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Abstract

The ability of neurons to modify or remodel their synaptic connectivity is critical for the function
of neural circuitry throughout the life of an animal. Understanding the mechanisms underlying
neuronal structural changes is central to our knowledge of how the nervous system is shaped for
complex behaviors and how it further adapts to developmental and environmental demands.
Caenorhabditis elegans provides a powerful model for examining developmental processes and for
discovering mechanisms controlling neural plasticity. Recent findings have identified conserved
themes underlying neural plasticity in development and under environmental stress.
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Introduction

The nematode C. elegans is well-known for its invariant lineage and precise connectome,
both of which can be viewed in living animals at single cell and single synapse resolution [1,
6]. Decades of research on C. elegans have profoundly affected our understanding of the
development and function of the nervous system. Recent technological advance has also
enabled automation of /n vivo visualization and quantitative analyses of neuronal
connections and activity [2-5]. Defying assumptions on stereotypic development, these
findings have revealed a surprising degree of structural plasticity that is critical for the
establishment and maintenance of stereotypic connections in the C. elegans nervous system
at different life stages and under harsh environments. Here, we review mechanistic insights
from selected examples.
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Developmental plasticity in the locomotor circuit

Following embryogenesis, C. elegans goes through four consecutive larval (L) stages to
become fertile adult hermaphrodites, increasing body size by fivefold. An adult
hermaphrodite consists of 302 neurons and 56 glial cells [6]. Locomotion of C. elegansis
propelled by coordinated contraction and relaxation of ventral and dorsal body wall muscles
along the anterior-posterior axis. The body wall muscles are innervated by eight distinct
classes of motor neurons, cell bodies of which are intermingled and lined up primarily in the
ventral midline of the body. In young L1 (larval stage 1) animals the ventral nerve cord
contains only 22 motor neurons in three classes [7]. A series of cell divisions at the end of
the L1 stage produces five new classes of motor neurons, increasing the total number of
motor neurons to 75 in adults [8]. These post-embryonically-born neurons differentiate and
integrate into the juvenile motor circuit to ensure sinusoidal locomotion in adults.

Complete reversal of axo-dendro polarity of Dorsal-type D GABAergic motor neurons

A striking example of circuit plasticity in C. elegans concerns six Dorsal D (DD) motor
neurons (Figure 1). DD neurons are so named because in adults they form GABAergic
neuromuscular junctions (NMJ) to dorsal body wall muscles, with their ventral processes
receiving inputs from the cholinergic motor neurons [6]. About 40 years ago, using
ultrastructural analysis, White et al. revealed that in L1 animals DD neurons form NMJs to
ventral body wall muscles, receiving cholinergic inputs in their dorsal processes (Figure 1A,
left panel) [9]. This dramatic re-organization of DD connectivity, known as “DD
remodeling”, in the developing motor circuit has provided a unique model of neural
plasticity.

Mechanistic understanding of temporal and spatial sequences in DD remodeling was made
possible following the discovery of GFP [1], which enables /n vivo visualization of
subcellular compartments. Presynaptic terminals in DD axons can be visualized with
fluorescent reporters for synaptic vesicles [10,11], and dendritic specializations can be
labeled with an ionotropic acetylcholine receptor [12]. Additionally, GABA receptors
expressed in body wall muscles represent the postsynaptic compartments at GABAergic
NMJs [13]. Using these markers, three features of DD remodeling have been characterized.
First, in young L1, presynaptic components are exclusively localized in the ventral neurites
of DDs (Figure 1A). The emergence of new presynaptic terminals in the dorsal neurites of
DD neurons starts around 10 hours after hatching, spreading from the anterior to the entire
dorsal cord within a few hours [14]. As the new dorsal synapses increase in size and number,
old synapses in the ventral neurites of DD neurons are eliminated in an orderly manner, with
some components reused at new sites [15].

Second, the ionotropic acetylcholine receptor ACR-12 is localized to the dorsal neurites of
L1 DDs, consistent with a function in receiving cholinergic inputs (Figure 1A). Remodeling
of ACR-12-GFP foci from the dorsal to ventral neurites of DD neurons follows a similar
time course as that for the presynaptic terminals [16]. Third, in early L1, clusters of the post-
synaptic UNC-49 GABAAR are present only in ventral muscles [17]. Concurrent with
remodeling of DD presynaptic terminals, UNC-49 clusters appear in dorsal muscles by late
L1. Moreover, upon stimulation of a GABA agonist, the muscle response changes from

Curr Opin Neurobiol. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jinand Qi Page 3

contraction at early L1 to relaxation by mid-late L1, coinciding with DD remodeling [18].
Thus, a complete re-organization of DD neuron connectivity occurs without major changes
in cellular morphology.

Transcriptional control of DD remodeling

The first clue to the genetic control of DD remodeling was identifying that the
developmental timing (“heterochronic™) gene /in-14 regulates initiation of DD remodeling
[14,19]. LIN-14 proteins are expressed in nuclei of DD neurons and are down-regulated by
the end of L1. Loss of function (If) in /in-14 causes precocious remodeling of DD neurons in
the L1 stage (Figure 1B). Specific expression of wild type /in-14in DDs rescues the
precocious remodeling in /in-14(1f) mutants, indicating that /in-14 normally suppresses an
intrinsic transcription program that initiates DD synaptic remodeling. Recent studies have
shed light on some targets of LIN-14. The secreted immunoglobulin domain containing
protein OIG-1 is detected at the ventral presynaptic sites of DD neurons at early L1, and its
expression is downregulated at the end of L1 [20] (Figure 1B). In /in-14(If) mutants, oig-1
expression is reduced early in the L1. o/g-1(/f) mutants exhibit precocious, though partial,
defects in DD remodeling. oig-1(f) mutants also display premature disassembly of ACR-12
clusters from the dorsal neurites of DD neurons, suggesting an additional role of OIG-1 in
maintaining the ACR-12 clusters in the dorsal neurites of L1 DDs [16,20]. However,
prolonged expression of /in-14 does not block DD remodeling, suggesting that other factors
may act independently of /in-14to promote DD rewiring.

The myelin gene regulatory factor (Myrf) family proteins are newly identified membrane
bound transcription factors [21-23]. They contain an NDT80/PhoG-like DNA-binding
domain at the N-terminus, and a centrally located Intramolecular Chaperone of
Endosialidase (ICE) domain, with its C-terminal tail residing inside the lumen of the
endoplasmic reticulum (ER). The ICE domain can trimerize, resulting in an intra-molecular
cleavage and release of N-terminal DNA binding domain of MYRF, which can then enter the
nucleus to mediate transcription [21,22]. A recent study has identified two C. elegans
homologs, MYRF-1 and MYRF-2, as the first factors essential to promote DD remodeling
(Figure 1B-C) [24]. C. elegans myrf-1 and myrf-2 are broadly expressed in many neurons
including DDs, and are up-regulated in DDs at late L1; myrf-1 is essential for larval
development [24,25]. In a genetic screen for mutants showing temporal misregulation of DD
remodeling, a missense mutation of myrf-1 that caused a complete failure of DD remodeling
was identified (Meng et al., 2017). This mutation alters the DNA binding domain of
MYRF-1, and acts in a dominant negative manner to inhibit the function of both MYRF-1
and MYRF-2. Simultaneous loss of myrf-1 and myrf-2blocks DD remodeling, whereas
over-expression of the N-terminal DNA binding domain of either MYRF-1 or MYRF-2 in
DD neurons is sufficient to accelerate DD remodeling. Thus, nuclear translocation of MYRF
promotes DD remodeling, likely by activating a transcriptional program (Figure 1C). Studies
on mouse MYRF/GM98 have revealed its important role in inducing terminal differentiation
of oligodendrocytes [26]. At present, little is known about the function of MYRF proteins in
other species in the development and maintenance of neuronal circuitry, although the
absence of MYRF generally leads to developmental lethality [26,27]. The findings in C.
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elegans suggest that MYRF proteins have broad roles in cellular differentiation in different
developmental contexts.

Multiple intracellular events coordinate DD remodeling

The orientation of microtubule (MT) polymerization is often considered to be an instructive
signal for polarized delivery and transport of axonal and dendritic compartments [28]. DD
remodeling entails a complete reversal of neuronal axonal and dendritic polarity. However,
microtubule orientation, visualized by a marker for growing MT plus ends, remains
unchanged during DD remodeling [29]. Instead, the number of dynamic microtubules
increases significantly at the onset of DD synaptic remodeling. This increase in dynamic
microtubules requires temporal activation of the conserved MAPKKK DLK-1, in
conjunction with changes in the microtubule cytoskeleton [29].

The increased microtubule dynamics during DD remodeling facilitates synaptic vesicle
transport mediated by plus-end directed kinesin motors and minus-end directed dynein
[29,30]. The cyclin-dependent kinase CDK-5 also promotes new synapse formation in dorsal
neurites by modulating UNC-104/Kinesin-3 activity [15]. Concomitant with formation of
new synapses, elimination of ventral synapses requires the classical apoptotic factors
caspase CED-3 and Apaf-1/CED-4. CED-3 causes cleavage of gelsolin to facilitate actin
filament assembly and disassembly [31].

In the developing vertebrate brain extensive studies have shown that GABA first induces
depolarization of the postsynaptic membrane, and then switches to hyperpolarization, largely
due to developmentally-regulated expression of chloride ion exchangers and pumps [32]. In
C. elegans DD remodeling, eliminating GABA neurotransmission per se has few effects on
the remodeling of presynaptic synaptic terminals [33], or on the appearance of UNC-49
GABAAR clusters in dorsal body muscles [17]. Nonetheless, several studies have shown that
the strength of synaptic transmission can affect DD remodeling. Increasing or decreasing
circuit activity causes precocious or delayed DD remodeling, respectively [34]. Reduced
activity of the voltage-gated calcium channel UNC-2 impairs synapse elimination [35].
Moreover, the Degenerin/Epithelial Sodium Channel (DEG/ENaC) UNC-8 promotes DD
synapse elimination, likely by elevating intracellular calcium, which in turn, via the calcium-
activated phosphatase TAX-6/calcineurin, initiates a ced-3/caspase-dependent mechanism to
disassemble the ventral synapses of DD neurons [35].

Integration of postembryonic Ventral-type D neurons into the mature locomotor circuit

The mature locomotor circuit in adult C. efegans has 75 motor neurons, 13 of which are in
the class VD (Ventral D) GABAergic motor neurons. VD neurons are born post-
embryonically and have axonal morphology similar to DDs, but innervate ventral body wall
muscles, therefore resembling L1 DDs [6] (Figure 1A, right panel). Early studies identified
the COUP-TF like nuclear receptor UNC-55 as a regulator of synapse specificity of VD
neurons; loss of unc-55 function causes VDs to form ectopic synapses in dorsal neurites,
dubbed “ectopic VD rewiring” [36]. Recent studies using transcriptional profiling have
identified numerous transcriptional targets of UNC-55 (Petersen et al., 2011). UNC-55
represses expression of the Iroquois-like homeodomain protein IRX-1 and the Hunchback-
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like transcription factor HBL-1 to maintain normal neuronal polarity of VDs; elevated
activity of IRX-1 and HBL-1 causes ectopic rewiring of VD [34,37]. The DEG/ENaC
protein UNC-8 and the secreted protein OIG-1 are also targets of UNC-55, and loss of unc-8
or oig-1 suppresses ectopic rewiring of VDs in unc-55mutants [16,35]. The similarities in
morphology and synaptogenesis pathways between DD and VD neurons suggest that
differential use of common molecular signaling mechanisms underlies the distinct structural
plasticity of these two classes of neurons in temporal development of the locomotor circuit.

A fascinating question is how the post-embryonically born motor neurons are integrated into
the juvenile motor circuit. A recent study has shed light on the roles of cholinergic motor
neurons in sculpting the synaptic pattern of VD GABAergic neurons in the motor circuit
[38]. Genetic ablation of cholinergic motor neurons or selective inhibition of cholinergic
transmission alters the size and distribution of VD neuron synaptic outputs to muscles. This
effect depends on acute reduction of cholinergic activity during the integration of VD
neurons into the motor circuit. These observations give a glimpse of activity-dependent
processes in shaping the synaptic pattern of mature GABAergic neurons.

Sex-specific cellular and synapse plasticity

C. elegans reproduce mostly through hermaphrodites, and males arise spontaneously or
under conditions of increasing chromosomal non-disjunction. There are 294 neurons present
in both hermaphrodites and males. These neurons exhibit similar lineage history, positions,
patterns, and molecular identities [8,39]. Hermaphrodites have eight additional sex-specific
neurons and males have 91 [40,41]. Sex-specific neurons are born and differentiate in the L4
stage, leading to innervation of sex-specific muscles [8]. Several neurons, although common
in both males and hermaphrodites, display sexually dimorphic wiring patterns [42], raising
questions of when and how seemingly similar neurons develop dimorphic characters in
different sexes. For example, in hermaphrodites, PHB phasmid sensory neurons synapse
onto three pre-motor interneurons. In males, PHBs synapse onto the interneuron AVG,
which in turn connects to male tail motor neurons (Figure 2) [42,43]. The function of
hermaphrodite PHBs is to provide an antagonistic input to pre-motor interneurons, avoiding
the noxious chemical Sodium Dodecy! Sulfate (SDS). In males, PHBs are not required for
SDS-avoidance behaviors; instead, PHB and AVG function to transduce mating-specific
contact signals [43]. This sex-specific connectivity is thus consistent with the sex-specific
behaviors. Analyses of synaptic connections further indicate that the sex-dimorphic
connectivity between these neurons is mainly established via a pruning or ‘repurposing’
mechanism, through which the primitive connections are selectively eliminated [43]. By
manipulating global sex-identity-determining genes, cells can be masculinized in
hermaphrodites, or feminized in males in a cell-specific manner. Sex-specific wiring can be
altered by sex-reversal of either presynaptic or postsynaptic neurons, even in non-contacting
neurons within the circuit, implying that sex-dimorphic connectivity is instructed by both
genetic sex-maturing programs and complex interactions within the circuit [43].
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Neuronal remodeling induced by dauer formation

Under starvation or overcrowding C. elegans L2 larvae enter a diapause, or “dauer” (for
‘enduring’), stage [44,45]. Upon encountering fresh environments with food, dauer animals
re-enter the developmental cycle as L4 larvae. Dauers exhibit behaviors distinctive from L3
larvae, a normal developmental stage equivalent to dauer. The nervous system or behaviors
of dauers has not been extensively characterized; however, studies have started to reveal
dauer-induced morphological changes that may reflect adaptation of the nervous system to
harsh conditions [46,47].

Dauer-induced remodeling of sensory dendritic arbors

Dauers exhibit a dispersal and survival strategy known as nictation, in which a dauer worm
stands on its tail and waves its head in three dimensions, enabling dauers to be transported to
new environments [44]. The nictation behavior depends on IL2 sensory neurons located in
the head [48]. In non-dauer animals IL2 neurons have single un-branched primary 1°
dendrites with exposed cilia endings [49]. In dauer larvae, dendrites of four IL2 neurons
undergo extensive branching and growth (Figure 3A) [46]. Upon dauer larvae re-entering the
reproductive L4 stage, the dauer-induced dendritic arbors disappear within a few hours,
often leaving behind detached remnant branches. The POU homeodomain transcription
factor UNC-86 is required for the cell identity of IL2, and the intact function of unc-86is
also necessary for IL2 dendrite remodeling [46]. Additionally, the proprotein convertase
kpc-1is upregulated in IL2 during dauer formation, and is necessary for dauer-induced
dendrite branching, but not retraction, in dauer recovery. Dauers of kpc-1 mutants also
exhibit defective nictation behavior, suggesting IL2 dendritic arborization supports nictation
behavior in dauers.

Dauer-induced IL2 dendrite arbor elaboration is reminiscent of PVVD arborization in respect
to both morphogenesis and mechanisms [46,50,51]. These studies suggest that the core
cellular inner workings underlying structural plasticity are conserved, and yet can be
initiated by diverse developmental or sensory signaling. Insights from studying these plastic
processes in C. elegans likely enhance our understanding of general principles underlying
neural plasticity.

Dauer-induced glia plasticity

Like glia in the vertebrate nervous system, C. elegans glia are tightly associated with
neurons, providing structural and functional support [52]. A dedicated program regulates
glia plasticity in dauers. The amphid sheath consists of cellular processes from amphid
sheath glia cells (AMsh), and the sheath envelops the wing-like cilium endings of amphid
sensory neurons, e.g. AWC (Figure 3B). In dauers, distal swellings of the amphid sheath
extend, and the two wings then fuse into each other [47]. Each AWC cilium also extends and
encloses the nose circumferentially (Figure 3B). Fusion of AMsh glia depends on cell
autonomous function of the OTC/OTX transcriptional factor ftx-1 [47]. ttx-1 is not expressed
in AWC neurons; however, in #tx-1 mutants, AWC cilia fail to expand and instead fold back
aberrantly, suggesting that remodeling of AWC cilia depends on proper fusion of AMsh glia.
The VER-1 receptor tyrosine kinase, a transcriptional target of TTX-1, is weakly expressed
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in non-dauer larvae and strongly up-regulated in AMsh glia of dauers [47]. ver-I mutants
show reduced AMsh fusion. ver-1 induction can also be regulated by zt~16, a C2H2 zinc-
finger factor, and AMsh glial fusion was greatly reduced in z#f-16 mutant dauers [53]. These
studies of dauer-induced structural plasticity likely represent the tip of iceberg.

Neurogenesis via trans-differentiation from epithelial and glial cells

Trans-differentiation occurs when mature somatic cells transform into a different type of cell
[54]. Modification of chromatin states or transcriptional programs can induce trans-
differentiation. Studies from C. elegans have revealed naturally occurring trans-
differentiation events [55]. For example, in early L1 animals, the rectal cell Y cells have
epithelial characteristics, including junctions at the apical side with the surrounding
epithelial cells and fibrous organelles with the cuticle. During L2, Y cells trans-differentiate
into PDA motor neurons (Figure 4A) [56]. This reprogramming is under transcriptional
regulation involving a Node-like (Nanog and Oct4-associated deacetylase) complex and
stepwise histone-modifying activities [57-59].

A class of glial cells known as amphid socket cells (AMso) also undergoes developmentally
programmed trans-differentiation to generate male specific interneuron MCMs (Mystery
Cells of the Male) [41]. MCMs are located in the head and send projections posteriorly into
the nerve ring in males (Figure 4B). MCMs are required for a male-specific switch in
chemosensory behavior induced by sexual conditioning [60]. C. elegans is normally
attracted to salt, but when salt has been previously associated with aversive signals such as
starvation, both in males and their mates, hermaphrodites can learn to avoid salt. However, if
mates are present along with males during preconditioning of salt-starvation, males can
become attracted to salt, overriding the aversive association with starvation. This behavioral
switch is mediated by the MCMs in males, but not in hermaphrodites [41].

In both hermaphrodites and males, AMso arise from the same lineages during
embryogenesis, and are fully differentiated as glia [41]. During sexual maturation of males,
AMso cells re-enter the cell cycle such that one daughter cell retained the AMso identity and
the other acquired the MCM neuronal identity. Masculinization of the AMso cells in
hermaphrodites results in AMso cell division and MCM neuronal differentiation in
otherwise hermaphrodite animals. Conversely, feminization of AMso cells in males results
in a lack of AMso cell division and absence of MCM cells. Thus, the competence of AMso
glia cells to become neural progenitors is determined intrinsically by the sex identity of the
cells.

Conclusion

The nervous system of C. elegans exhibits a broad range of plastic processes. In addition to
the examples described here, numerous studies have revealed other modifications of
synapses, dendrites, and cilia, depending on cell-type, developmental stage, and sensory
input (e.g. reviewed in [51]). Technological advances in imaging power and resolution will
continue to uncover additional forms of neural plasticity in C. elegans [5]. Together with
systematic efforts to define gene expression at the single-cell level [61], future studies will
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expand our understanding of the integrative networks linking transcriptional programs,
physiological activity, and cellular mechanisms.
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Highlights
. Mechanistic insights to drastic circuit rewiring
. MRFY ER to nuclear translocation promote developmental circuit rewiring
. Neuronal remodeling induced by dauer formation
. Trans-differentiation from glial or epithelial to neurons
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Figure 1. Synaptic rewiring of DD motor neurons in L1 stage
A. Illustration of position and morphology of six DD-type GABA motor neurons, which also

shows remodeling of pre- and post-synaptic components. Synapses (red puncta) of DDs are
localized on the ventral processes in L1 animals, but appear on dorsal processes in L2 and
older animals, while the ventral juvenile synapses are eliminated. At L1, DDs receive input
from DA/DB on the dorsal process, and innervate ventral muscles. Rewired DDs receive
inputs from VA/VB ventrally, and innervate dorsal muscles from L2 to adult.

B. Genetic regulation of DD synaptic rewiring. /in-14 activity is high at L1 and acts to
repress DD rewiring. One downstream transcriptional target of /in-14, the Ig-domain
containing factor oig-1, functions to maintain L1-connectivity of DDs. /in-14 activity is
downregulated at the end of L1, and meanwhile myrf-1 and myrf-2 are both upregulated and
promote DD rewiring.

C. Full length MYRF-1 and MYRF-2 localize on the ER membrane in DDs. They form
trimers on the ER and undergo cleavage, releasing N-terminal fragments. The N-MYRFs
translocate into the nucleus and regulate synaptic rewiring.
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Figure 2. Establishing sex-specific connectivity
Interneurons AVA, AVG, and sensory neuron PHB are common to both hermaphrodites

(shown in the drawing) and males. PHB synapses onto both AVA and AVG in early larvae.
During sex maturation, sex-specific synapse pruning occurs, producing sex-dimorphic
connectivity. Illustration is based on Ref [43].
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Figure 3. Structural plasticity in sensory neurons
A. IL2 neuron (red) extends one simple dendrite to the nose in non-dauer animals (upper left

panel), while the IL2 of dauer extends high-order dendritic branches (lower left panel), and
also generates a 1d° dendrite directed posteriorly from the cell body. Right: 3-D schematic
of a transverse segment of a dauer animal showing IL2 dendritic branches. Illustration is
redrawn from Ref [46].

B. In dauers, two amphid sheaths (red) at the left and right sides expand and fuse into each
other. The cilia endings of AWC (green), wrapped inside the amphid sheath, also expand and
become overlapped. Middle: sagittal section view. Right: cross section view of non-dauer
and dauer animals, respectively. lllustration is redrawn from Ref [47].
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Figure 4. Trans-differentiation in cell fate plasticity
A. In hermaphrodites, epithelial cell Y (brown) retracts from the rectum and migrates

anteriodorsally, transdifferentiating into a PDA motor neuron. Another cell, P12.pa, replaces
the Y cell at the rectum. The time line (bottom) denotes the stage of larval development
when the transdifferentiation occurs. Illustration is redrawn from Ref [56].

B. Amphid socket cell (AMso), a fully differentiated glia cell, divides and gives rise to an
interneuron MCM only in males during sex maturation in L4. The second daughter cell from
the division remains an AMso glia cell. lllustration is redrawn from Ref [41].
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