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C. elegans neurobiology
• Anatomy of C. elegans nervous system
• Structure and function of sensory neurons
• Mechanosensing
• Chemotaxis and thermotaxis
• Male sensory neurons and mating behavior
• Motor circuits
• Synapses, NMJs and neurotransmitter
• Electrophysiological methods
• Habituation and learning



C. elegans neurobiology
• The C. elegans nervous system is simple and well described
• It consists of 302 neurons interconnected by chemical and electrical (gap junctions) 
synapses
• The position and the characteristic of each neuron does not vary from animal to 
animal which makes it a very good model organism for studying neuronal processes
• Even though the neuronal system is simple, it regulates a wide variety of behaviors:

• different mechanosensory responses (light, harsh, nose and texture touch)
• chemosensory responses (e.g., can differentiate various types of alcohols)
• thermotaxis (can detect < 0.1ºC)
• complex responses to food with habituation and learning
• locomotion (complex moving behavior)
• egg-laying and defecation
• complex male mating behavior



Compared to Drosophila, there are more neuronal protein coding genes in C. elegans 

Littleton and Ganetzky, 2000, Neuron

251145Total



Basic features of the nervous system

neuronal marker 
(UNC-104::GFP)
expressed in C. elegans

nerve ring



Neurons are paired

headvulva
tail

head vulva

tail

Basic features of the nervous system



Neurons are paired
Basic features of the nervous system

P = posterior
A = anterior
L = lateral
M = microtubule cell
N = interneuron
R/L = right/left



Dorsal nerve cord

Ventral nerve cord Nerve ring
(not shown)

Basic features of the nervous system: Neuron bundles

sublateralssublaterals



Commissures

Basic features of the nervous system: Commissures
• Some ventrally located motor neurons make commissures to the dorsal nerve cord
• Interestingly, most commissures are located on the right side of the worm



Basic features of the nervous system



Basic features of the nervous system
All motor neuron cell bodies are located in the ventral cord



Head neurons
Head sensory neurites are dendrites Nerve ring





Labial process
bundles

Amphid process
bundles

Ring ganglia

Head neurons
• The nerve ring contains mostly sensory neurons and almost all interneurons
• It is the “brain” of the worm

UNC-104:: GFP

• Dendrites in C. elegans are 
usually unbranched
• They receive inputs along their 
length (without terminations)



Retrovesicular
ganglion

Head neurons

UNC-104:: GFP



Front head Middle head
Posterior head

UNC-104:: GFP



Only two neurons are essential
• Many neurons of the nervous system not essential to survive and reproduce
• Thus, even severe mutations affecting the nervous system can be used for research
• Only two neurons are essential for survival: CAN and M4

• Process runs along excretory canal
• No synapses seen
• Neuron with unknown function

CANL

M4

• Pharyngeal motor neuron
• Essential for feeding in wild-type worms
• Worms lacking M4 continue pumping, however, bacteria become trapped in the pre-
bulb, therefore, worms fail to grow



Synapses

• Active zone is an 
electron-dense area 
where vesicle fusion and 
neurotransmitter release 
occurs
• In C. elegans EM 
micrographs reveal only 
weak postsynaptic 
densities (difficult to 
study PSD proteins)
• Presynaptic densities, 
however, are clearly 
visibleDense core vesicles*

*contain neuropeptides

A synapse in most higher animals is composed of a pre-synapse (vesicle fusion), a synaptic cleft 
(neurotransmitter diffusion), and a post-synapse (containing receptors)



en passant synapses are 
thickenings of the axon with 
presynaptic specialization

Features of the nervous system

SNB-1:: GFP



Features of the nervous system
Neurons can be categorized in:  interneurons, sensory neurons and motorneurons

interneuron

sensory neuron

motorneuron
excretory pore



Sensory neurons
• Located primarily in the head and sending dendrites to the tip of the nose
• Either chemosensory or mechanosensory
• 12 chemosensory neurons are bundled into each amphid sensilla at the nose
• Endings of mechanosensory neurons are scattered throughout the body
• One thermosensory neuron named AFD exist
• Some sensory neurons are still of speculative function: AQR and PQR send sensory
neurons into the pseudocoelomic fluid (C. elegans “blood”) probably reporting the
composition of the fluid to the nervous system

Odorsensory (olfactory)

Amphid neuron

C. elegans is now widely used 
to study “smell” and “taste”



Sensory neurons
Chemotaxis behavior Thermotaxis behavior

Traces of a worm which was allowed 
to freely move within one hour on a 
plate with an attractant (B = biotin)
(right circle = buffer)

• Traces of a worm in a radial thermal 
gradient
• Chooses an optimal temperature
(similar to its cultivation temperature)
• Circles in isotherms at that temp.
• Can detect thermal gradients < 0.1˚C

25ºC

15ºC



Cilia morphology of the sensory neurons that terminate in the lips



Cilia morphology of the sensory neurons that 
terminate in the lips



Cilia morphology of the sensory neurons that terminate in the lips



Motor neurons
• Innervate body-wall, pharyngeal, egg-laying and defecation muscles
• Some ventral motor neurons send processes to the dorsal cord via commissures
• Most of the commissures travel along the right side of the animal

Many right sided commissures

Few left sided commissures



Motor neurons

Most of the 
commissures
travel alone, while
few travel in pairs



Motor circuits
• To complete the sinusoidal locomotion, body-wall muscles receive excitatory 
and inhibitory motor neuron input at the same time (cross inhibitory motor circuit)
• Excitatory neurons on one side also excite inhibitory 
motor neurons on the opposite side of the body (resulting in body bending)

DB

VAVB

DAVD

DD

NMJs = 
neuromuscular 
junctions

ALL cell bodies in 
ventral cord

(the processes of A-type 
neurons are anteriorly directed)

(the processes of B-type neurons 
are posteriorly directed)

D = dorsal
V = ventral
Red = GABAergic
Green = Cholinergic

Command 
interneuron



DB

VAVB

DAVD

DD

Motor circuits

command 
interneuron

• Cholinergic excitatory B-type neurons (VB and DB) control forward locomotion
• Cholinergic excitatory A-type neurons (VA and DA) control backward locomotion
• GABAergic inhibitory D-type neurons coordinate forward and backward motions
• A- and B-type neurons receive excitatory and inhibitory inputs from command
interneurons (chemical and gap-junctions)

Note that A- and B-type neurons can be 
located anywhere along the ventral cord



Organization of ventral cord motor neurons

Ventral A- and B-type: NMJs in the ventral nerve cord

Dorsal A- and B-type: NMJs in the dorsal nerve cord (make commissures)

Cell bodies of motor neurons 
are always located in the 
ventral nerve cord

Ventral D-type (inhibitory): receives 
inputs dorsally

Dorsal D-type (inhibitory) looks similar 
to DA or DB



Motor circuits
C. elegans neurotransmitters and their neuronal distributions:

FMRFamide-related = neuropetides (neuroendocrine peptides)
Glutamate receptors = AMPA and NMDA



Motor circuits
• Command interneurons
in the head and tail send 
processes into the ventral
nerve cord
• They then make synapses
to motor neurons (red and 
blue = two sets of command 
vs. motor neurons)

GFP driven by the unc-47
promoter specifically labels the 
GABA circuit (VD, DD, AVB)

Some command interneurons
marked with the nmr-1::GFP
reporter



Motor circuit hierarchy
Major elements of the neuronal circuits 
in mechanosensory, chemosensory and 
thermosensory behaviors

Sensory neurons 
(environmental input)

Head interneurons 
(signal integration)

Command interneurons
(do excite or inhibit motor neurons)

Pool of B- or A-type motor neurons
(do excite or inhibit muscles)



Motor circuits

Egg-laying circuit

Defecation circuit

interneuron
motor neuron



Neuronal plasticity
• A-type neurons control backward, B-type neurons control forward movements
• In unc-4 mutants the VA motor neuron receives input from a wrong command 
interneuron
• As a result the worm cannot move backward 

Command 
interneuron

Motor
neuron



• Transcriptional repressors define neuron identity and axonal trajectory
• vab-7 negatively regulates unc-4 to prevent DB motor neurons from projecting 
anterior

Neuronal plasticity



• In flies, dorsal motor neurons adopt a ventral trajectory when dHB9/islet is not 
repressed in eve mutants
• In mouse, Evx1 represses En1 to maintain the contralateral axonal trajectory of 
V0 interneurons in the spinal cord



http://www.openworm.org/

OpenWorm: creating a 
virtual C. elegans in a 
computer



Everybody can do “online experiments” and tinker with the worm now



https://www.youtube.com/watch?v=2_i1NKPzbjM

• The aim is to recreate the behavior 
of C. elegans in a machine.

• A software that is modeled based 
on the worm’s neuronal network 
controlled a Lego robot

• The machine's sensors, without 
any prior programming, made 
the robot behave in a similar 
fashion to C. elegans, approaching 
and backing away from obstacles
or stimulated by food.

• The worm's nose neurons are 
replaced by a sonar sensor and 
the left and right motor neurons 
control the left and right motors 
of the Lego bot

A LEGO robot emulates the worm's biological wiring



The OpenWorm project aims to digitally model the 
worm entirely in a virtual environment; creating a robot 
with an elastic body complete with stretchy muscles

The project shows that artificial 
intelligence (AI) may become 
real soon modeling the human 
brain in a machine



Mechanosensing



Avoidance reflex circuits
Mechanosensory neurons can sense different strength of touch:

eyelash touch

“Mec response”:
• touching the anterior 
side of the body results 
in a backward movement
• touching the posterior 
side results in a forward 
movement



Gentle touch (eyelash) mechanosensory neurons

Harsh touch mechanosensory neurons

Nose touch and 
osmolarity sensors

Texture sensing neurons

Neurons that sense the 4 different types of touches



• Located just beneath the cuticle (C) 
• Surrounded by a specialized 
extracellular matrix (M, mantel) 
• Contain microtubules (MT) made up of 
15 protofilaments (“microtubule cells”)

(C = cuticle, D = process anchors, H = hypodermis)

synaptic branch

Touch receptors
• Touch receptors are 
unciliated. They make 
synaptic branches to 
interneurons
• Touch is sensed 
through indentation of 
the cuticle



Touch neurons connect to interneurons via a single synaptic branch

Touch receptors



Model of mechano-
reception

• Mantle proteins include the 
flexible MEC-5 collagen
• It also contains MEC-2 which
tethers 15 protofilament
MTs via a spring-like element
to the channel

• Gentle touch via an eyelash
deflects the cuticle resulting in 
conformational changes that 
opens the channel
• Gating could be also initiated 
by a deflection of the
microtubules (MEC-5 then 
serves to maintain tension)

MEC-2



MTs
ECM

touch stimulus

anti-MEC-2 staining => touch receptors are visualized all along the neurite

current response when
touch starts and stops

Touch receptors



Learning and memory



• Tapping at the side of the petri dish 
stimulates backing response 
• Backing movement decreases if 
stimulus is continuously applied (every 
10 seconds for total 30 minutes)

• If stimulus is applied less often (every 
60 seconds) decrease of backing 
response is less abrupt (indicating 
habituation and not worm fatigue)
• Also habituation can be rapidly 
abolished with an electroshock stimulus 
(dishabituation)
• Further, worms recover from short-
interval habituation faster compared to 
long-interval habituation 

Habituation occurrence can 
be stored for more than 

1 hour in the nervous system

Habituation (non-associative learning)



Classical conditioning (associative learning)
• Non-associative learning (habituation): an animal alters its behavior to a single 
stimulus
• Associative learning: an animal learns to use a previously neutral stimulus to 
predict a second stimulus (usually a more significant one) 
• Example: after food deprivation, one ion is associated with food and the second 
ion is associated with the absence of food => a conditioned animal will move to 
the ion associated with food (even if no food is present)
• lrn-1 and lrn-2 (lrn = learn) are genes involved in learning

Tr
an

sf
er

Tr
an

sf
er

5 hours
starva-
tion

Tr
an

sf
er

Na+ + „food“       Cl- + „no food“          (short incubation
on Na+ and Cl-)

Worms go to Na+



Male mating behavior



Male mating behavior



Male specific sensory neurons
• The copulatory apparatus at the mail tail is composed of a fan, sensory rays and 
spicules
• The fan at the male-tail is a lateral extension of the cuticle
• The fan holds nine bilateral pairs of sensory rays



• Rays are required for the male mating behavior:
• rays 1, 5 and 7 are required for initial contact response upon encountering the 
hermaphrodite
• rays 7-9 are required for turning

• Each ray contains two sensory neurons (RnA, RnB) which are surrounded by a 
single tube-like cell (Rnst = ray structural cell)
• All rays (except ray 6) are opened to the environment at their tip

Male specific sensory neurons



• On the ventral surface of the tail are the hook and the postcloacal sensilla (PCS)
• Hook and PCS are located on either side of the cloaca (male anus)
• A chamber sits in front of the cloaca named proctodeum (the male rectum) housing 
spike-like spicules (Spl)
• Spicules are sensilla covered in a hard, sclerotic cuticle

Male specific sensory neurons



Each spicules contain 
two sensory neurons



Thermosensory neurons

Hawaiian strain CB4856 
(lots of single nucleotide polymorphisms) 



Thermosensory neurons
• A single amphid sensory neuron, AFD is required for isothermal tracking and 
normal temperature preference
• The AFD neuron is NOT opened to the environment and has 40 finger-like 
microvilli and ONE cilia AFD

Ciliated dendrites can be 
stained with fluorescent 
dyes FITC, DiI or DiO

cilia



Thermosensory neurons
• Thermotaxis results from activities of mainly 
two amphid interneurons:

• AIY: drives movement towards 
warmer temperature (T)
• AIZ: drives movement towards 
colder temperatures (C)

Movement



Thermosensory neurons
Genes and neurons involved in thermotaxis

• Worms maintained at 20˚C and transferred to a radial thermal gradient
• Ablation = precise elimination of neurons by a laser pulse



Using C. elegans behavior
for mutant analysis
• When a new mutant is identified, 
much knowledge can be gained 
from testing for a variety of 
behavioral defects 
• This process is not unlike a 
routine for neuronal examination 
in mouse or human

(serotonin-test)

(Aldicarb resistance: defects in
ACh neurotransmission)



Special feature of the C. elegans nervous system:

Muscle arms and muscle arm chemotropism



Muscle arms
In higher animals neurons send processes to the muscle, in C. elegans muscles send 
processes to neurons receiving their input



Muscle arm development

Muscle arms are formed 
during the migration of 
myoblasts at mid embryo-
genesis: 
As the myoblast moves 
towards the hypodermis 
cell-trunks (attachments)
are left behind near the 
area where the nerve ring 
will form

primordial pharynx cells

myoblasts

nerve ring



Muscle arms follow to vesicle-rich areas by an unknown chemoattractant process

ventral

dorsal

ventral

dorsal

• Muscle arms connect to
dorsal synapses formed
by a motor neuron with
its cell body located
ventrally

• In unc-6 mutants axonal 
outgrowth is impeded
• Muscle arms follow to
the small axonal trunk 
located ventrally
• unc-6 encodes the 
guidance molecule netrin

• In unc-104 mutants
axonal outgrowth is 
normal but vesicle
transport is impeded
• Muscle arms follow to
the vesicle rich area 
at the axon hillock

Muscle arm chemotropism



Studying the C. elegans nervous system
1) Laser ablation: using a laser microbeam, single neurons can be destroyed without 
damage of the nervous system => assessment of behavioral function of any neuron
2) Recording neuronal activity using electrophysiological patch clamp methods:

• Worms are immobilized with cyanoacrylate glue and immersed in physiological
saline (so called M9 buffer) and the cuticle cut near the GFP-marked neuron

• After cutting the
cuticle a bouquet of
several neurons 
appear
• Only the GFP-
marked neuron is 
patched 

recording pipette
sealed to a 
ASE neuron

membrane patch
inside the pipette



Doing electrophysiology with C. elegans neurons

Patch-clamp recording scheme
from GFP-labeled neurons
after cutting the head epidermis

Voltage response of the chemosensory
neuron ASE to current application (2 pA)



Nervous system in whole animal

Zoom of blue box

Zoom of green box:
visible molecular motors

Wagner‐Lab: How are molecular motors regulated in C. elegans neurons?

Kinesins are molecular motors that
transport cargo and walk on microtubule

Kinesin-3 UNC-104::GFP

http://life.nthu.edu.tw/~laboiw/



Vale. 2003. Cell

• Anterograde transport of synaptic vesicles
• unc‐104/kif1A loss‐of‐function mutants have 
severe synaptic vesicle transport defects (death 
or paralysis)

Importance of kinesin‐3 UNC‐104 (KIF1A)

KIF1A knockout mice (Yonekawa et al. 1998. JCB)

C. elegans
wild type

C. elegans
unc‐104

Synaptic vesicle retention
in neuronal cell bodies



How do motors recognize their cargo?
•Membrane receptors, scaffolding proteins, 
lipids…

How is cargo/vesicle transport regulated?
•Direct motor phosphorylation

•Cargo binding triggers motor activity and 
directionality

•Scaffolding proteins and adaptor binding

•Calcium binding and phosphorylation of 
motor adaptors

•Signaling events

•Tug‐of‐war between opposing motors

Questions Wagner‐Lab
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Literature

C. elegans Atlas 
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300 pages
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http://www.wormatlas.org/



http://www.wormbook.org/



http://www.ncbi.nlm.nih.gov/





www.wormbase.org



Search for:
Antibody, expression 
pattern, gene, strain…



Example: 
Search for 
gene unc-10



Short description

Paper evidence





Chromosome position

Exon/Intron structure

Available alleles with
deletions/substitutions



(RIM)



Gene family tree

Protein domains



Clickable



Clickable

UNC-10 is solely expressed in the nervous system





http://www.wormatlas.org/









http://www.wormatlas.org/



No. 793



Editor-in-Chief Dr. David Hall and Oliver at Nanyuan “The One”



http://www.protocol-online.org/





http://cecore.life.nthu.edu.tw/



https://www.facebook.com/CECoreTW
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