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Abstract Invertebrate neuroscience has provided a
number of very informative model systems that have
been extensively utilized in order to define the neurobi-
ological bases of animal behaviours (Sattelle and
Buckingham in Invert Neurosci 6:1-3, 2006). Most
eminent among these are a number of molluscs,
including Aplysia californica, Lymnaea stagnalis and
Helix aspersa, crustacean systems such as the crab
stomatogastric ganglion and a wide-range of other ar-
thropods. All of these have been elegantly exploited to
shed light on the very important phenomenon of the
molecular and cellular basis for synaptic regulation that
underpins behavioural plasticity. Key to the successful
use of these systems has been the ability to study well-
defined, relatively simple neuronal circuits that direct
and regulate a quantifiable animal behaviour. Here we
describe the pharyngeal system of the nematode C. ele-
gans and its utility as a model for defining the genetic
basis of behaviour. The circuitry of the nervous system
in this animal is uniquely well-defined. Furthermore, the
feeding behaviour of the worm is controlled by the
activity of the pharynx and this in turn is regulated in a
context-dependent manner by a simple nervous system
that integrates external signals, e.g. presence or absence
of food, and internal signals, e.g. the nutritional status
of the animal to direct an appropriate response. The
genetics of C. elegans is being effectively exploited to
provide novel insight into genes that function to regulate
the neuronal network that controls the pharynx. Here
we summarise the progress to date and highlight topics
for future research. Two main themes emerge. First,
although the anatomy of the pharyngeal system is very
well-defined, there is a much poorer understanding of its
neurochemistry. Second, it is evident that the neuro-
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chemistry is remarkably complex for such a simple cir-
cuit/behaviour. This suggests that the pharyngeal
activity may be subject to exquisitely precise regulation
depending on the animal’s environment and status. This
therefore provides a very tractable genetic model to
investigate neural mechanisms for signal integration and
synaptic plasticity in a well-defined neuronal network
that directs a quantifiable behaviour, feeding.
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Introduction

Caenorhabditis elegans is widely used as a model animal
for the study of nematode behavioural and physiological
processes (de Bono and Maricq 2005). This has provided
insight into the mode of action of drugs which are used
to treat infection with parasitic nematodes. Further-
more, since it has been shown that over 40% of the
predicted protein products from the C. elegans genome
have significant matches with proteins in other organ-
isms, including human (The C. elegans Sequencing
Consortium 1998) it is also widely exploited as a trac-
table genetic system to define the role of genes for which
the functions are conserved throughout the animal phyla
(Culetto and Sattelle 2000). Much progress has been
made, by comparing the phenotypes of wild type and
mutant animals and thereby deducing gene function.
Despite its many advantages, one hindrance for
neurobiologists seeking to use C. elegans as a model
system has been its small size. Until relatively recently
this has precluded more detailed physiological analysis.
However, one tissue that has proven more amenable to
physiological, including electrophysiological analysis, is
the pharynx. This is a muscular pump which sucks
bacteria into its lumen, grinds them and then passes
them to the gut (Fig. 1). The dimensions of the pharynx,
approximately 100 um long with a diameter of up to
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20 um, have made it accessible for electrophysiological
recording techniques. Furthermore, as during some
phases of the activity of the muscle it synchronously
contracts and relaxes, this generates a large enough
electrical signal to be monitored by extracellular
recording electrodes. This has led to the development of
the so-called ‘electropharyngeogram’ (EPG) by Leon
Avery and colleagues (Avery et al. 1995), an extremely
useful approach which has been widely adopted by a
number of C. elegans laboratories to provide a func-
tional readout of the activity of the pharynx in wild type
and mutant animals.

The pharynx, which is derived from the ectoderm,
can pump at two rates. In the absence of food it pumps
at a rate of around one pump per second while in the
presence of food the rate increases to around four
pumps per second. There is intrinsic myogenic activity
(Avery and Horvitz 1989) and this is regulated by a
simple pharyngeal nervous system, consisting of just 20
neurones. The neurones are embedded within the phar-
ynx and isolated from the rest of the animal by a base-
ment membrane. The only link with the somatic nervous
system is through a pair of neurones, the RIP neurones
(which in turn receive input from four pairs of extra-
pharyngeal neurones, IL1, IL2, URA and RME; White
et al. 1986). A set of anterior sensilla, the inner labials,

Fig. 1 The pharynx of C.
elegans is a muscular pump. It

can be subdivided into three Anterior

main sections based on

\\)

function. The metacorpus and
procorpus function together to
ingest bacteria, the isthmus acts
as a peristaltic valve and passes
food to the terminal bulb where
it is crushed. The right-hand
side of the figure shows a
mercator projection, detailing

Procorpus

the arrangement of muscle cells.
The pharynx has a tri-radiate
symmetry, with three main
muscle fields, two sub-ventral
and one dorsal. The muscle cells
(pm1-pm8) are linked via gap-
junctions in the longitudinal

Metacorpus

axis, but also form gap-
junctions with neighbouring
marginal cells (mcl-mc3)
whose longitudinal dimensions
define the main functional units
within the pharynx. They can
receive input from
motoneurones. The expression
pattern of four innexins is also
shown. Loss of function

Isthmus

mutations in these gap-junction
subunits have been shown to
disrupt coupling between
muscle cells (Starich et al. 1996,
2001, 2003). Marginal cells are
shown in dark grey and muscle

Terminal bulb

cells in light grey. inx is innexin

provide the sensory input onto these neurones (Ward
et al. 1975).

A number of laboratories have focused their studies
on the pharynx of C. elegans and there is now a con-
siderable literature available. We therefore consider a
review on the pharynx is timely. The pharynx has been
mapped in terms of its different cell types and their
major connections (Albertson and Thomson 1976).
However, unlike other invertebrate model systems which
are composed of a relatively small number of neurones,
such as the crustacean stomatogastric or cardiac ganglia
(Selverston et al. 1976, Maynard 1955) electrophysio-
logical recordings from individual cell types are still in
their infancy.

Anatomy of the pharynx

The anatomy of the pharynx has been comprehensively
reconstructed from serial section electron micrographs
by Albertson and Thomson (1976) and extensive refer-
ence will be made to this admirable paper together with
http://www.wormatlas.org (a reference database which
is an information resource for C. elegans anatomy) in
this section of the review. The pharynx consists of 20
muscle cells, some of which are syncytial (Table 1).
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There are also 9 marginal cells, 9 epithelial cells, 5 gland
cells and 20 neurones. The muscle cells, which surround
the lumen, can be divided into eight classes (pm1-8). The
neurones can be divided into five classes of motoneurone
(M1-5) and six classes of interneurone (I11-6). Albertson
and Thomson (1976), also describe two further classes,
neurosecretory and motor (NSM) and motor and in-
terneurone (MI). Their final class consists of a pair of
neurones, MC, which they report only innervate mar-
ginal cells. Certain of these neurones also have mechano-
or proprio-ceptive endings, for example, M3, 11, 12, 13,
15, 16, NSM and MC. Most of these endings are in the
cuticle but M3s end in muscle while I5 has a similar
ending to M3s but makes a connection on to M2. The
presence of multifunctional neurones indicates that the
pharyngeal nervous system may be primitive (Horridge
1968). Each type of cell will now be reviewed. However,
it should be remembered that the following identifica-
tion, i.e. moto- sensory- or inter- neurone, is based on
cell morphology and when electrophysiological record-
ings are made from these cells the classification of some
types may be amended.

Muscle cells

The pharynx of C. elegans connects to the outside by the
buccal cavity and is composed of three parts, the corpus,
the isthmus and the terminal bulb, Fig. 1 (Albertson and
Thomson 1976). The corpus is subdivided into the more
anterior procorpus and the metacorpus. These parts are
formed from eight muscle layers, pml1-8, Fig. 2. The
most anterior muscle cell, pml, has six nuclei and
completely surrounds the triangular lumen and has six
thin processes running in a posterior direction, adjacent
to the outer edges of the marginal cells. Posterior to pml
are three wedge-shaped binucleate pm2 cells which have
processes which project into the nerve cords, Fig. 2.
Pm3, pm4 and pm5 are each made up of three wedge-
shaped muscle cells and each cell contains two nuclei.
Pm4 cells form the metacorpus and the pm5 cells form
the isthmus. Pml-pm5 have radially orientated fila-
ments attached medially to the cuticle of the lumen and
laterally to the pharyngeal basal lamina by hemi-des-
mosomes. The terminal bulb is formed from two types of
muscle cell, pm6 and pm7. There are six cells in total and
each cell has three nuclei (i.e. it is formed by the fusion
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of three cells). The grinder, which is formed through a
secretion of a thick, ridged cuticle from pm6 and pm?7, is
localized in the terminal bulb. Finally a saucer-shaped
uninucleate muscle cell, pm8, lines the posterior wall of
the pharynx. Pm8 has no direct motor innervation but
does have gap junctions to mc3 which are innervated by
MS5. The pm7 muscle cells contain radial and longitu-
dinal filaments and provide a longitudinal and a trans-
verse component to the motion of the grinder teeth
(Albertson and Thomson 1976). The terminal bulb
connects to the intestine by the pharyngeal-intestinal
valve or cardia. The cellular composition and innerva-
tion of the eight muscle types are summarized in
Table 1.

Gap junctions

The muscle cells of the pharynx communicate with
each other via a network of gap-junctions made up of
innexins (Fig. 1), a family of gap-junction proteins
predominantly found in invertebrates (Phelan 2005).
The proteins are expressed as hexameric hemi-channels
which cooperate in the formation of an open pore
between adjacent muscle cells. In the pharynx this
confers a high degree of electrical connectivity which is
likely to play a central role in coordinating waves of
myogenic excitation and the responses to neuronal
modulation. Adult hermaphrodite worms express at
least four innexins in the pharynx. INX-2 and INX-3
co-express in the terminal bulb and isthmus (Starich
et al. 1996, 2001, 2003) and may interact with each
other in the formation of functional gap-junctions. In
inx-3 mutants all but a small proportion of offspring
die as embryos, a phenotype that has been primarily
associated with gross developmental defects that occur
as a result of losing functional INX-3. However, in
animals that develop to maturity contractions of the
corpus, which expresses EAT-5 in addition to INX-3,
are coordinated. Terminal bulb muscle cells, that ex-
press INX-3 but not EAT-5, are unable to contract
together (Starich et al. 2003). EAT-5 is expressed in the
metacorpus and isthmus (Starich et al. 1996) and INX-
6 is expressed in the metacorpus, procorpus and mar-
ginal cells of the isthmus (Li and Dent 2003). Loss of
function mutations in eat-5 and inx-6 do not lead to
any obvious anatomical defects, but the worms have a

Table 1 The cellular composition and innervation of pharyngeal cells

Muscle cell type Cellular organization Nuclei Innervation:chemical Innervation:gap-junction
pml 1 syncytium 6 M1

pm2 3 syncytia 6 M1

pm3 3 syncytia 6 Ml

pm4 3 syncytia 6 M2, M3, MC MC via mc2

pm5 3 syncytia 6 M2, M3, M4, 15

pmo6 3 cells 3 MS5 (possibly M4) MS5 via mc3

pm7 3 cells 3 M5 M35 via me3

pm§ 1 cell 1 - MS via mc3
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Fig. 2 A mercator projection of
the pharynx shows the general

location of neuronal somata Anterior

Z pml

and their main processes (data

pm2

taken from Albertson and
Thomson 1976 and http://
www.wormatlas.org). Somata
are located in either the
metacorpus or terminal bulb,
however, all of the neurons send

Procorpus

pm3

processes through the posterior
part of the corpus where the
majority are involved in the
formation of a radial nerve ring
located within the metacorpus.
Marginal cells are shown in
dark grey and muscle cells in
light grey. Pairs of neurones are
shown in the same colour
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starved appearance throughout development (Starich
et al. 1996; Li and Dent 2003; Avery 1993b). This
starvation phenotype has been associated with reduc-
tion in food intake as a direct result of lost coordina-
tion in muscle contractions. Mutants in inx-6 show a
loss of synchrony between the metacorpus and pro-
corpus (Li and Dent 2003) and mutations in eat-5 leads
to a failure in coordination between cells of the ter-
minal bulb and the corpus (Starich et al. 2003). An
indication that individual innexin species may confer
different physiological characteristics to the gap-junc-
tions that they make-up come from the work of Li and
Dent (2003). They rescued the inx-6 mutant phenotype
by expressing inx-6 under its own promoter sequence.
However, when they substituted the rescue construct
for eat-5 expressed under the inx-6 promoter there was
only a partial rescue of the phenotype.

The role of gap-junctions in mediating communica-
tion between pharyngeal neurons is less well understood.
However, ultrastructural and anatomical data collected
by Albertson and Thomson (1976) indicates that, with
the exception of NSM and 14, all of the pharyngeal
neurons form gap-junctions with at least one other
neurone. The only innexin so far known to subserve a
function in the network is UNC-7. The pharyngeal in-
terneurone I1 forms a gap-junction with RIP an extra-
pharyngeal neurone. This is the only synaptic connec-
tion between the pharynx and the central nervous system
of the worm and is involved in modulating pharyngeal
pumping in response to sensory information. For
example, pharyngeal pumping is reduced in response to
a light tail tap in wild-type worms, however this response
is lost in unc-7 mutants (Keane and Avery 2003).

Marginal cells

There are nine marginal cells (Fig. 1) (Albertson and
Thomson 1976). The first three, mcl, extend from the
most anterior muscle cell in the procorpus to the level of
the nerve ring in the metacorpus. The second three, mc2,
extend from the nerve ring to the anterior end of the
terminal bulb while the final three marginal cells, mc3, in
the terminal bulb surround the posterior part of the
pharyngeal cuticle and are syncytial. The second set of
marginal cells are innervated by the MC cells while M5
terminals ramify deeply into the third set of marginal
cells. M2 may innervate the subdorsal two most anterior
marginal cells. These marginal cells constitute an inter-
esting wedge-shaped structure sandwiched between the
muscle cells and extending the entire length of the
pharynx (Fig. 2). One possibility for their function may
be that they provide a type of fast conducting system to
assist in co-ordinated contraction of parts of the phar-
ynx, rather like the Purkinje fibres of the mammalian
heart. Marginal cells also contain a relatively large
number of mitochondria indicating that they are likely
to be metabolically very active. This, combined with the
fact that the marginal cells form gap junctions with the
muscle, presents the intriguing possibility that they may
have a functional role analogous to interstitial cells in
the smooth muscle tissues of higher animals (Cambova
et al. 2003) and be involved in generating rhythmic
activity. It would be of particular interest to know
whether the marginal cells express specific ion channels
as this may provide some insight into the origin of the
pharyngeal myogenic activity which has proved rather
elusive to date.



Epithelial cells

Nine epithelial cells surround the anterior margin of the
pharynx (Albertson and Thomson 1976). The first three,
el, are arranged on the dorsal and subventral sides of
the triangular lumen. The second set of cells, €2, is
placed with one cell at each apex of the lumen. The third
set of dorsally and subventrally disposed cells, €3, joins
the second set slightly posteriorly.

Gland cells

There are two sets of gland cells. One set, gl, has two
cells but three nuclei while the other set, g2, has two cells
with two nuclei and has clearer cytoplasm. Both types of
gland cell open into the lumen via a short duct
(Albertson and Thomson 1976). The gl cell bodies fill a
large part of the terminal bulb. Albertson and Thomson
suggest that the gland cells may be innervated by M4
and M5 while the cell bodies of M2 attach to the gland
cells by desmosome-like junctions. It is not known what
is released from the gland cells but the secretions may
possibly contain mucoids.

Nervous system

Most pharyngeal neurones are unbranched, unipolar or
bipolar (Albertson and Thomson 1976). Of the five
motoneurones, M2 and M3, are paired while the other
three are single neurones. Of the six interneurones, I1
and 12, are paired while the rest are single neurones. The
neurosecretory motoneurones, NSMs, are paired, as are
the marginal cell neurones, MCs. The motor-interneu-
rone, MI, is a single neurone. A number of these neu-
rones send processes to the pharyngeal nerve ring,
including M1, MCs, NSMs, 15 and 16. The majority of
pharyngeal neurones make synapses en passant
(Albertson and Thomson 1976). Furthermore, a single
neuronal process can have both presynaptic and post-
synaptic compartments and therefore the majority of

109

neurones do not have axons and dendrites in the con-
ventional sense. However, an exception is M3 which
sends a process to the most posterior projection of pm4
where it makes a synapse. The chemical and electrical
(gap junction) connections are summarized in Table 2
while Table 3 summarizes the classical transmitters and
neuropeptides synthesized in, and the receptors
expressed on each cell type. The position of neuronal
somata and their major projections are shown in Fig. 2.

Motoneurones

The cell body of M1 is located in the terminal bulb and
synapses onto pm1l, pm2 and pm3 of the procorpus. M1
is cholinergic (Rand et al. 2000) and expresses GLR-2
and AVR-14 glutamate receptor subunits (Brockie et al.
2001; Aptel et al. 2001). M1 receives chemical synaptic
input from I1, 12, I5 and M5 and synapses onto I3. It is
also possible that M1 makes electrical connections with
RIPs (Albertson and Thomson 1976). M2 motoneurones
are unipolar and also have their cell bodies in the ter-
minal bulb. Their axons run forward to the metacorpus
and synapse onto pm4 and pm5. M2 motoneurones are
cholinergic and also express FLP-18, FLP-21, NLP-3
and NLP-13 peptides (Rand et al. 2000; Kim and Li
2004; Nathoo et al. 2001). They terminate in gap junc-
tions with each other. M2s have reciprocal chemical
synapses with I1 and electrical synapses with M1, M2,
M3 and M5. M3 motoneurones are bipolar, with their
cell bodies at the posterior end of the metacorpus. M3s
may also be sensory neurones since they have free sub-
cuticular endings which may be mechanosensory. They
only synapse onto pm4. These neurones contain gluta-
mate and express FLP-18 and NLP-3 (http://
www.wormatlas.org; Kim and Li 2004; Nathoo et al.
2001). M3s express the glutamate receptor subunit
GLR-8 (Brockie et al. 2001) and a Neuropeptide Y-like
protein, NPR-1 (Coates and de Bono 2002). M3s receive
chemical synaptic inputs from I1, 13, 14, 15, M1 and
NSM. They do not appear to have strong synaptic
inputs onto any neurones. The cell body for M4 lies at

Table 2 The chemical and electrical connections between pharyngeal neurones

Cell Chemical synapse onto Chemical synapse input from Electrical synapse
M1 13 I1, 12, I5, M1, M5 12

M2 L&R 11 11 M1, M2. M3, M5
M3 L&R - 11, 13, 14, I5, M1, NSM (MC?)

M4 - 13, 15, 16 16

M5 — 15 (M2, 15?7

11 L&R M2, M3, MC, NSM, I5 - 15, RIP

12 L&R 14, 16, NSM, M1, (M2?) — M1, 11

13 M3, NSM - (M2?)

14 M1, M3, NSM M1, 12 -

15 M1, M3, M4 11 M5, 11

16 M4 12, 13, NSM M4, M5

MI Mi, M2, M3, MC, NSM, 15 Ml 13, 14, 15, M1, M2, M3, MC
NSM L&R 16, M3 11,12, 13, 14, 16 -

MC L&R mc2 MI 11 M2
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Table 3 Summary of the putative classical and neuropeptide transmitters synthesized by pharyngeal neurons

Cell Classical transmitter ~ Neuropeptide precursor gene Receptors

Ml ACh nip-3 GLR-2, AVR-14

M2 L&R ACh nlp-3, nip-13, flp-18, flp-21

M3 L&R Glut nlp-3, flp-13 (possibly fip-18) GLR-8, NPR-1

M4 ACh fip-5, flp-21, (possibly fip-2) GLR-8, ACM-2, SER-7b,
M5 ACh fip-1, fip-13, fip-17 GLR-8

11 L&R - nlp-3, flp-6 GLR-7, GLR-8, ACM-2
12 L&R - nip-3, nip-8, fip-15 GLR-7, GLR-8, ACM-2
13 - nip-3 GLR-7, GLR-8

14 - nip-3, nip-13, fip-5 -

15 5-HT, Glut fip-2, fip-4, fip-13 -

16 ACh nlp-3, fip-4 GLR-7, GLR-8

MI - - GLR-2

NSM L&R  5-HT, Glut nlp-3 (right hand cell only), nlp-13, nlp-18, fi-4, flp-19 MOD-5, GLR-7, GLR-8, SER-2, AEX-2
MC L&R  ACh fip-2, fip-21 GLR-8

For simplicity, all the individual peptides predicted to be processed from the precursor protein encoded by each fip or nip gene are not

shown. For this detail see Li (2005)

the level of the nerve ring and synapses on the posterior
portion of the isthmus muscle, pm5 and gland cells, gl.
M4 is cholinergic (Chiang et al. 2006) and expresses
FLP-2, FLP-5 and FLP-21 (Rand et al. 2000; Kim and
Li, 2004). M4 expresses the 5-HT receptor, SER-7b and
the glutamate receptor subunit, GLR-8 (Hobson et al.
2003; Brockie et al. 2001). It has also been suggested that
it may express the muscarinic receptor, ACM-2 (http://
www.wormatlas.org). M4 receives chemical inputs from
13, I5 and 16 and has an electrical link with 16. The cell
body of M5 is posterior to pm7 and has processes which
remain in the terminal bulb. M5 is cholinergic and ex-
presses FLP-1, FLP-13 and FLP-17 (Rand et al. 2000;
Kim and Li 2004). It synapses with pm6 and pm7 and
with both gland cells marginal cells and receives a
chemical input from I5.

Interneurones

I1, 12 and I3 are unbranched unipolar neurones which
are associated with the corpus (Albertson and Thomson
1976). 11 neurones have their cell bodies immediately
anterior to the metacorpus and their axons project onto
pml and pm2. These neurones also have proprioceptive-
like endings at the anterior end. The posterior axon
projections run within the subvental nerve cords and
then into the pharyngeal nerve ring. The somatic ner-
vous system RIP (ring/pharynx interneurone) neurones
make gap junctions with 11 neurones and so represent a
pathway for the modulation of pharyngeal pumping
from, for example, the sensory system (Avery and
Thomas 1997). When the touch cells receive a light
stimulus pharyngeal pumping is briefly inhibited (Chal-
fie et al. 1985). The I1 neurones express FLP-6 and NLP-
3 (Kim and Li 2004; Nathoo et al. 2001). These inter-
neurones also express GLR-7 and GLR-8 glutamate
subunits (Brockie et al. 2001) and possibly the musca-
rinic acetylcholine receptor ACM-2 (http://www.worm-
atlas.org). I1s make chemical synapses with M2, M3,

MC and NSM and either chemical or electrical synapses
with I5. 12s have their cell bodies very slightly posterior
to the Il neurones and their axons project to pml. 12
neurones have proprioceptive-like free subcuticular
endings slightly anterior to those of 11. The 12 neurones
express FLP-15, NLP-3 and NLP-8 peptides, GLR-7
and GLR-8 glutamate receptor subunits and ACM-2
muscarinic acetylcholine receptors (Kim and Li 2004;
Nathoo et al. 2001; Brockie et al. 2001; http://
www.wormatlas.org). 12s make chemical synapses with
14, 16 and NSM and both electrical and chemical syn-
apses with M1. It is possible that 12s could excite M1
and initiate opening of the procorpus to begin the pump
cycle. I3 cell body lies at the same level as the 12 inter-
neurones in the anterior metacorpus. Its axon extends
forwards and is inserted into pml and pm2 and termi-
nates with proprioceptive-like endings. I3 expresses
NLP-3 and GLR-7 and GLR-8 glutamate subunits
(Nathoo et al. 2001; Brockie et al. 2001). It makes
chemical synapses with M3 and NSM. 14 interneurone’s
cell body is at the anterior end of the terminal bulb and
its two axons run anterior to the nerve ring in the sub-
ventral nerve cords. 14 expresses FLP-5, FLP-6, NLP-3
and NLP-13 (Kim and Li 2004; Nathoo et al. 2001). It
makes chemical synapses with M1, M3 and NSM and
receives inputs from M1 and 12. IS has a large cell body
on the ventral side of the terminal bulb. Its axons extend
forward to the terminal bulb and terminate in the nerve
ring. 15 contains 5-HT and probably glutamate (Sawin
et al. 2000; Lee et al. 1999). I5 expresses FLP-2, FLP-4
and FLP-13 (Kim and Li 2004) and makes chemical
synapses with M1, M3, M4 and electrical synapses with
MS5. It also makes a chemical synapse with the isthmus
muscle pm5 and gl gland cells. 15 receives both chemical
and electrical inputs from I1. 16 is bipolar with its cell
body in the terminal bulb and a free subcuticular ending
between pm5 and pm6. Its longer axon runs anterior to
the nerve ring from the dorsal cord. 16 is probably
cholinergic and expresses FLP-4 and NLP-3 (Rand et al.
2000; Kim and Li 2004; Nathoo et al. 2001) and makes



chemical synapses with M4 and receives chemical syn-
aptic inputs from 12, I3 and NSM. It has electrical
synapses with M4 and MS5.

Neurosecretory neurones

There is a pair of neurosecretory motoneurones, NSMs,
with cell bodies at the level of the metacorpus. These
cells are bipolar and their axons run in a posterior
direction through the isthmus but terminate before
reaching the terminal bulb and makes contact with pmS5.
They probably function as sensory-motor neurones.
Processes from NSMs run very close to the pseudocoe-
lom. The axons are swollen with varicosities filled with
large lightly- and darkly-stained membrane bound ves-
icles and also small clear vesicles. These neurones con-
tain 5-HT and glutamate (Sze et al. 2000; Lee et al. 1999)
and express FLP-4, NLP-13, NLP-18 and NLP-19 (Kim
and Li 2004; Nathoo et al. 2001). NSMs have a trans-
porter for 5-HT, MOD-5 (Ranganathan et al. 2001).
NSMs express GLR-7 and GLR-8 glutamate receptor
subunits, a tyramine receptor SER-2, and probably
AEX-2, a protein related to the G-protein-coupled
receptor family (Brockie et al. 2001; Tsalik et al. 2003).
NSMs make a chemical synaptic contact with 16 and M3
and receive a chemical input from I1, 12, 13, 14 and I6.

Motor-interneurones

The cell body of M1 is located in the dorsal nerve cord at
the level of the metacorpus. It is unipolar and its axon
processes around the nerve ring and synapses with pm4.
MI makes chemical synapses with M1, M2, M3, MC,
NSM and I5, and electrical synapses with 13, 14, 15, M1,
M2, MC and M3. It receives a chemical input from M1.
MI expresses GLR-2 glutamate receptor subunits and
NLP-3 (Brockie et al. 2001; Nathoo et al. 2001).

Marginal cell neurones

The MC cell bodies are at the level of the metacorpus
and have short axons, the posterior ones terminating at
the very anterior end of the isthmus. They have subcu-
ticular, possibly proprioceptive, nerve endings between
pm3 and pm4. MCs synapse onto the ¢2 marginal cells.
They contain acetylcholine and express FLP-2 and FLP-
21 (Niacaris and Avery 2003; Kim and Li 2004) and the
glutamate receptor subunit, GLR-8 (Brockie et al. 2001).
MCs make electrical connections with M2 and receive
chemical synaptic inputs from M1 and I1.

Muscle physiology

Feeding mechanisms in the Rhabditina were first
analysed in detail from ciné film by Doncaster (1962)
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and later extended by Avery and his colleagues. In his
paper, Doncaster refers to the pharynx as the oesoph-
agus. C. elegans feed almost continuously through their
life cycle, apart from when they moult or enter the
dauer larval form. During these periods there must be a
mechanism for inhibition of pumping. Normal pha-
ryngeal pumping represents a contraction—relaxation
cycle and involves the corpus, the anterior isthmus and
the terminal bulb (Avery and Shtonda 2003) Fig. 1. In
wild type animals pharyngeal muscle contraction does
not normally last much more than 200 ms. The corpus
and anterior isthmus have two functions, one to trap
food and the other to transport food. The incorpora-
tion of the anterior isthmus into pumping greatly in-
creases the efficiency of food transport by the corpus
(Avery and Shtonda 2003). The role of the terminal
bulb is to grind and break up bacteria while that of the
posterior isthmus is to regulate the passage of bacteria
from the corpus to the terminal bulb by a peristaltic
wave. The muscles of the corpus and anterior isthmus
are radially orientated, so that when they contract, the
lumen opens. During this period of the cycle the pos-
terior isthmus is closed. The cycle begins with the al-
most simultaneous contraction of the muscles. When
the lumen opens, it is filled with liquid sucked in by the
mouth which also brings in bacteria. When the muscles
relax, the pharyngeal lumen is closed and the liquid
expelled. Some of the bacteria remain in the pharynx,
i.e. ‘trapping’. When the muscles next contract, these
bacteria are carried in a posterior direction by the in-
flux of liquid. When the muscles relax, the bacteria are
now at a more posterior position and with repeated
pumps, the bacteria are carried back in the isthmus, i.e.
transport. Videotape analysis by Avery and Shtonda
(2003) has shown that the motions of the anterior
pharyngeal muscles during relaxation are not precisely
the reverse of those during contraction, for example,
the anterior isthmus muscles. The actions of these
muscles, which are just posterior to the corpus, are
slightly delayed, such that the anterior isthmus is re-
laxed when the corpus begins to contract but con-
tracted when the corpus relaxes. Furthermore, the
anterior isthmus contracts in a wave from anterior to
posterior. This small deviation from perfectly re-
ciprocal motion is sufficient to produce a small amount
of net particle transport in a posterior direction,
assuming the particles move at the same average speed
as the fluid (Avery and Shtonda 2003). In addition the
geometry of the pharyngeal lumen causes particles to
be pushed to the centre of the lumen during relaxation.
These authors also found that small bacteria provide a
better source of food than large ones. Contraction of
the terminal bulb rotates the grinder plates which break
up the bacteria. The food is then returned to the lu-
men. Following contraction, the muscles relax and the
grinder returns to its resting position. Relaxation at
this point closes the lumen of the corpus and anterior
isthmus, resulting in the expulsion of liquid. The bro-
ken bacteria are transferred through the pharyngeal-



112

a E2

Bl © \v 4mvV
m
YA,
I} r 100 ms
ri 7
b E2
\\P
b 4 mV

Cc E2

b e

4 mV

100 mS

rR1

Fig. 3 Electropharyngeogram (EPG) recordings. The recordings
were made from cut heads as described in Papaioannou et al.
(2005). Each recording is from an adult hermaphrodite wild type
animal made within 1 min of achieving the suction pipette seal. a
The EPG consists of several components. The first excitatory
component, El, is associated with activation of the MC motoneu-
rone. E2 is a reflection of muscle cell depolarization while
repolarization of corpus muscle has a close temporal association
with the RI1 phase. R2 may be a reflection of terminal bulb
repolarization. The exact shape of the EPG recorded can vary
between wild type animals. b E1 and R2 phase are often reduced in
amplitude or partially masked by a much larger E2 or R1 phase. ¢
the I potentials can also be unmeasureable and indistinct. E1, R2
and I potentials can change amplitude over time, in the absence of
changes in recording conditions. d E potentials associated with
excitatory synaptic events, can be recorded in the inter-EPG
interval

intestinal valve. The muscles of the posterior isthmus
are relaxed and the lumen here closed throughout
pumping, isolating the corpus from the terminal bulb

(Avery 1993a). Contraction of the posterior isthmus
muscle conveys food from the anterior isthmus back-
wards to the terminal bulb (Avery and Shtonda 2003).

Although pharyngeal pumping rate is under the
control of MCs (Avery and Horvitz 1989), the pharynx
continues to pump at a reduced rate when MCs are
ablated and continues to pump slowly when all 20
pharyngeal neurones have been ablated, providing evi-
dence that the pharynx may be myogenic (Avery and
Horvitz 1989). For example, the normal pumping rate is
around 200 pumps per minute but in animals where
MCs have been ablated, this value drops to around 50
pumps per minute (Shtonda and Avery 2005). The term
myogenic means that the timing of each pump is con-
trolled by the muscle and one or more neurones mod-
ulate the excitability of the muscle. In contrast, the term
neurogenic means that the timing of each pump is con-
trolled directly by one or more neurones. Whether
pharyngeal pumping is myogenic or neurogenic has been
investigated in detail by Raizen et al.(1995). These au-
thors used electropharyngeogram (EPG) recordings first
developed by Raizen and Avery (1994). An example of
an EPG is shown in Fig. 3a. However, the form of the
EPGs can vary between wild type animals, depending at
least in part on the relative position of the recording
electrode to the pharynx and this is shown in Fig. 3b—d.
Thus interpretation of differences in the shape of the
EPG requires some caution when making comparisons
between different animals. The E (excitatory or con-
traction) and the R (relaxation) phases indicate the
beginning and end respectively of the EPG which pro-
vides a read-out of the activity of the pharynx during a
single muscle pump. The E phase is normally composed
of two components, the initial part (E1), which is usually
smaller in amplitude compared to the second part (E2).
A small negative potential (R2) follows the R1 phase
and is associated with the repolarization of the terminal
bulb. During the EPG, negative going potentials (I
potentials) of varying amplitudes are often observed. It
has been proposed that these potentials are generated by
glutamate released from M3 and activating ligand-gated
chloride channels. The evidence for this is provided by
the following data. M3 neurones are likely to be gluta-
matergic as they stain with antibodies against glutamate
(http://www.wormatlas.org) and they express both syn-
aptic and vesicular glutamate transporters (Lee et al.
1999). Furthermore, exogenous glutamate mimics the
action of M3s on the pharynx by shortening the dura-
tion of the EPG (Dent et al. 1997). In mutants that have
a loss of function mutation in the glutamate-gated
chloride channel, GluCl-22 (AVR-15), the negative
going potentials are absent and in these mutants ion-
ophoretic glutamate has no effect on the muscle (Dent
et al. 1997). Lastly, EPGs recorded from animals in
which the M3 neurones have been laser ablated do not
exhibit negative going potentials between the E and R
phase (Li et al. 1997). Overall, this supports the con-
tention that these are glutamatergic potentials generated
by the M3 neurone.



During the inter-pump period, or I phase, small
positive potentials are sometimes observed. Raizen et al.
(1995) demonstrated that in wild type animals the E
phase of each EPG was composed of two components
and the small positive potentials were present during the
I phase. However, when MCs were ablated both events
disappeared, suggesting they were associated with an
excitatory input from MCs. In the absence of MC neu-
rones the pharyngeal muscle is still capable of pumping,
albeit at a much reduced rate. Raizen et al. (1995) also
demonstrated that MCs were able to induce excitatory
potentials in the absence of muscle contraction by using
the synaptotagmin mutant, snz-I1(md290). In these
mutants synaptic transmission is reduced but not elim-
inated (Nonet et al. 1993) and the pump rate is very low.

The resting membrane potential of pharyngeal
muscle cells is around —75 mV and is due mainly to the
potassium gradient plus a contribution from a ouabain-
sensitive electrogenic pump (Franks et al. 2002). A gene
encoding a putative o subunit for a Na,K-ATPase, eat-6,
has been identified which may underly the sensitivity of
the pharynx to ouabain (Davis et al. 1995). The ampli-
tude and duration of the muscle action potentials is
dependent on the external concentration of calcium. In
low calcium the action potential exhibits an extended
duration. A likely explanation for this is that a calcium-
dependent potassium channel plays a role in muscle
repolarization. Interestingly, action potentials persist in
zero calcium/sodium external solution but are abolished
in zero external sodium/calcium external solution.
Whilst the persistence in zero calcium may readily be
explained by the known permeability of many calcium
channels to sodium when calcium ions are not present,
the latter observation of a dependence on external so-
dium is more difficult to explain as it would be expected
that calcium ions would be able to carry the current.
This would suggest that sodium plays a role in the action
potential although there are no obvious candidate genes
for a voltage-gated sodium channel in the genome of C.
elegans. In support of this, a voltage-activated inward
current which is reduced in the absence of external so-
dium ions has been identified in the pharynx (Vinogra-
dova et al. 20006).

The currents underlying pharyngeal muscle action
potentials have been investigated (Lee et al. 1997; Davis
et al. 1999; Shtonda and Avery 2005; Steger et al. 2005).
Three channel currents have been identified as playing
key roles in the initiation and termination of the muscle
action potential, viz, CCA-1, EGL-19 and EXP-2.
CCA-1 is a T-type calcium channel, EGL-19 an L-type
calcium channel while EXP-2 is a potassium channel.
Avery and co-workers have suggested the following
sequence of events for the pharyngeal action potential
(summarized in Fig. 4). When the nicotinic acetylcholine
receptor subunit EAT-2 is activated by acetylcholine
released from MC, the muscle membrane potential
depolarizes to around —30 mV. At this potential the
CCA-1 channel protein is activated. This results in a
large, quickly inactivating inward current due to the
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entry of calcium into the muscle cells. This depolarizes
the muscle cells further and when this depolarization
reaches —10 mV, the EGL-19 channel protein is acti-
vated. This calcium current triggers muscle contraction
and maintains the plateau component of the action
potential. The membrane potential of the muscle cells
gradually hyperpolarizes as this current slowly inacti-
vates. When the membrane potential reaches the
threshold value for re-activation of the potassium
channel, EXP-2, a large current is generated which
rapidly hyperpolarizes the membrane potential towards
its “‘resting” level. Inhibitory junction potentials,
generated through the release of glutamate from M3
enhance the decline of the plateau phase of the action
potential towards the value at which EXP-2 channel is
re-activated. Interestingly, when CCA-1 is not func-
tional, the depolarizing phase of the action potential
tends to plateau around —30 mV (Steger et al. 2005).
This model for the sequence of events that underly the
pharyngeal action potential provides a useful framework
in which to incorporate the activity of further ionic
channels that are likely to play a role, such as calcium-
activated potassium channels.

Optical imaging of calcium transients in pharyngeal
muscle and neurones of wild-type and mutant C. ele-
gans was first attempted using cameleon proteins (Kerr

AP

N

V

EAT-2 /

F~_EGL-19
ICCA-1

Fig. 4 A diagram illustrating currents that underlie the initiation
and generation of the muscle action potential have been identified
(Lee et al. 1997; Davis et al. 1999; Shtonda and Avery 2005; Steger
et al. 2005). It is likely that activation EAT-2 containing nAChRs
can mediate excitatory post-synaptic events that cause CCA-1 T-
type calcium channels to activate and initiate an action potential.
The action potential plateau is shaped by the activation of EGL-19,
an L-type calcium channel, AVR-15 a glutamate-gated chloride
channel and EXP-2 a inward-rectifying potassium channel. EXP-2
contributes to full repolarization of the membrane potential
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et al. 2000). Using unc-36 mutants these authors found
that loss of UNC-36 function resulted in an increased
size of pharyngeal calcium transients which suggested
this calcium channel o2 subunit might negatively
regulate the calcium influx to pharyngeal muscle. In a
later series of experiments the spatio-temporal patterns
of intracellular calcium dynamics in pharyngeal muscle
during feeding were analysed using a ratiometric
fluorescent calcium indicator (Shimozono et al. 2004).
Fast, repetitive and synchronous spikes in calcium
concentrations were observed in the corpus, anterior
isthmus and terminal bulb, which indicated electrical
coupling between the muscles. Broad calcium transients
were only seen in the posterior isthmus during
peristalsis and these were delayed compared with the
calcium transients from the anterior isthmus and
terminal bulb. Evidence was found that the calcium
dynamics in the posterior isthmus were often decoupled
during fast pumping. A single gene, unc-68, encodes a
ryanodine receptor in C. elegans (Sakube et al. 1993;
Maryon et al. 1996) which is localized to the sarco-
plasmic reticulum in the posterior isthmus and terminal
bulb (Maryon et al. 1998). Using wunc-68 mutants
Shimozono et al. (2004) found evidence for a role for
calcium-induced calcium release from internal stores in
the random decoupling of calcium spikes in the
posterior isthmus. These authors suggest that M4 may
modulate the excitation—calcium coupling in the
posterior isthmus.

Pharmacology of the pharynx: classical transmitters
and neuropeptides

Eight of the pharyngeal neurones probably contain
acetylcholine, viz, M1, M2s, M4, M5, MCs and I6.
Three of these, the MCs and M4, play key roles in
pharyngeal function (Avery and Horvitz 1987, 1989) and
so acetylcholine receptors are important for its normal
physiology. There are at least 27 nicotinic acetylcholine
receptor subunits in C. elegans (Jones and Sattelle 2004).
Of these, EAT-2 (McKay et al. 2004) has been identified
in the pharynx, while mutations in another (/ev-8) have
been shown to affect pharyngeal pumping (Towers et al.
2005). Although Albertson and Thomson (1976) origi-
nally proposed that MCs synapse onto c2 and not
directly onto pharyngeal muscle, Shtonda and Avery
(2005) consider there may be a direct connection from
MCs onto pm4. When MCs are activated, they induce
excitatory junction potentials in the muscle through
activation of an EAT-2/EAT-18 nicotinic acetylcholine
receptor complex, increasing the pumping rate (McKay
et al. 2004; Raizen et al. 1995). EAT-2 is localized near
the junction of pm4 and pmS5 which is the area of the
MC synapse. EAT-18 is expressed in pharyngeal muscle
and M5. When MCs are stimulated, EAT-2 channels
open which allows current to flow, opening voltage-
gated calcium channels (Lee et al. 1997). acr-7 encodes
an o-7-like subunit which is a member of the nicotinic

acetylcholine receptor family and ACR-7 is also
expressed in pharyngeal muscle (http://www.worm-
base.org).

GAR-3 is a muscarinic receptor in pharyngeal muscle
which is activated by arecoline and which plays a key
role in regulating muscle activity by altering calcium
levels or calcium processes to optimize pumping (Steger
and Avery 2004). Activation of GAR-3 receptors in
pharyngeal muscle has two distinct functions, one
affecting excitation—contraction coupling and the other
affecting membrane potential. Steger and Avery (2004)
suggest that the GAR-3 pathway may converge with
intracellular calcium signalling following calcium influx
through the L-type voltage-gated calcium channel,
EGL-19. This channel contributes to fast depolarization
of pharyngeal muscle. EGL-19 probably contributes to
excitation—contraction coupling as well as membrane
depolarization. In mutants over expressing gar-3, pha-
ryngeal muscle relaxation is inhibited by altering the
entry of calcium through EGL-19. Loss of gar-3
expression causes shortening of action potentials and
speeds up terminal bulb repolarization. Loss of gar-3
expression also increases pumping rate which appears to
be independent of pump duration but may be linked
with enhanced excitability of the muscle or a shortening
of the refractory period between pumps. Steger and
Avery (2004) propose that GAR-3 activates a previously
unidentified signalling cascade which regulates mem-
brane potential and excitation—contraction coupling
through two different mechanisms. These involve chan-
ges in intracellular calcium signalling which adjusts the
kinetics of pharyngeal muscle function to allow optimal
feeding.

Ablation studies suggest the remaining acetylcholine-
containing neurones probably only contribute minor
roles in the normal physiology of the pharynx (Avery
and Horvitz 1989). However, M1, M2 and M5 have
excitatory inputs onto pm3/pm4, pm5/pm6 and pm?7,
respectively, Fig. 5. Of these, M1 and M5 receive inputs
from I5 which probably contains two classical trans-
mitters, viz, 5-HT and glutamate. In addition, I5 con-
tains three FLPs, viz, FLP-2, FLP-4 and FLP-13 (Kim
and Li 2004). Of these, FLP-13 has a potent inhibitory
action on pharyngeal pumping, FLP-2 is excitatory
while the response to the application of FLP-4 is vari-
able, sometimes exciting and sometimes inhibiting
preparations (Papaioannou et al. 2005). However, the
actions of these peptides on M1 and M5 are unknown.

The indolealkylamine, 5-HT (serotonin, enteramine),
is present in the paired NSM neurones in the pharyngeal
nervous system (Horvitz et al. 1982) which synapse onto
the isthmus muscle, pm5. Application of 5-HT stimu-
lates pumping, e.g. from a resting level of around 40
pumps per minute to over 250 pumps per minute (Avery
and Horvitz 1990; Niacaris and Avery 2003). A reduc-
tion in the level of endogenous 5-HT decreases pumping
rate (Sze et al. 2000). There is one tryptophan hydrox-
ylase gene, tph-1, which encodes for the rate limiting
enzyme in the synthesis of 5-HT (Sze et al. 2000). tph-1



Fig. 5 Schematic diagram
showing the main motoneuron
inputs onto the pharynx (after
Avery 1993a)
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mutants therefore cannot synthesize 5-HT from trypto-
phan though if 5-hydroxytryptophan is present in the
bacteria they ingest, then these mutants could still make
5-HT through an aromatic amino acid decarboxylase
enzyme. This might explain the low levels of 5-HT
immunoreactivity which have been reported in the #ph-1
null. tph-1 mutants are viable though their behaviours
involved in feeding are altered, e.g. their average
pumping rate is low in the presence of bacteria, while in
the absence of food their pumping rate is comparable to
wild-type animals (Sze et al. 2000). A closer analysis of
the feeding behaviour of 7ph-1 mutants showed that they
can pump at a rate comparable to wild type animals on
bacteria, but their pumping behaviour is erratic and they
are unable to sustain a fast pump rate (Hobson et al.
2006). This is consistent with the idea that 5-HT is not
required for basal pumping but is required in order to
maintain a sustained high pumping rate observed in the
presence of food.

Four 5-HT receptors have been identified in C. ele-
gans, viz, SER-1, SER-4, SER-7B and MOD-1 (Ham-
dan et al. 1999; Olde and McCombie 1997; Hobson et al.
2003; Ranganathan et al. 2000) (summarized in Fig. 6).
The first three are expressed in the pharyngeal system
together with two tyramine receptors, SER-2 and
TYRA-2 (Rex and Komuniecki 2002; Tsalik et al. 2003).
SER-1, a 5-HT2-like receptor is expressed in the nerve
ring and on most of the larger pharyngeal muscles, viz,
pml, pm2, pm3, pm5 and pm7. SER-4, a 5-HTl-like
receptor is expressed on a single unidentified pharyngeal
neurone. SER-7B, a 5-HT7-like receptor was initially
found to be expressed on only M4 and over expression
of this receptor was toxic, suggesting this site might form
the basis for an anthelmintic (Hobson et al. 2003).
However, a subsequent study found that SER-7 was also

o 7

pm4 pmS pmé6 pm7

pm8

Neurosecretion

expressed consistently in MCs, I2s, 13, and M5 and
occasionally in M2s, M3s, 14 and 16 (Hobson et al.
2006). The tyramine receptor, SER-2, is expressed in the
nerve ring and on pml and pm6 and on NSM (Tsalik
et al. 2003). Another tyramine receptor, TYRA-2, is also
expressed on NSMs and on MCs and so activation of
this receptor is likely to play a role in the physiology of
the pharynx. Octopamine inhibits pharyngeal pumping
and the firing rate of muscle action potentials (Niacaris
and Avery 2003; Rogers et al. 2001) and may act on
tyramine receptors. If it acts on either SER-2 or TYRA-
2 then it will alter the actions of NSMs and MCs on
pharyngeal activity.

The actions of 5-HT and octopamine on the pumping
rate of the pharynx have been analysed in depth using
mutant animals by Niacaris and Avery (2003). Using an
eat-18 mutant, in which MCs were proposed to be
functionally decoupled from the pharyngeal muscle,
they found that 1 pM 5-HT enhanced M3 activity and
decreased the EPG duration while 100 uM octopamine
suppressed M3 activity and increased the EPG duration.
In an eat-18;avr-15 double mutant, neither 5-HT nor
octopamine affected the EPG duration, from which
Niacaris and Avery concluded that the regulation of
EPG duration by 5-HT in eat-18 mutants is largely
through its action on M3 activity. In the avr-15 single
mutant 5-HT increased the EPG duration indicating
that EAT-18 activation also mediated the action of 5-
HT on EPG duration. Niacaris and Avery (2003) also
studied the effect of 5-HT on eat-2;avr-15 double mu-
tants and found that 5-HT did not modulate their EPG
duration. This provided further evidence that 5-HT was
acting via an MC-dependent system. In contrast, octo-
pamine suppressed M3 activity of wild-type animals and
increased the EPG duration. Niacaris and Avery (2003)
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Fig. 6 The distribution of 5-HT
and tyramine receptor subunits
in the pharynx. An additional

subunit, SER-4 is expressed in a
single unidentified neuron while
SER-7 is expressed in M2, M5,
12-14 and 16, in addition to the

neurons detailed above SER-1
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also investigated the effect of depleting 5-HT levels by
using the zph-1 mutant. An eat-18,tph-1 double mutant
had reduced M3 activity and failed to respond to octo-
pamine. Interestingly, the EPG duration was similar
between eat-18,tph-1 double mutants and eat-18§ mu-
tants, which suggests there is a 5-HT and M3-indepen-
dent mechanism for shortening EPG duration. Overall,
it would appear that 5-HT alters the physiology of the
pharynx to allow for rapid contraction-relaxation cycles.
The reciprocal action of 5-HT and octopamine provides
a mechanism for adapting to a range of food availabil-
ity. When food is abundant, 5-HT increases the speed
and efficiency of feeding. On the basis of these obser-
vations it is proposed that when food levels fall, 5-HT
levels also fall and octopamine levels may rise, switching
the pharynx to an inactive state, with long duration
EPGs, and a slow rate of pumping.

The experiments of Niacaris and Avery (2003) as-
sume 5-HT inputs onto both MC and M3 but currently
there is only evidence for an input from NSM onto M3.
However, it is also possible that 5-HT circulating in the
pseudocoelomic fluid excites MCs as a neurohormone
(Komuniecki et al. 2004). To support this possibility 5-
HT is present in the perienteric fluid of the parasitic
nematode Ascaris suum at around 1 uM (Johnson et al.
1996). Octopamine-containing neurones have not yet
been identified in the pharyngeal nervous system but this
amine could also act as a neurohormone and it does
inhibit EPGs and muscle action potentials (Rogers et al.
2001). Interestingly, this paper showed that in syna-
ptobrevin, snb-1, mutants which are defective in neuro-
transmission, the inhibitory action of octopamine was
enhanced, suggesting that octopamine might act on an
excitatory pharyngeal neurone to reduce the release of
its transmitter, possibly acetylcholine or 5-HT since both
MCs and NSMs express TYRA-2 receptor subunits and
NSM also expresses SER-2 subunits.

The role of SER-7 in the stimulation of pharyngeal
pumping by 5-HT has been investigated using mutants
with a loss of function in ser-7 (Hobson et al. 2006).
These authors found that 5-HT did not stimulate
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pumping in ser-7 mutants although SER-1 receptors
were still present on the muscle. Therefore SER-1
receptors are not sufficient to confer pharyngeal sensi-
tivity to exogenous 5-HT. However, bacteria still stim-
ulated pumping in ser-7 mutants though this stimulation
was more variable compared with wild-type animals.
Together, these two observations, namely that 5-HT
cannot stimulate pumping in ser-7 mutants but bacteria
can, suggest that 5-HT is not the sole signal for food.
Interestingly, in mutants where pumping was activated
in the presence of bacteria, 5-HT inhibited pumping,
possibly suggesting a feedback system mediated through
another 5-HT receptor subunit. Hobson et al. (2006)
also presented evidence that SER-7 regulation of
pumping might involve MCs since the initial excitatory
component of the EPG E phase (1 in Fig. 3), was absent
in ser-7 mutants. They concluded that while 5-HT does
not appear to be necessary for the stimulation of
pumping it may have a role in “fine tuning” the in-
creased rate observed in the presence of bacteria.

The C. elegans inositol 1,4,5-triphosphate (IP3)
receptor, ITR-1, is expressed in the pharynx, particularly
in the terminal bulb and isthmus (Baylis et al. 1999). The
role of IP3 in signalling the pharyngeal up-regulation in
response to bacteria and to 5-HT has been compared by
the use of a number of different approaches to disrupt
the IP3 signal (Walker et al. 2002). One study used the
expression of a dominant negative construct, consisting
of the IP3 binding domain (sponge treatment). Although
the basal level of pumping in the absence of food was
unchanged in the sponge-treated animals, the response
to food was significantly reduced and the pumping rate
was more variable. The response to 5-HT was unaf-
fected. Baylis et al. (1999) also made use of an itr-1
mutant and RNAI for itr-1. The itr -1 mutants exhibited
a decreased response to food compared to wild type, i.e.
similar to the result observed with the IP3 sponge.
Furthermore, although the pumping rate in itr-1 was
increased in the presence of 5-HT, it did not achieve
wild-type levels. However, the authors note that these
animals were rather sick. Overall, they conclude that IP3
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receptors are required for the up-regulation of pumping
in response to food and that at least part of the 5-HT
effect is not dependent on IP3 signalling.

Glutamate is synthesized in five pharyngeal neurones,
viz, M3s, NSMs and I5 (Lee et al. 1999) and three ion-
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further flp genes are expressed in pharyngeal neurones,
two of which, flp-5 and flp-15, are also expressed in
pharyngeal muscle. Five flp genes, flp-5, fip-4, fip-2, fip-
13 and filp-21 are expressed in at least three types of
neurone. These include neurones with important roles
in the regulation of pharyngeal activity, viz, M3s, M4,
I5, MCs and NSMs. Thus a cocktail of neuropeptides
have to be considered when determining the role of
pharyngeal neurones in the regulation of pharyngeal
activity.

Role of pharyngeal nervous system in the regulation
of pharyngeal activity

A number of laboratories have been involved in the
analysis of pharyngeal function in C. elegans but the
major contribution to our knowledge on this topic
comes from the work of Leon Avery. There are 20
neurones in the pharyngeal nervous system but the role
of a number of these neurones is unknown, these include
12s, 13, 14, 16, M1, M2s, M5 and MI, which make up
half the neurones in the pharyngeal nervous system.
Currently these neurones are described as redundant
(http://www.wormatlas.org) although future work may
indicate a role. Both laser ablation experiments and the
extensive use of mutations have indicated roles for cer-
tain key neurones in feeding, including M3, M4, MC
and I5. Removal of any one of these neurones from the
pharyngeal circuit results in inefficient feeding. Table 4
lists some of the mutants which show abnormal pha-
ryngeal behaviour.

The first ablation experiments involving pharyngeal
neurones were performed on M4 (Avery and Horvitz
1987). When these authors ablated M4 in newly hatched
animals the posterior isthmus remained closed while the
corpus and terminal bulb muscles still contracted in
synchrony. However, since the isthmus was closed the
corpus quickly filled with bacteria and the terminal bulb
had nothing to grind. Thus no food entered the intestine
and the animals starved and arrested as larvae though
they continued to be active for up to two weeks. When
the other 19 neurones were ablated, the corpus never
became engorged with bacteria and the animals grew to
the adult stage and produced progeny. When M4 was
ablated at the time of the second larval moult (21 h) the
animals were either stunted or developed completely
normally. Avery and Horvitz (1987) proposed that ei-
ther in older animals the neurone could be functional in
the absence of the cell body or by that age the isthmus
muscle had acquired the ability to contract myogeni-
cally. It is unlikely that M4 has a direct role in pha-
ryngeal pumping even though in the absence of M4
pumping becomes slow and irregular (Avery and Hor-
vitz 1987). These authors suggest this effect is indirect
due to lack of isthmus peristalsis since animals which
lack M4 are starved and starvation affects pumping. In
the absence of isthmus pumping the corpus fills with
bacteria and the terminal bulb becomes empty. Several
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neurones, for example, MC, M3 and NSM have free
nerve endings in the corpus and I5 and 16 have endings
in the terminal bulb. If one of the roles of the nerve
endings is to sense bacteria, then these cells would fail to
function correctly in animals where M4 had been ab-
lated.

In a further series of ablation experiments, Avery and
Horvitz (1989) showed that MCs are required for opti-
mal pharyngeal pumping. When MCs alone were ab-
lated, pharyngeal pumping slowed and became irregular
and resulted in starved adults. MCs have free nerve
endings in the corpus and might be able to sense bac-
teria. MCs have gap junction connections with M2 and
chemical synapses onto ¢2 marginal cells. Since M2s are
not necessary for MC function, it can be concluded that
MCs act on c2 directly. However, later experiments
suggest that MCs may also synapse directly on pha-
ryngeal pm4 muscles (Shtonda and Avery 2005). Ab-
lating any single type of neurone, apart from M4 and
MC, did not produce an obvious effect on pumping or
isthmus peristalsis. However, in animals where all 12
types of neurone, termed the GREEN neurones by
Avery and Horvitz, that is, apart from MC and M4, are
ablated, bacteria no longer moved in a posterior direc-
tion efficiently in the lumen of the corpus and isthmus.
When all the GREEN neurones were ablated, bacteria
were swept in a posterior direction during contraction
but instead of remaining where they were, were swept
forward during relaxation, a condition termed “‘slippery
pharynx” (Avery and Horvitz 1989). Bacterial trapping
may depend on the precise timing of relaxation of the
pharyngeal muscles and later Avery (1993a) set out to
investigate the role of individual GREEN neurones on
the timing of relaxation. Avery and Horvitz (1989)
concluded that the posterior half of the isthmus does not
contract in synchrony with the anterior half and the rest
of the pharyngeal muscles. Peristalsis of the posterior
isthmus occurs approximately following each fourth
pump. This sequence of events is interesting since pm35
extends the whole length of the isthmus but the halves
differ in their excitability. It is probable that electrical
activity in the posterior isthmus is graded and that CCA-
1 (a T-type calcium channel) and EXP-2 (a potassium
channel) currents are absent (Shtonda and Avery 2005),
providing an example of subcellular specialization
(Avery 1993a).

Apart from the posterior portion of pm5, all pha-
ryngeal muscles contract in synchrony and this syn-
chrony remains following ablation of all 20 pharyngeal
neurones (Avery and Horvitz 1989). Since no me-
chanosensory structures are obvious in the non-neuronal
cells of the pharynx, Avery and Horvitz conclude that
pharyngeal co-ordination is likely to be due to electrical
coupling.

Avery (1993b) discusses the possible function of the
pharyngeal nervous system and suggests that it is
primarily sensory. Rather than directly inducing
pharyngeal contractions, he suggests the pharyngeal
nervous system might allow the contractions to change
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in response to a changing environment. Avery considers
the MCs are good examples of pharyngeal sensory
neurones and are required for a response to bacteria, viz,
MCs can signal whether bacteria are present and in-
crease pharyngeal pumping. Avery notes that if this
system had not evolved then the pharynx would have to
pump at a fast rate all the time, whether bacteria were
present or not. This would be wasteful in terms of energy
expenditure by the animal. Avery (1993b) also suggests
that M4 and the GREEN neurones might regulate
isthmus peristalsis and bacterial trapping in response to
changes in the environment. 15, with its sensory endings
in the terminal bulb, might sense when the terminal bulb
is becoming too full for effective grinding and inhibit
M3s and M4.

Avery (1993a) demonstrated that when M3s were
ablated the pump duration was increased by around
15%. In animals where I5 alone was ablated the pump
duration was decreased but when both I5 and M3s
were ablated, pump duration increased. IS5 synapses
onto M3s and so Avery proposed that I5 increases
pump duration by inhibiting M3s. He concluded this
from experiments where he measured the time taken by
the grinder to move from the contraction to the
relaxation position in the absence of M3s. M3s de-
crease pump duration by increasing the rate of relax-
ation, i.e. M3s increase rate of terminal bulb relaxation.
Avery concluded that both IS and M3s were necessary
for trapping bacteria in the anterior isthmus. Neither
neurone could provide normal functioning on its own.
The inhibition of M3s by I5 could be due to the release
of either glutamate or FLP13A (Lee et al. 1999; Kim
and Li 2004; Papaioannou et al. 2005). In summary,
defects associated with the transport of food are linked
with M3s while defects associated with the rate of
feeding are linked with MCs.

Conclusions

In this review the synaptic connections between neuro-
nes and pharyngeal muscle cells of C. elegans have been
described. However, it should be noted that the synaptic
organization of the pharyngeal nervous system is based
on the electron micrographs of Albertson and Thomson
who obtained serial sections from the entire pharynx of
only one animal. Although their findings were confirmed
using the major portion of the pharynx from an addi-
tional animal, individual variations occur between ani-
mals in their morphology and so it is likely that
subsequent work may identify additional synaptic con-
nections. Nonetheless, their work forms an excellent
basis for further morphological and physiological stud-
ies. When it becomes possible to routinely record from
the pharyngeal neurones it is possible that more defini-
tive physiological roles will be identified for them and
the nomenclature of individual neurones may need to be
amended.

In order to better define the pharmacological prop-
erties of the pharynx it is important to determine the
classical transmitters and neuropeptides synthesized by
each pharyngeal neurone together with the receptors
which they express. It is interesting that the major
neuromuscular excitatory transmitter in both pharyn-
geal and body wall muscle in C. elegans is acetylcho-
line. In contrast, the major inhibitory transmitter onto
pharyngeal muscle is glutamate while that onto body
wall muscle is y-aminobutyric acid (GABA). From the
current literature the major neurones modulating pha-
ryngeal activity are MC, M4, both releasing acetyl-
choline, and M3 which releases glutamate. It also clear
that 5-HT, present in the NSM neurones, has a major
role in pharyngeal function and may be involved, at
least in part, in signalling the presence of food. Whilst
there is comprehensive information on the expression
pattern of neuropeptides, little is known concerning
their roles and modes of action. Nonetheless, it is clear
that a number of neuropeptides have potent biological
activity when applied to the pharyngeal muscle in a
pharmacological assay, and therefore it is likely that
they play a physiological role in regulating pharyngeal
function. As a cautionary note, it is worth highlighting
that the majority of the statements made concerning
neurotransmitter content and receptor localization for
individual neurones are drawn from experiments that
defined the expression pattern of gene pro-
moter::reporter constructs and have not always been
confirmed using immunocytochemistry. Their accuracy
therefore depends on the promoter region used for the
experiment and may not always be an accurate reflec-
tion of the native expression pattern.

Overall, the elegant studies on the anatomy of the
C. elegans pharyngeal system, combined with the
publication of the animal’s genome and the isolation
of many mutants with abnormal pharyngeal properties
continues to provide an excellent model for defining
the genetic basis of behaviour controlled by a simple
network composed of a small number (20) of
neurones.
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