 2005; Oi-
konomou et al. 2011), and those around the
AWC neuron are devoid of these proteins (Fig.
1B). Cilia of non-AFD neurons dictate KCC-3
localization to a microdomain around AFD, re-
vealing cross talk across these molecularly dis-
tinct glia—neuron contacts (Rayet al. 2024). Like-
wise, URX and BAG neuron dendrite endings
contact ILso glia at distinct sites, suggesting mo-
lecularly distinct membrane contact regions (Fig.
1C; Cebul et al. 2020). Such separation of func-
tion is revealed in the extreme for CEPsh glia;
CEPsh anterior processes wrap around dendritic
endings of CEP sensory neurons (also of CEM in
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males), while posterior ramifications envelop the
~180 neurite processes of the nerve-ring neuro-
piland penetrate the neuropil to contact synaptic
sites and engage in tripartite synapses (Fig. 1D,E;
White et al. 1986; Doroquez et al. 2014; Katz et al.
2019).

Similarities to Vertebrate Glia

CEPsh glia development suggests homology with
vertebrate radial glia and astrocytes. Embryoni-
cally, CEPsh glia guide midline-crossing of
nerve-ring axons using Netrin, just as radial
glia pial branches direct axon guidance in the
vertebrate spinal cord (Dominicietal. 2017; Rap-
tietal. 2017; Varadarajan et al. 2017). Vertebrate
radial glia eventually transform into astrocytes
(Schmechel and Rakic 1979; Noctor et al.
2008), and CEPsh glia undergo similar remodel-
ing (Rapti et al. 2017). In both settings, glia abut
synapses (White et al. 1986) and direct synapto-
genesis (Christopherson et al. 2005; Col6on-Ra-
mos et al. 2007; Eroglu et al. 2009; Allen et al.
2012; Shao et al. 2013). Furthermore, astrocytes
and CEPsh glia cover nonoverlapping neural do-
mains, respecting unknown tiling rules (White
etal. 1986; Bushong et al. 2002). Gene expression
profiles reveal that CEPsh glia are more similar to
mouse astrocytes than to any other murine brain
cell (Katz et al. 2019). Finally, astrocytes exhibit
Ca®" transients, and gap junctions allow Ca>* flow
between astrocytes (Shigetomi et al. 2016; Khakh
2019; Nagai etal. 2021). CEPsh glia exhibit similar
responses (M Katz and S Shaham, unpubl. data).
Finally, multiple glia express gap junction proteins
like mammalian glia (Cuadras et al. 1985; White
etal. 1986; Nedergaard 1994), whose functionsare
not yet explored (Altun et al. 2015).

Sensory organ socket and sheath glia are re-
lated in function and molecules to vertebrate sen-
sory organ glia and to astrocytes. For example,
similar to glia-like retinal pigment epithelium
cells in the eye and astrocytes, AMsh glia regulate
contacting neurons by pruning their endings,
regulating their ionic milieu, and deploying
thrombospondin-domain proteins (Bacaj et al.
2008; Singhvi et al. 2016; Allen and Eroglu
2017; Raiders et al. 2021a,b; Ray and Singhvi
2021). Like olfactory epithelium sustentacular

cells, they also express xenobiotic metabolism
gene batteries (Wallace et al. 2021). Lastly, sen-
sory cues that activate neurons ensheathed by
AMsh glia promote changes in AMsh glia intra-
cellular Ca®* concentration, similar to gliain oth-
eranimals, suggesting that this property maybea
conserved glial feature (Rousse and Robitaille
2006; Han et al. 2013; Shigetomi et al. 2016;
Duan et al. 2020; Fernandez-Abascal et al. 2022).

GLR glia, like vertebrate microglia, arise
mesodermally. Like microglia, GLRs express
GABAergic signaling effectors and regulators
and may also engulf dying cell debris (Nass
et al. 2002; Gendrel et al. 2016; Wilton et al.
2019; Favuzzi et al. 2021).

SPECIFICATION OF C. elegans GLIA
Pan-glia Cell-Fate Specification

Most C. elegans glia are born embryonically and
diversify using transcription factors expressed
either after or before progenitor cell division.
The Zn-finger transcription factor LIN-26 is ex-
pressed in neuroectoderm-derived glia using en-
hancer elements embedded within the lin-26 ge-
nomiclocus (Landmann et al. 2004). LIN-26 loss
promotes glial cell degeneration and/oradoption
of nonglial fates (Ferguson et al. 1987; Labouesse
et al. 1996). Although there is no obvious se-
quence similarity, LIN-26 functions similarly to
Drosophila glial-cells-missing (Gem), a Zn-fin-
ger protein required for glia specification (Ho-
soya et al. 1995; Jones et al. 1995; Vincent et al.
1996). In both lin-26 and gcm mutants, cells slat-
ed to become glia can become transformed into
neurons. More direct molecular conservation is
evident with the C. elegans transcription factor
PROS-1,ahomolog of Prospero/Prox1 that spec-
ifies Drosophila and vertebrate glia, respectively
(Bunk et al. 2016; Peco et al. 2016). PROS-1 is
expressed in a large subset of glia to regulate the
expression of many glial genes, and defects in
pros-1 animals are rescued by the expression of
human Prox1 (Kage-Nakadaietal. 2016; Wallace
etal. 2016).

While they are expressed in most, if not all
glia, both embryonic LIN-26 and postembryonic
MIR-228, a microRNA expressed in most glia,
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are also present in nonglial cells. Indeed, RNA-
seq studies suggest that there are no panglial
genes expressed exclusively in glia (Purice et al.
2023).

Specification of Glial Subtypes
AMsh Glia

AMsh glial fate specification requires a cascade of
transcription factors. Early on, AMsh glia express
and require the gliogenic transcription factor
LIN-26/Zn finger and the UNC-130/FKHD re-
pressor (Labouesse et al. 1996; Mizeracka et al.
2021). UNC-130 specifies the identities of AMsh
and other glia and epidermal cells (but not neu-
rons) that arise from a discrete developmental
lineage. The roles of UNC-130 in AMsh glia
can also be executed by human FOXD3, a neural
crest glial lineage regulator, suggesting possibly
conserved programs of peripheral glia fate spec-
ification (Kastriti and Adameyko 2017; Dawes
and Kelsh 2021; Mizeracka et al. 2021).

To ensure that only two AMsh glia are gen-
erated, this fate is suppressed in other lineages.
Conserved Atoh/NeuroD family proneural
bHLH genes restrict AMsh glial fate expression.
Loss of lin-32/Atonal/Atoh results in misexpres-
sion of AMsh markers in CEPsh glia, and possi-
bly other cells, leading to supernumerary AMsh
glia. LIN-32 acts in parallel to CND-1/NeuroGl1
and NGN-1/NeuroD1 (Zhang et al. 2020c) to
prevent ectopic expression of AMsh glia fate.
LIN-32 also regulates AMso glia specification,
although its roles here are unknown (Zhang
etal.2020c). Finally, once AMsh glial fate is spec-
ified, PROS-1/Prox1/Prospero acts to maintain
expression of the AMsh glia secretome until the
adult stage (Kage-Nakadai et al. 2016; Wallace
etal. 2016).

AMso/PHso

AMso and PHso glia express ALR-1, the C.
elegans ortholog of Aristaless, a Paired homeo-
domain transcription factor that drives neural
fate and sense organ specification in flies and
mammals (Meijlink et al. 1999). ALR-1 regulates
glial cell shape and adhesion to overlying epithe-
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lia (Tucker et al. 2005). AMso, PHso, and other
glial cells express hedgehog-related genes like
GRL-12, although their roles in glial develop-
ment await inquiry (Melkman and Sengupta
2005; Hao et al. 2006).

CEPsh Glia

CEPsh glia express the transcription factor HLH-
17 (McMiller and Johnson 2005; Yoshimura et al.
2008), the C. elegans protein most similar to ver-
tebrate Olig2, which is expressed in precursors of
oligodendrocytes and motor neurons, and in
subsets of astrocytes (Masahira et al. 2006; Tat-
sumi et al. 2018). VAB-3/Pax6/7 cell-autono-
mously controls HLH-17 expression in CEPsh
glia. With the Nkx/Hmx-related protein MLS-
2, VAB-3 activates HLH-17/0Olig2 in ventral
CEPsh glia; but does so independently of MLS-
2 in dorsal CEPsh glia (Yoshimura et al. 2008).
This gene-expression pathway is reminiscent of
specification events in the mouse spinal cord,
where Olig2 expression depends on Nkx6 in ven-
tral regions and Pax6/Pax7 in ventral/dorsal re-
gions (Rowitch 2004; Miller 2005). HLH-17 ex-
pression in dorsal CEPsh glia is also affected by
the loss of LIN-32/Atohl (see above) (Zhang
et al. 2020c¢).

ILso Glia

Like CEPsh glia, the six ILso glia arise from dis-
tinct lineages. UNC-130/FoxD3, acts as a repres-
sor, promoting generation of the two dorsal, but
not ventral or lateral, ILso glia (Mizeracka et al.
2021). UNC-130, acting through its DNA-bind-
ing domain, functions in progenitor and newly
born terminal cells to also specify other cells re-
lated by lineage to ILsoD glia. These studies re-
veal that different transcriptional programs op-
erate in different ILso developmental lineages to
specify similar cell fates.

Ray Structural Glia

Ray neuroblast progenitors give rise to RnB neurons
and to their sister glia—the ray structural cells. This
asymmetric division requires asymmetric Wnt and
POP-1/LEF-B-catenin signaling to specify anteri-
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or—posterior neuron—glia fates. Loss of the Wnt re-
ceptor LIN-17/Frizzled transforms posterior glial
cell daughters into anterior neurons through the
aberrant expression of LIN-32/Atoh in these cells
(Sulston et al. 1980; Portman and Emmons 2000;
Emmons 2005; Miller and Portman 2011). Thus,
LIN-32/Atoh1/Atonal can have context-specific
pro- or antigliogenic fate specification roles (see
above). Finally, VAB-3/Pax6/7 regulates fate speci-
fication here through interactions between a subset
of developing Rnst and their contacting neurons
and epithelia (Zhang and Emmons 1995), high-
lighting context-specific gene functions.

GLR Glia

The six GLR glia derive from the MS mesodermal
lineage (Sulston et al. 1983; White et al. 1986).
GLRs express the C. elegans myoD homolog
HLH-1; type IV collagen, like muscles; and me-
soderm-lineage-enriched genes like DIG-1 and
EMB-9 (Krause et al. 1994; Graham et al. 1997),
and contain GABA and the GABA transporter
SNF-10 (Gendrel et al. 2016). Recent transcrip-
tome studies suggest that GLR glia merge astro-
cytic and endothelial characteristics relegated to
separate cell types in vertebrates (Stefanakis et al.
2024). Combined fate acquisition is orchestrated
by LET-381/FoxF, a fate specification/mainte-
nance transcription factor expressed in glia and
endothelia of other animals. Among LET-381/
FoxF targets, UNC-30/Pitx2 transcription factor
controls GLR glia morphology and represses an
alternative mesodermal fate of the HMC cell, a
GABA-containing, muscle-related cell. LET-381
and UNC-30 coexpression in naive cells is suffi-
cient for GLR glia gene expression.

MORPHOGENESIS AND CELL BIOLOGY OF
C. elegans GLIA

Glial Cell Polarity

C. elegans neuroectodermal glia are lineally relat-
ed to epithelia and neurons, which are both po-
larized. Sheath glia make tight junctions with
socket glia and with associated neurons (Ward
et al. 1975; Perkins et al. 1986). For AMsh glia,
whose apical domain faces neuron contact sites,

apical-basolateral domain segregation can be
visualized by expression of subcellular domain
markers, including ERM-1/ERM and PIP2
(Low et al. 2019; Martin et al. 2024; Ray et al.
2024). Like vertebrate ZP proteins, DYF-7/ZP is
also an apical ECM component of these glia (Fig.
2A; Low et al. 2019). Similar organization likely
characterizes all sense organ-ensheathing pro-
cesses of C. elegans (Lee et al. 2021D).

Glial Cell Size Control

The size of AMsh glia cells is regulated by the con-
served cis-Golgi membrane protein EAS-1/
GOLTI1B, the loss of which causes enlarged AMsh
glial cell bodies (Fig. 2B; Zhangetal. 2020b). EAS-1/
GOLT1B, through the E3 ubiquitin-ligase gene rnf-
145/RNF145, promotes nuclear activation of sbp-1/
SREBP, a sterol and fatty-acid synthesis regulator.
Long-chain polyunsaturated fatty acids may be rel-
evant products of this pathway, although how they
affect cell size is not understood.

Glial Cell Morphogenesis
AMsh Glia Process Extension

Adult amphid sensory dendrites and glial pro-
cesses extend ~100 pm toward the nose tip
(Ward et al. 1975; White et al. 1986). Elongation
of these processes occurs in embryogenesis
through a mechanism termed retrograde exten-
sion (Sulston et al. 1983; Heiman and Shaham
2009; Lamkin and Heiman 2017). Newly born
amphid sensory neurons and AMsh glia extend
short projections, anchored at the nose tip with
an ECM composed of the zona-pellucida (ZP)
domain protein DYF-7, secreted by the neurons,
and DEX-1, a zonadhesin domain-containing
protein secreted by nonneuronal neighboring
cells (Fig. 2B’; Heiman and Shaham 2009; Oiko-
nomou and Shaham 2011). DEX-1 and DYF-7
resemble o.- and B-tectorins, proteins comprising
the tectorial membrane that anchors hair cell cil-
iaintheinner ear (Legan etal. 1997). Subsequent
migration of neuron and glia cell bodies extends
dendrites and glial processes, respectively. dyf-7
or dex-1 mutations result in short dendrites and
AMsh glia processes. AMso glia, which connect
anteriorly to AMsh glia, are generally unaffected;
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however, abnormal AMso glia posterior process-
es attached to AMsh glia are occasionally ob-
served, suggesting that AMsh-AMso adhesion
is independent of DYF-7 and DEX-1 (Heiman
and Shaham 2009).

Genes controlling glial cell body migration,
and presumably relevant for retrograde exten-
sion, are known. Lesions in the VAB-3/Pax-6
transcription factor block posterior migration
of several anterior glia and neuron cell bodies
(Yoshimura et al. 2008). A cleaved, secreted
form of SAX-3/Robo can interact with SYG-1/
Neph, expressed in AMsh glia, to promote glia
migration (Qu et al. 2020). Likewise, dietary vi-
tamin B12, acting through PTP-3/LAR PRTP
and NID-1/Nidogen on glia, controls glial migra-
tion (Zhang et al. 2020a).

AMsh Glia Process Tip Morphogenesis

Eight amphid neurons extend ciliated dendrites
passing through a matrix-filled channel open to
the environment (Ward et al. 1975; Perkins et al.
1986). AMso and AMsh glial membranes com-
prise the anterior and posterior channel sections,
respectively, and are joined by tight junctions to
form a continuous tube (Fig. 1B; Martin et al.
2024). This compartment resembles synaptic
compartments surrounded by astrocyte end-feet
(Shaham 2010). The anterior region of AMsh glia
in this compartment is decorated by a web of api-
cal By-spectrin (Martin et al. 2024). Glial com-
partment formation occurs in the embryo before
neuronal cilia enter it (Oikonomou and Shaham
2011). Subsequent morphogenesis requires DAF-
6/Patched-related and the secreted DAF-6-bind-
ing protein DYF-4, both of which restrict amphid
channel expansion (Fig. 2C-C’; Perens and Sha-
ham 2005; Oikonomou et al. 2011; Hong et al.
2021). Bloated channels in daf-6 or dyf-4 mutants
can be rescued by mutations in the lit-1, snx-1,
or igdb-2 genes (Oikonomou and Shaham 2011;
Oikonomou et al. 2012; Wang et al. 2017; Hong
etal. 2021), suggesting that these genes antagonize
DAF-6 and DYF-4 functions and promote chan-
nel growth. LIT-1/NEMO-like kinase, SNX-1,aret-
romer component, and IGBD-2, an Ig/ENIII pro-
tein, act in parallel. IGDB-2 functions in AMso glia
and its loss can be partially compensated for by the

Glia in the Nervous System of C. elegans

loss of LGC-34, a predicted ligand-gated ion chan-
nel (Wangetal. 2017), indicating that extracellular-
ion levels and/or glia:glia coordination influence
amphid channel dimensions. daf-6, lit-1, and snx-
1 also interact genetically with che-14/Dispatched-
related, required for apical secretion from AMsh
glia (Michaux et al. 2000; Perens and Shaham
2005; Oikonomou and Shaham 2011; Oikonomou
et al. 2012). All identified channel size regulators
function in AMsh/so glia; nonetheless, sensory-
neuron cilia defects affect DAF-6 localization
(Perens and Shaham 2005), suggesting cross talk
between these cell types (Martin et al. 2024).

CEPsh Glia Morphogenesis

CEPsh glia are born in the embryo (Sulston et al.
1983) where, in addition to extending a process
associated with CEP dendrites, they also extend
nonbranching processes that mark the location
of the presumptive nerve ring and that promote
nerve-ring assembly. Later, CEPsh glia processes
become highly ramified, extending membrane
sheets that envelop the nerve ring, and finer pro-
cesses that penetrate it and abut synapses (Fig.
2D-D’; White et al. 1986; Rapti et al. 2017; Katz
et al. 2019). The CEPsh glial cell morphology
does not appear disrupted after ablation of
nerve-ring pioneer neurons SIA and SIB, sug-
gesting that these neurons may be dispensable
for the development of CEPsh glia membrane
sheaths.

Glia-Epithelia Interactions in Glial Shape
Maintenance

C. elegans glia are mechanically coupled to over-
lying epithelia, Briefly, epithelial UNC-23/
BAG2, an Hsp cochaperone, maintains epitheli-
al cell shape against mechanical stress (Martin et
al. 2024). Loss of unc-23, through misregulated
HSP-1-DNJ-13 chaperone cycling, induces pro-
gressive age-dependent deformation in the epi-
thelia cell shape of adult animals. This, through
FGFR signaling, disrupts the glial apical cytoskel-
eton protein SMA-1/B-spectrin and F-actin, re-
sulting in the loss of shape of AMsh glial apical
domains that contact neuron endings. This leads
to the consequent loss of neuron-ending shapes
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and function (Martin et al. 2024). This epithelia—
AMsh glia coupling only occurs at the L4-adult
critical developmental window (Martin et al.
2024). Further, this coupling only affects glia in
the anterior head region, like AMsh and CEPsh
glia (Martin et al. 2024), but tail PHsh glia or
phasmid neurons are unaffected (Martin et al.
2024). Thus, epithelia—glia mechanical coupling
is regulated with exquisite spatial and temporal
specificity (Martin et al. 2024). UNC-23 also af-
fectstissue viscoelasticityand integrity of the Per-
lecan ECM, in relation to temperature and me-
chanical stress, to affect thearchitecture of CEPsh
glia sheaths in an age-progressive manner (Rah-
manietal. 2015; Coraggio etal. 2023; Martinetal.
2024).

Similarly, loss of the ECM protein DIG-1,
secreted by muscle and epithelia to regulate base-
ment membrane architecture, induces fragmen-
tation of AMsh glia anterior endings and abnor-
mal cell position, shape, and fasciculation of
neurons associated with ILso glia, and other neu-
ronal processes (Bénard et al. 2006; Chong et al.
2021). Loss of either UNC-23 or DIG-1 results in
progressive defects in adult animals, indicating
lifelong roles for epithelia in glia-shape mainte-
nance and neural aging (Chong et al. 2021; Mar-
tin et al. 2024).

Morphology of postembryonic CEPsh glia
posterior processes is also maintained by CIMA-
1/SLC17A5 transporter, which controls EGL-15/
FGEFR levels in epithelia, and MIG-17/ADAMTS
protease, which influences basement membrane

Glia in the Nervous System of C. elegans

composition (Fig. 3A; Shao et al. 2013; Fan et al.
2020).

Finally, RAM-5/ZP domain proteinand DPY-
18/prolyl-4-hydroxylase subunit are expressed in
the male tail-specific Rnst glia and epithelia, re-
spectively, and may act in a glycosylation-depen-
dent pathway to mediate epithelia—glial interac-
tions and Rnst cell shape (Yu et al. 2000).

Recurrent epithelia—glia juxtaposition across
species raises the possibility that analogous sig-
nals may broadly maintain glial cell shape and
polarity (Salzer 2003; Derouiche et al. 2012).

Glia Remodeling in Dauer Animals

Upon stress, C. elegans larvae enter a develop-
mental state called dauer through steroid hor-
mone signaling. In dauers, the bilateral AMsh
glia expand, fuse, and exchange cytoplasm (Fig.
2E-F/; Cassadaand Russell 1975; Albert and Rid-
dle 1983; Procko et al. 2011). AMsh glia expan-
sion occurs concomitantly with the expansion of
AWC neuron dendritic endings ensheathed by
these glia. Behavior studies reveal that remodel-
ing facilitates dauer exit upon exposure to favor-
able conditions (Lee etal. 2021a). Dauer-induced
glial fusion is driven by AMsh glia-expressed
REMO-1/G-protein-coupled receptor; transcrip-
tion factors TTX-1/Otx and ZTF-16/Ikaros; fu-
sogen AFF-1; and the stress-responsive factor
VER-1/RTK (Procko et al. 2011, 2012; Lee et al.
2021a). REMO-1 localizes to AMsh glia anterior
tips and, with TTX-1 and ZTF-16, is required for

Figure 2. Glial cell development and morphogenesis. (A) Schematic depicting apical-basal polarity of AMsh and
AMso glia at the amphid channel lumen. (B-B"”) Diagram and images of AMsh glia in wild-type (B) and different
mutant backgrounds (B'-B"""). AMsh glia anterior processes are collapsed in dyf-7 and dex-1 mutant (B'), glial cell
sizeisenlarged in eas- 1 mutant (B”) and glial cell body migration is disrupted in sax-3 mutant (B""’) animals. (C-C')
Diagram and images of AMsh glia in wild-type (C) and daf-6 (C') mutant animals showing aberrant sensory
compartment lumen in mutants, which impedes ADF-NRE from accessing the outside environment. (D-D')
Diagram and image of CEPsh and pioneer/follower neurons growing into the neuropil for brain assembly in the
embryo (D) and larvae (D). Scale bar, 10 um. Micrograph shows CEPsh glia process guiding pioneer axon
processes. (E, E') Schematic of AMsh gliaand AWC neuron remodeling in non-dauer (E) and post-dauer animals
(E'). (AMsh) Amphid sheath glia, (AMso) amphid socket glia, (CEPsh) cephalic sheath glia, (NRE) neuronal
receptive ending. (Fluorescence images as follows: B, B reprinted from Heiman and Shaham 2009 with permission;
B’ from Zhang et al. 2020b, reprinted under the terms of the Creative Commons CC BY 4.0 License; C,C” from Qu
etal. 2020, reprinted under the terms of the Creative Commons Attribution License; D,D’ from Rapti et al. 2017,
reprinted with permission from the author. Schematics from Singhvi and Shaham 2019, reprinted with permission
from the author.)
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the expression of VER-1/RTK (Procko et al. 2011,
2012; Lee et al. 2021a). While glial REMO-1 im-
pacts the remodeling of AWC neurons, loss of
AW Cneurons does not alter glia remodeling, sug-
gesting that glial cues dictate downstream neuron
remodeling events (Procko et al. 2011, 2012; Lee
et al. 2021a). Nonetheless, some dauer-neuron
remodeling events are independent of the
REMO-1 glial pathway (Lee et al. 2021a).

GLIAL REGULATION OF NEURON
GENERATION AND DEGENERATION

Glia as Neuronal Progenitors

The embryonic and postembryonic lineages of
C. elegans elucidated four decades ago, report that
glia are terminally differentiated cells (Sulston and
Horvitz 1977; Sulston et al. 1983). Recent studies,
however, reveal that some glial cell divisions were
missed. Indeed, male AMso glia are a postem-
bryonic source of neurons (Fig. 3A). During male
sexual maturation, each AMso divides asymmetri-
cally in a budding-like division to generate an
AMso cell and a male-specific MCM neuron that
expresses neuronal gene batteries, forms brain syn-
apses, and regulates male-specific behaviors (Sam-
mut et al. 2015). Remarkably, the AMso daughter

Glia in the Nervous System of C. elegans

retains glial markers, cilia-ensheathing projections,
and polarized morphology of the precursor cell
through the division, reminiscent of vertebrate ra-
dial glia divisions. Concomitantly, during sexual
maturation, two other (trans)differentiation events
occur in the male. The male glial cell PHso2 trans-
forms to make the pore for tail sensory sensilla,
formed by socket glia PHsol in hermaphrodites,
while male PHso1 socket glia trans-differentiate to
generate sensory PHD neurons, which contribute
to male copulation circuits (Fig. 3B; Sulston et al.
1980; Molina-Garcia et al. 2020). This glia-to-neu-
ron fate change generally happens without cell di-
vision and is molecularly distinct from Y-to-PDA
differentiation, a different trans-differentiation
event (Jarriault et al. 2008; Rashid et al. 2022).

Glial Roles in Neurodegeneration

Mutations in the gene swip-10 result in swim-
ming-induced paralysis, mediated by hyperex-
citability of dopaminergic CEP neurons (Hard-
away et al. 2015; Gibson et al. 2018). SWIP-10,
a metallo-B-lactamase-domain protein, is ex-
pressed in CEP-ensheathing CEPsh glia, and
other glia. Its action may be indirect and medi-
ated through its effects on glutamate signaling.

Figure 3. Caenorhabditis elegans glial cells in neuronal generation and morphogenesis. (A-A’) Schematic of AMso
gliain malesin L3 (A) and L4 (A’) larval stages showing its cell division to generate the MCM neuron. (B) Schematic
of the male PHso glia transdifferentiating into a PHD neuron during developmental L3-L4-adult transition stages.
(C-C') Diagram and image of AFD-NRE in wild-type animals with intact AMsh glial ensheathment (C), and in
kcc-3 mutantanimals (C'). (D-D') Schematic (D) and image (D') of bilateral AMsh glia-AFD. AFD-NRE staining
(top arrow) is also seen as punctate fragments in the AMsh glia cell body (bottom arrow) on the side with AFD
neurons presentand lost in the AMsh glial cell body on the side with AFD neuron ablated. (E-E”) Pruning by AMsh
glia regulates AFD-NRE shape. Reduced pruning (ced-10 mutants) causes elongated AFD-NRE, and excess
pruning (overexpress CED-10 in AMsh) causes shorter AFD-NRE. (F-F') RME synapses localized to a specific
region of the neurite in wild-type (F) are misrouted along the neurite processes in GLR innexin mutant animals (F').
(G-G'"") Diagram and image of CEPsh glial posterior membrane sheaths directing pioneer and follower neuronal
axons (G, G'), and their misdirection in glia-ablated-animals (G'~-G""). (H-H’) Diagram and image of glial celland
axon processes in the brain neuropil of wild-type animals (H ), which become truncated or misguided in kpc-1;
chin-1 double mutantanimals with abnormal trafficking in CEPsh glial cells, leading to reduced brain neuropil size.
(I-I") Schematic of epithelia and ATY neuron synapses within CEPsh glia posterior process zone. Densities of ATY
synapses apposing specific CEPsh glia posterior membrane sheath process regions in wild-type animals (I, I') are
decreased in animals defective for glia-secreted UNC-6/Netrin (I”) and ectopically positioned in cima-1 animals
with aberrant CEPsh posterior sheath processes. (Panel Cis reprinted, with permission, from Singhvi etal. 2016; D,
Ereprinted from Raiders etal. 2021a under the terms of the Creative Commons Attribution License; G, H reprinted
from Rapti et al. 2017 with permission from the author. Schematics adapted from Singhvi and Shaham 2019 with
permission from the author.)
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Of note, swip-10 loss promotes age-dependent
dopaminergic-neuron degeneration, suggesting
that glia play important roles in maintaining cell
numbers by preventing neurodegeneration.

GLIAL CONTROL OF NEURON
MORPHOLOGY

Dendrite Outgrowth

Studies of retrograde extension in amphid devel-
opment (see above) suggest important roles for
glia in sensory-neuron dendrite extension (Fig.
2B-B’). AMsh glia ablation during embryogene-
sis results in short dendrites, resembling those of
dyf-7 or dex-1 mutants (Singhal and Shaham
2017). Similarly, CEPsh glia ablation results in
CEP neuron dendrite extension defects (Yoshi-
mura et al. 2008). The URX and BAG sensory
dendrites also form through retrograde exten-
sion (Chong et al. 2021). Unlike the amphid,
dendritic tips here contact a protrusion of ILso
glia to form a dendritic anchor independent of
DYEF-7/DEX-1. Instead, SAX-7/L1CAM, acting
in neurons and ILso glia, and GRDN-1/Girdin/
CCDCS88C, acting in ILso glia, anchor BAG and
URX neurite tips as the neuron cell bodies mi-
grate (Lamkin and Heiman 2017).

Neuron-Receptive-Ending (NRE) Shape

Sensory NREs are specialized subcellular domains
housing sensory-transduction machinery and are
proposed as analogs of postsynaptic dendritic
spines (Shaham 2010). C. elegans sense-organ glia
regulate NRE shape, sensory-neuron function, or
both; resulting in behavioral deficits (Singhvi and
Shaham 2019; Ray and Singhvi 2021; Martin et al.
2024; Ray et al. 2024). Glial regulation of NRE shape
has been predominantly investigated for AMsh glia,
which associate with sensory NREs of 12 neurons
and regulate the shape of many (Bacaj et al. 2008).
Molecular studies reveal that a single AMsh glial cell
uses distinct mechanisms to regulate each neuron.

The glial-secretome regulator PROS-1/Prox
regulates the shapes of multiple amphid NREs
(Wallace et al. 2016). In contrast, the glial K/Cl
cotransporter KCC-3 regulates only AFD neuron-
receptive-endings shape (Fig. 3C-C'; Singhvi etal.

2016; Yoshida et al. 2016). KCC-3 controls chlo-
ride levels in the glia—neuron intercellular milieu.
Chloride inhibits the AFD neuron receptor-gua-
nylyl-cyclase GCY-8. GCY-8-dependent control
of neuronal cGMP signaling, in turn, regulates
NRE shape through the actin-polymerization fac-
tor WASP-1/nWSP (Singhvi et al. 2016). kcc-3
mutants exhibit impaired AFD-dependent ther-
mosensory behavior.

AMsh gliaalso regulate NRE shape by phago-
cytosis of AFD neuron NRE fragments (Fig. 3D-
E”; Raiders et al. 2021a). Briefly, AMsh glia dy-
namically tune pruning rates based on neuron
activity. This pruning requires molecular cues
regulating exposure of phosphatidylserine on
neurons similar to apoptotic cells and recognized
by glia using apoptotic cell engulfment compo-
nents (Raiders et al. 2021a). Similar pruning is
documented at Drosophila and vertebrate syn-
apses, supporting the notion that synapses and
sensory endings are functionally related (Sha-
ham 2010; Wilton et al. 2019; Hilu-Dadia and
Kurant 2020; Raiders et al. 2021b).

AMsh glia also uptake NRE-derived extracel-
lular vesicles (Ohkura and Biirglin 2011; Raz-
zauti and Laurent 2021). This may impact NRE
shape and function for some neurons, but the
physiological significance remains to be deter-
mined.

Finally, maintenance of NRE shape also re-
quires appropriate glial cell cytoskeleton mainte-
nance downstream from epithelia—glia signaling
and epithelial UNC-23/BAG2 Hsp cochaperone
activity (see glia-shape section above) (Martin
etal. 2024).

Neurite Specification

The mesodermal-lineage GLR glia regulate the
specification of RME motoneuron neurites.
Through gap junctions with RME neurons, GLR
glia regulate calcium concentration, a CDK-5
pathway, and microtubule polarity to control the
placement of synaptic proteins (Fig. 3F-F'; Meng
et al. 2016). Glia—neuron gap junctions are also
reported in other species including humans, sug-
gesting that these mechanistic insights may be
broadly relevant (Cuadras et al. 1985; White
etal. 1986; Nedergaard 1994).
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Axon Guidance and Brain Assembly

In the embryo, CEPsh glia extend processes along
the dorsoventral axis, demarcating the presump-
tive nerve ring. These processes guide sublateral
commissure pioneer neurons ( primarily SIA and
SIB) into the nerve ring, and a combination of
CEPsh glia and pioneer neuron signals directs
follower neuron entry (Fig. 3G-H'; Rapti et al.
2017). CEPsh glia ablation, mutations inactivat-
ing axon-guidance factors released from these
cells or blocking trafficking of these cues in Chi-
maerin/Furin double mutants disrupts pioneer
axon pathfinding and brain assembly (Raptietal.
2017). CEPsh glia communicate with pioneers
via UNC-6/Netrin and with follower axons using
MAB-20/Semaphorin and FMI-1/CELSR (Rapti
et al. 2017). Since the loss of MLS-2/Nkx/Hmx
and VAB-3/Pax6/7 affects CEPsh fate specifica-
tion and nerve-ring axons guidance defects
(Yoshimura et al. 2008), it is possible that these
transcription factors regulate the expression of
guidance genes in CEPsh glia.

GLR glia, which line the inner surface of the
nerve ring, are required for maintaining the
nerve-ring position between the anterior and
posterior pharyngeal bulbs. Embryonic ablation
of GLR-glia precursor cells causes postem-
bryonic anterior displacement and defascicu-
lated of the nerve ring (Shah et al. 2017).

Synapse Formation and Maintenance

Like astrocytes, which mediate synapses forma-
tion and maturation (Ullian et al. 2001; Christo-
pherson etal. 2005; Allen etal. 2012; Chunget al.
2013,2016), CEPsh glia may also control synap-
tic placement. UNC-6/Netrin expressed in these
glia appears to promote the enrichment of its
receptor, UNC-40/DCC, in presynaptic regions
of AIY neurons, as well as process guidance of its
postsynaptic partner RIA (Fig. 3I-1"; Coldn-Ra-
mos et al. 2007). Whether CEPsh glia affect syn-
aptogenesis directly or by fine-tuning AIY/RIA
process guidance remains unclear, since their
processes in the neuropil contact axons of these
neurons but not their synapses directly (White
et al. 1986; Witvliet et al. 2021).

CEPsh glia may also affect synapse mainte-
nance (Fig. 31"). Aberrant elongation of CEPsh
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glia upon disruption of epithelial CIMA-1/
SLC17A5, EGL-15/FGFR, and MIG-17/
ADAMTS, promotes ectopic presynaptic sites in
ATY axons (Shao et al. 2013). These sites are adja-
cent to mispositioned postsynaptic RIA axons,
correlate with ectopic axon-glia contacts, and are
independent of Netrin (Shao et al. 2013; Fan et al.
2020). Whether these synapses result from new
synapse assembly or abnormal density due to al-
tered axon morphology remains unclear. Post-
embryonic maintenance of axon shape and AIY
synaptic sites also requires maintenance of CEPsh
glia sheath integrity by UNC-23/BAG2 (Shaoetal.
2013; Coraggio et al. 2023). By contrast, CDC-42
GTPase and its effector PAS-7/IQGAP act down-
stream from glia, within the neuron, to promote
ectopic sites, without regulating glia morphology
(Dong et al. 2020).

Ray Structural Glia in Ray Sensilla
Morphogenesis

The male Rnst structural glial cells express
RAM-5, a transmembrane protein that acts with
epidermal MAB-7/SNED during tissue remod-
eling thatleads to ray neuron morphogenesis (Yu
et al. 2000).

GLIA IN NEURAL CIRCUIT FUNCTION AND
ANIMAL BEHAVIOR

Glia as Sensory Cells

AMsh glia can detect sensory cues independently
of associated neurons. They exhibit Ca*" tran-
sients upon isoamyl alcohol or octanol exposure
using glia-specific G-protein-coupled receptors,
which triggers olfactory adaptation by glia-driv-
en GABA signaling to sensory neurons (Duan
etal. 2020). AMsh glia Ca®" transients upon tac-
tile nose-touch stimulation also modulates be-
havioral adaptation through chloride channels
CLH-1 and GABA signaling (Fig. 4A; Ding et
al. 2015; Fernandez-Abascal et al. 2022). Glial
Ca®" transients require EGL-19/L-type Ca®"
channel ol subunit activity, and loss of egl-19
causes defects in olfactory adaptation (Chen
etal. 2022). They also respond to environmental
stress by inducing expression of VER-1/VEGFR
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to drive glia-neuron structural remodeling (re- 1 also promotes glia-dependent GABA activa-
viewed above) (Procko et al. 2011; Duan et al.  tion and cAMP signaling in ASH neurons (Fig.
2020; Fernandez-Abascal et al. 2022). 4B; Grant etal. 2015; Park etal. 2021; Fernandez-

Abascal et al. 2022). Human Clc2, expressed in
glia, also regulates ion homeostasis and GABA

Glial Regulation of S -N Activi
ial Regulation of Sensory-Neuron Activity signaling (Sik et al. 2000; Depienne et al. 2013).

AMsh Glia

Besides modulating NRE shape to effect neuron OLQso/ILso Glia
functional changes, AMsh glia also use signaling
pathways to influence neuron activity. AMsh glia
FIG-1/thrombospondin domain protein is re-
quired for octanol detection and amphid neuron
dye filling (Bacaj et al. 2008; Wallace et al. 2016).
Astrocyte thrombospondins regulate vertebrate
synapse assembly and function (Christopherson
etal. 2005), perhaps suggesting similar activities.
TheNa™-selective AMsh glia DEG/EnaCsubunit ~ Glial Regulation of Synaptic Activity
ACD-1 regulates AWC chemosensory neuron
responses to specific odors (Wang et al. 2008,
2012), relying on glial acidification by the CLH- ~ Postembryonic ablation of CEPsh glia does not
1/CIC chloride channel (Grantetal. 2015). CLH- alter nerve-ring morphology. Nonetheless, ani-

These glia express DEG/EnaC channel subunits
DELM-1/2 and NaK"-ATPase o-subunits EAT-
6 and CATP-1, which regulate nose-touch sensi-
tivity and foraging behaviors, likely through mod-
ulating neuron excitability (Fig. 4B; Han et al.
2013; Johnson et al. 2020; Ray and Singhvi 2021).

Sleep Regulation
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Figure 4. Caenorhabditis elegans glial functions in animal behavior. (A-A") Schematic (A), representative
micrograph (A’) (scale bar, 20 pm), and Ca®" transient quantification (A”) in AMsh glia and ASH neuron upon
two pulses of isoamylalcohol (IAA) stimulation. (B-B”) Schematic (B) depicting the region where CEPsh posterior
processes contact AVA and RIM neurons. Representative traces of spontaneous glutamate (light, measured by
iGluSnFR) and calcium (darkline, measured by GCaMP) dynamics near the AVA neuron in wild-type (B') and glt-1
mutant (B”) animals. (Images in A are reprinted with permission from Duan et al. 2020. Images in B are reprinted
from Katz et al. 2019 under a Creative Commons Attribution 4.0 International License.)
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mals move at half speed, along circular trajecto-
ries, and lapse into ectopic sleep bouts (Katz et al.
2018, 2019). In vivo, Ca®" imaging during sleep
reveals that while most neurons are silent, ALA
neurons exhibit calcium transients (Nichols et al.
2017). These neurons form inhibitory synapses
onto AVE locomotion interneurons, and these
synapses are inactivated by CEPsh glia that
wrap around them (Katzetal. 2018). AVE activity
precedes backward movement; however, CEPsh
glia ablation results in prolonged AVE Ca*" sig-
nals uncoupled from movement. Astrocyte reg-
ulation of sleep is conserved in Drosophila and in
mice (Frank 2013; Poskanzer and Yuste 2016;
Artiushin and Sehgal 2020; Blum et al. 2021).

Repetitive Behavior

Animalslacking CEPsh glia or GLT-1,a conserved
glutamate transporter expressed in CEPsh gliaand
vertebrate astrocytes, exhibit repeated backward
movement initiations (Mano et al. 2007; Katz
et al. 2019). Dual-color imaging of extracellular
glutamate and intracellular Ca** signals in AVA
(a backward-locomotion interneuron) in glt-1
mutants, reveals oscillations of glutamate release
near AVA and of AVA firing (Fig. 4B). These stud-
ies suggest that in the absence of glial GLT-1, glu-
tamate diffuses away from AVA postsynaptic sites
and engages an extrasynaptic glutamate receptor,
MGL-2/mGluR5, on presynaptic neurons. This
leads to unevoked release of glutamate, mediated
by presynaptic EGL-30/Go.q, driving an autocrine
feedforward loop that causes AVA to fire repeat-
edly (Katz et al. 2019). Conditional knockout of
GLT1 in mouse astrocytes results in repetitive
grooming behavior (Aida etal. 2015), and murine
mGIluR5 inhibition prevents repetitive grooming
and head tics in mouse models of autism spectrum
and other repetitive behavior disorders (Silverman
et al. 2010). Thus, it is possible that mammalian
repetitive behavior (Ting and Feng 2008) also orig-
inates from synaptic glutamate control defects.

Locomotion and Salt Resistance

let-381 mutants, which block postembryonic
maintenance of GLR fate, as well as animals in
which GLR glia are genetically ablated after ner-
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vous system development is largely complete, ex-
hibit specific defects in locomotory behavior re-
sembling those seen in CEPsh ablated animals
(Katz et al. 2018, 2019). Among other defects,
GLR glia-defective animals have reduced loco-
motion speed and increased reversal probability.
In addition, animals with disrupted GLR glia are
hypersensitive to salt, arresting locomotion for
longer than wild-type animals, and recovering
more slowly once normo-osmotic conditions
are restored, suggesting important roles for these
glia in coordinating neuronal activity.

GLIAL ROLES IN STRESS AND AGING

Immunity

C. elegans encounters microorganisms in its envi-
ronment, adapting physiology and behavior ac-
cordingly. Transcriptome studies reveal that co-
culture with Penicillium brevicompactum, an
ecologically relevant mold, up-regulates stress-re-
sponse genes, including xenobiotic metabolizing
enzymes (XMEs), in the intestine and AMsh glia.
The nuclear-hormone receptors NHR-45 and
NHR-156 are induction regulators, and mutants
that cannot induce XMEs in the intestine when
exposed to P. brevicompactum experience mito-
chondrial stress and exhibit developmental de-
fects. Wild isolates of C. elegans harbor sequence
polymorphisms in nhr-156, resulting in pheno-
typicdiversity in AMsh glia responses to microbes.
Thus, as in flies and mammals, C. elegans glia may
also mediate immunity (Wallace et al. 2021).

Longevity

C. elegans glia may also regulate aging. Expres-
sion in CEPsh glia of constitutively active XBP-1,
atranscription factor mediating responses to en-
doplasmic reticulum stress, extends life span and
has ameliorating effects on distal tissues (Apfeld
and Kenyon 1999; Arey and Murphy 2017;
Frakes et al. 2020). This response may be medi-
ated in part through changes in neurotransmit-
ters (Wangand Bianchi2021). Loss of RGBA-1,a
neuropeptide-like protein expressed in glia, or of
the neuropeptide receptor NPR-28 influences
age-related decline in worm mating behavior
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(Fig.4D; Yin etal. 2017). However, since glia lack
the canonical dense core vesicle release factor
UNC-31/CAPS and EGL-3/convertase (Purice
et al. 2023), how they secrete neuropeptides like
RGBA-1 remains to be determined.

GLIAL FUNCTIONS OF EPITHELIAL CELLS

A C. elegans Model for Radial
Glia-to-Motoneuron Differentiation

Canonical radial glia stem cells are absent in
C. elegans; nonetheless, the cell division-inde-
pendent transformation of the epithelial tube lin-
ing Y cell into the PDA motoneuron has been
informative in understanding motoneuron gen-
eration (Jarriault et al. 2008; Zuryn et al. 2014;
Rashid et al. 2022). This trans-differentiation
event requires LIN-12/Notch acting through
NGN-1/Ngn and its regulator HLH-16/Olig.
lin-12 loss blocks transformation, while lin-12
(gf) promotes precocious PDA formation. Early
basal expression of ngn-1/Ngn and hlh-16/Olig
depends on sem-4/Sall and egl-5/Hox. Later, co-
incident with Y-cell morphological changes,
ngn-1/Ngn expression is up-regulated in a sem-
4/Sall and egl-5/Hox-dependent but hilh-16/
Olig-independent manner. Control of histone
methylation by JMJD-3.1, an H3K27me3/me2
demethylase, and the SET-2/Set1 H3K4 methyl-
ation complex ensures robustness of this trans-
differentiation. Homologous proteins regulate
motoneuron generation from radial glia in the
vertebrate spinal cord (Jessell 2000; Dasen and
Jessell 2009), suggesting that C. elegans genetics
can help identify additional genes and interac-
tions mediating these events.

Epithelia-Mediated Neurite Morphogenesis
and Maintenance

In addition to maintaining glia—neuron architec-
ture with age (Chong et al. 2021; Coraggio et al.
2023; Martin et al. 2024), epithelia assume glial-
like roles and provide substrates for peripheral
neurites and regulate their form and integrity. Ep-
ithelial EGL-15/FGFR guides the outgrowth of
specific axons (PVP, PVQ, PVT, DA/DB) along
the anteroposterior and dorsoventral axes in

a kinase-independent manner via LET-60/Ras
GTPase and adaptors SOC-1/2 (Biillow et al.
2004). Epithelia-expressed DRAG-1 regulates
axon branching via UNC-40/DCC in hermaphro-
dite-specific neurons (HSNs) (Tsutsui et al. 2021).
COL-99/ColA1, and DPY-18/P4HA?2 affect lon-
gitudinal axons and male tail ray morphology.
Theyarealso expressed by epithelia but their tissue
requirement is unclear (Baird and Emmons 1990;
Hill etal. 2000; Soete etal. 2007; Taylor et al. 2018).
Epithelia also guide dendrite morphogenesis. Ep-
ithelial adhesion molecules MNR-1/Fam151 and
SAX-7/L1CAM form a coligand complex, bind
the LRR transmembrane receptor DMA-1 on
PVD neuronsand instruct PVD dendritic branch-
ing (Liuand Shen 2012; Dong et al. 2013; Salzberg
etal. 2013).

Epithelia Protect Axons

Epithelial cells can also guide synaptogenesis and
synaptic maintenance in the PNS. Hemidesmo-
some attachments couple PLM neuron axons to
the epidermis (Emtage et al. 2004). Hemidesmo-
some components (LET-805/Myotactin, VAB-
10/Plakin) localize periodically for this attach-
ment, are required to protect axons from damage,
and are disrupted with age (Coakley et al. 2020;
Bonacossa-Pereira et al. 2022). Epidermal UNC-
70/B-Spectrin, TBC-10/GAP, and RAB-35/
GTPase synergize to preserve hemidesmosomes,
axon-epidermal attachments, and axon integrity
against breakage (Coakley et al. 2020). Thus, the
adhesion of peripheral axons to epithelia ensures
their mechanical resilience.

Epithelia Regulate Synapse Assembly

Two immunoglobulin-fibronectin-domain adhe-
sion proteins, SYG-1 and SYG-2, expressed in
HSNs and vulval epithelia, respectively, interact
to specify synapses (Shen and Bargmann 2003;
Shen et al. 2004). SYG-2 instructs SYG-1 locali-
zation at presynaptic sites. The Ig-domain trans-
membrane protein ZIG-10 controls synapse
maintenance. ZIG-10, localized by MAGU-2
near neuromuscular junctions, is required in the
epidermis and motor neurons for synapse main-
tenance (Cherra and Jin 2016; Cherra et al. 2020).
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Epithelial ZIG-10 regulates CED-1-mediated
phagocytosis to constrain the cholinergic synaptic
apparatus. This is reminiscent of MGEF10/CED-
1-mediated synaptic pruning by astrocytes, micro-
glia, and Drosophila glia (Stevens et al. 2007; Fu-
entes-Medel et al. 2009; Awasaki and Lee 2011;
Chung et al. 2013; Raiders et al. 2021b).

LOOKING AHEAD

Studies of C. elegans already reveal extensive con-
servation across species in glia development and
function, even at the molecularlevel. Theinvariant
lineage and contacts each glial cell makes with
neurons and nonneural tissue enable an under-
standing of the roles of these conserved mole-
cules at single cell and single contact resolution.
With such a powerful molecular-genetic toolkit,
C. elegans is poised to shed light on many unre-
solved and exciting aspects of glia biology. For
example, the molecular basis of specificity in
glia-neuron interactions is generally unexplored.
Findings on AMsh, CEPsh, and ILso glia interac-
tions with their neuron partners provide excellent
foundations to interrogate in vivo mechanisms
and logic behind interaction specificity. The roles
of Ca®" transients in vertebrate glia remain highly
debated. With a completely mapped connectome
and molecular tools for selectively labeling glia,
C. elegans may finally reveal whether glia Ca**
serves roles in information processing.

The invariance in C. elegans glial cell numbers
and anatomy provides a powerful opportunity to
understand glia heterogeneity, across sex, age, po-
sition, circuit activity, stress, and other variables.
Further, the complete molecular atlas of glia across
both sexes in C. elegans has been compiled by
snRNA-seq, the first such map for glia of a multi-
cellular nervous system (Purice et al. 2023). Cou-
pled with the animal’s invariant glia—neuron de-
velopment and connectome, this now provides
unparalleled resolution to dissect glia biology mo-
lecularly. Further work extending such analyses to
how different glia are tuned to different variables
should emerge over the next few years.

Caenorhabditis elegans also provides an ap-
propriate setting to understand how glia acquire
their fates, maintain their elaborate morpholo-
gies, and organize in tiled configuration, ques-
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tions that still remain unanswered for most ver-
tebrate glia.

The discovery of neuron-receptive-ending
pruning by AMsh glia also places C. elegans at
the forefront of understanding this disease-rele-
vant but molecularly enigmatic ability. Likewise,
the observation that CEPsh astrocytes contribute
to sleep, and control repetitive behavior, using
machinery conserved with vertebrates, suggests
that insights into glial control of behavior are
likely to emerge from future studies of the worm.

Thelast two decades of research on C. elegans
glia have borne fruit to early promise by rapidly
delivering surprising and novel insights into glia
biology. This, however, is just the beginning.
Building on this exciting momentum, the com-
ingyears arelikely to reveal fundamental insights
into how glia govern nearly every aspect of the
nervous system.
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