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Injection of Caenorhabditis elegans polyA RNA into Xenopus laevis
oocytes led to the expression of neurotransmitter receptors that
generated some unique responses, including ionotropic a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors as well as
receptors that coupled to G proteins, such as those to octopamine,
norepinephrine, and angiotensin, which activated the oocyte’s
own phosphatidylinositol system and calcium-gated chloride chan-
nels. The oocytes also expressed chloride-conducting glutamate
receptors, muscarinic acetylcholine receptors, and voltage-operated
calcium channels. Unexpectedly, serotonin (5-hydroxytryptamine),
dopamine, GABA, and kainate did not generate ionic currents,
suggesting that the corresponding receptors were not expressed
or were not functional in the oocytes. The use of X. laevis oocytes
for expressing worm RNA demonstrates that there are many
molecular components whose role remains to be clarified in the
nematode. Among them are the nature of the endogenous
agonists for the octopamine and angiotensin receptors and
the subunits that compose the ionotropic a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors and the norepineph-
rine receptors that couple to the phosphoinositide cascade.
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he nematode Caenorhabditis elegans has become a very

useful model to study the development of the nervous system
and the crucial process of interneuronal communication (1). The
molecular bases underlying this process are highly conserved
among metazoans, and neurotransmitters activate plasma mem-
brane receptors that are phylogenetically related. Accordingly,
much can be learned about the process of synaptic transmission
everywhere by studying the receptors of C. elegans.

The genome of C. elegans was completely sequenced several
years ago, and computer analyses of the DNA sequence revealed
a number of genes coding for some of the classical vertebrate
neurotransmitter receptors: acetylcholine, GABA, and gluta-
mate (2). Acetylcholine is the main excitatory neurotransmitter
controlling motor functions in C. elegans, and as many as 50
nicotinic and 3 muscarinic receptor genes have been identified
(3, 4). Glutamate and GABA play both excitatory and inhibitory
roles in the nematode, and several genes coding for many
subunits have been already identified (2, 5)

In addition, several ion channels involved in the process of
synaptic transmission, such as the potassium, calcium, and
chloride channels, as well as a plethora of G protein-coupled
receptor genes have been studied in C. elegans. Clearly, a
complete analysis of the diverse products of these genes will
require a functional approach using electrophysiological
methods (1).

For years, many vertebrate ion channels and receptors have
been expressed in frog oocytes, where their electrophysiological
and pharmacological properties can be studied by using the
two-microelectrode voltage-clamp technique (6, 7). However,
relatively little has been done concerning the receptors of worms.
Therefore, >5 years ago, we decided to determine which recep-
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tors and ion channels were expressed in oocytes after injecting
them with C. elegans mRNA. Whereas some of the neurotrans-
mitter receptors and ion channels that we expressed have now
been cloned and expressed in heterologous systems (3, 4, 8), we
found others, such as the angiotensin (AT) and norepinephrine
receptors, whose genes are not known and which may play
important roles in nematode physiology.

Results

A Glutamate-Gated lon Channel. Like many other invertebrates,
nematodes have glutamate receptors that conduct chloride ions
(8), in contrast to the vertebrate ionotropic glutamate receptors,
which have low chloride permeability. Fig. 14 illustrates a
desensitizing glutamate-current response generated by an oocyte
expressing C. elegans mRNA. To obtain some information about
the ions that carry this current, we determined its reversal
potential by changing the membrane potential from —120 to +40
in 20-mV steps while the receptor was activated by 1 mM
L-glutamate (Fig. 1B Inset). The resulting I/V curve (Fig. 1B)
shows slight rectification at potentials more negative than ~—60
mV, and the average reversal potential was —20 = 3 mV (n =
4), consistent with a calculated Nernst potential for chloride of
—19 mV, assuming 50 mM internal chloride (9). Furthermore,
this current was also generated in calcium-free Ringer’s medium
(data not shown). The glutamate concentration/current re-
sponse relation (Fig. 1C) gave an ECsp of 1.1 mM (SE + 0.3,n =
6) and a Hill number of 2.

Several oocytes that responded to glutamate were exposed to 1
mM D-glutamate, kainate, L-aspartate, ivermectin, N-acetyl aspar-
tate-glutamate, L-glutamate-diethyl ester, asparatate-aspartate or
N-acetyl-acetate, and GABA, all of which did not generate obvious
currents (n = 3-9, 2-3 frogs). In contrast, quisqualate (an agonist
of metabotropic glutamate receptors), L-glutamate y-methylester
and L-c-aspartyl L-alanine generated small currents (n = 3-5, two
frogs); in the range of 3-4% of that generated by 1 mM glutamate.
On the other hand, 1 mM «-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) activated receptors/channels that
desensitized more slowly than those activated by glutamate alone
(Fig. 2). Furthermore, as shown in Fig. 2, the mRNA-injected
oocytes responded to octopamine by generating an oscillatory
current. Therefore, we proceeded to explore the expression of this
and other metabotropic G protein-coupled receptors (GPCRs).

GPCRs. Activation of many GPCRs in oocytes triggers the dia-
cylglycerol/inositol phosphate system and causes the release of
calcium ions from intracellular stores, which then activate
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Fig. 1. Expression of glutamate receptors. (A) Inward currents generated by
10and 1 mM L-glutamate applied to an oocyte injected with C. elegans mRNA.
In this and following figures, horizontal bars denote the beginning and end
of exposures to the neurotransmitters. (B) //V relation (n = 4, two frogs) for
glutamate (1 mM) action, showing an equilibrium potential ~—20 mV. (Inset)
The currents generated by 20-mV incremental voltage steps before and in the
presence of 1 mM glutamate. Holding potential is —60 mV. (C) Glutamate
dose-response relation (n = 6, three frogs).

calcium-gated chloride channels (7, 10, 11). Fig. 3 shows current
responses generated by an oocyte exposed consecutively to
glutamate, octopamine, dopamine, norepinephrine, acetylcho-
line, 5-hydroxytryptamine (5-HT), and AT III (AIII). Except for
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dopamine, which failed to generated currents (n = 8, two frogs)
and 5-HT, which elicited currents in only a few oocytes (n = 8,
two frogs), the other neurotransmitters generated the charac-
teristic metabotropic oscillatory currents, whereas glutamate
gave the usual smooth ionotropic current. Fig. 4 summarizes the
amplitudes of responses generated by oocytes (n = 4-9, one
frog) that were exposed to various agonists. It is known that the
worm has at least three genes that code for dopamine receptors
(12). Therefore, the absence of responses to dopamine in oocytes
injected with C. elegans mRNA could be due to an inability of
those receptors to couple to the oocyte’s G proteins.

Octopamine stimulates worm movements and inhibits egg
laying, and, although an specific receptor has not been identified,
the C. elegans tyramine receptors bind octopamine and increase
the intracellular cAMP levels when expressed in eukaryotic cells
in culture (13, 14). Several attempts to generate tyramine
responses (n = 6, two donors) in the injected oocytes did not
produce an evident current, suggesting that the receptor ex-
pressed after injecting the mRNA was assembled in such a way
that octopamine activated G proteins with more efficiency than
tyramine (n = 9, three frogs) or that there is a different, highly
specific octopamine receptor that couples well to the oocyte G
proteins.

Norepinephrine also activated the oscillatory chloride cur-
rents (n = 11, three frogs). The presence of norepinephrine has
been established in other invertebrates, although thus far, we
have not found any report of an invertebrate receptor activated
by this neurotransmitter. Therefore, it will be important to
determine the presence of norepinephrine or its analogues in the
worm as well as the identity of the gene(s) coding for this
receptor. Muscarinic acetylcholine receptor clones were identi-
fied in C. elegans and were functionally expressed in Xenopus
oocytes, where they generated oscillatory chloride currents (3).
We found that C. elegans mRNA induced the expression of these
receptors (n = 19, four frogs) and that arecholine, a vermicide
that is an agonist for both muscarinic and nicotinic receptors,
activated with lower efficiency a GPCR (n = 4, 2 frogs).

In this initial screen for neurotransmitter receptors, we also
tested for responses to AT (AIIl in Fig. 3). Several studies have
already demonstrated that the mammalian AT receptors AT1
and -2) activate calcium-gated chloride channels when expressed
in the oocyte and that, usually, the oocyte itself does not possess
these kinds of receptors (15). We found that AI (n = 6, two
frogs), AIl (n = 16, four frogs), and AIIl (n = 4, two frogs)
activate receptors that trigger oscillatory chloride currents (Figs.
3 and 5). Searching in the genome data banks, we did not find
DNA sequences with obvious homology between human or rat
AT receptors and any GPCR of the worm.

Finally, the expression of voltage-activated calcium channels
was assessed by measuring the transient outward (Tout) current
(10). Although the oocytes frequently have endogenous calcium
channels that generate a Tout current, the expression of heter-
ologous channels is evidenced by an increase in the amplitude of
the Tout currents generated in the injected oocytes. Fig. 64

1mM Glu

1mM AMPA 1mM Oct

20nA
1min

Fig. 2. Currents generated by glutamate, AMPA alone, or both applied simultaneously to an mRNA-injected oocyte. Octopamine (Oct) elicited an oscillatory

current.
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G protein-coupled receptors. Glutamate activated ionotropic receptors and elicited a smooth current that contrasts with the oscillatory currents

generated by the metabotropicreceptors: octopamine (Oct), dopamine (Dop), norepinephrine (nEpi), acetylcholine (ACh), and Alll. Note that dopamine and 5-HT

did not elicit currents.

shows sample Tout currents generated by injected and nonin-
jected oocytes. Averaged current amplitudes of 12 oocytes from
four frogs are shown in Fig. 6B. The Tout was completely
abolished by manganese, which blocks the influx of calcium ions
through the channels, as well as by using calcium-free Ringer’s
solution in the bath (data not shown).

Discussion

In this article, we describe membrane currents generated by
several neurotransmitters applied to oocytes injected with C.
elegans polyA RNA. Almost certainly, those currents arose from
the activation of C. elegans neurotransmitter receptors expressed
by the oocytes after injecting the mRNA, because control
(noninjected) or water-injected oocytes from the same frogs did
not elicit currents when treated similarly.

Because of the ion-selectivity and characteristics of the response
to glutamate, the currents generated by the oocytes injected with C.
elegans polyA RNA are probably due to activation of Glu—Cla2
receptors (16), alone or combined with other chloride-conducting
glutamate-receptor subunits. However, in our experiments, iver-
mectin did not generate ionic currents in the injected oocytes,
contrasting with the potent agonism that it exhibits on Glu—Cla2
receptors and with other reports where worm polyA RNA induced
the expression of glutamate receptors in oocytes (17).

Receptor-subunit composition and subcellular localization
play an important role in regulating synaptic strength. GLR-1
and GLR-2 are the C. elegans subunits most closely related to the
mammalian AMPA-type receptors. These subunits are ex-
pressed in overlapping sets of interneurons and form hetero-
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Fig. 4. Average amplitudes of currents generated by several agonists in
oocytes expressing C. elegans polyA RNA. These results were obtained from a
single frog. Bars, SE; n = 4-9. octopamine (Octop), glutamate (Glu), acetyl-
choline (Ach), norepinephrine (nEpi).
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meric complexes that mediate synaptic transmission (18, 19).
Although C. elegans GLR-1 and -2 do not express functional
receptors when their clones are injected into oocytes (18), here,
we provide evidence that AMPA receptors are actually produced
after injecting raw polyA RNA. This finding suggests that other
subunits, or accessory proteins, must be present to produce
functional AMPA receptors. Such is the case with SOL-1, which
is an accessory protein selectively required for glutamate/
kainate-gated currents (20).

We found no evidence that dopamine gates ion channels in the
injected oocytes. Although four putative dopamine receptors
(DOP1-4) have been cloned from C. elegans, they have not been
expressed in frog oocytes (12), whereas mammalian dopamine
receptors couple to G proteins in this system (21). It has been
shown that dopamine antagonizes serotonin action in worms via
the 5-HT-gated ion channel MOD-1, suggesting that this channel
activity couples both 5-HT and dopamine signaling (22). How-
ever, 5-HT did not consistently generate currents in the injected
oocytes, even though its specific receptors have been known for
years, and metabotropic serotonin receptors are potently ex-
pressed by many vertebrate brain mRNAs (7).

Recent evidence indicates that C. elegans has tyraminergic cells
that are distinct from its octopaminergic cells (23). For years,
tyramine was considered a biosynthetic precursor for octopamine,
although the presence of receptors that respond to tyramine has led
to the suggestion that it may, itself, act as a neurotransmitter. It is
worth mentioning that it has not yet been demonstrated that

1uM Al
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Fig. 5. The octapeptide Al and precursors ATIl and ATIIl induced oscillatory
chloride currents. An Alll current is shown in Fig. 3.

Martinez-Torres and Miledi



Lo L

P

1\

AR AN

200nA
1 sec

B1 2001

1000

800

Tout (nA)

600

400

A
[’\
[\
[\
C.elegans | \
Control

2001

o
c Ce

Fig. 6. Tout currents. (A) Tout currents in a control (noninjected) oocyte and in one injected with C. elegans mRNA. The records show the current that was
blocked by manganese by using pulses from —80 to +20 mV. (B) Mean Tout currents of control (C) and injected (C.e) oocytes (n = 12).

tyramine is the endogenous ligand for these receptors. Two genes,
SER-2 and TYRA-2, whose products respond to tyramine by
mobilizing intracellular calcium, have been identified (14, 24), and
cultured mammalian cells expressing these genes also bind octo-
pamine. In contrast, our preparations of polyA RNA consistently
induced the expression of an octopamine receptor that coupled to
the phosphoinositide system, whereas the same oocytes did not
respond to tyramine. An explanation for this finding still remains to
be found. It may be that there is a highly specific octopamine
receptor that couples efficiently to ion channels in frog oocytes and
that is different from SER-2 and TYR A-2 receptors; or perhaps the
products of these genes form heteromeric receptors with different
properties.

Several components of the catecholaminergic system, in-
cluding epinephrine and norepinephrine, have been found in
some invertebrates, where they play diverse roles. For exam-
ple, norepinephrine is required to reach the gastrulation stage
in sea urchins (25) and for regulation of heart rate in the
crustacean Triops longicaudatus (26). In C. elegans, the vesic-
ular monoamine transporter is encoded by the gene cat-1,
which has high affinity for norepinephrine, epinephrine, do-
pamine, and serotonin (27). However, a specific receptor for
norepinephrine has not been reported, whereas we show here,
that it would be possible to identify such a receptor by
functional expression in oocytes.

The ATs I-III have been found in several animals, including
invertebrates. Although the functional role of ATs in the latter
organisms has not been well characterized, it is known that, in
clams, ATII and ATIII regulate the water flow through the
modulation of aquaporins (28). In the nematode, an enzyme with
sequence and function related to the family of vertebrate AT-
converting enzymes is necessary for molting and morphogenesis
(29). We did not find in the literature evidence for the presence
of AT peptides or the genes encoding them in C. elegans. It will
be important, thus, to identify the molecular components and to
define the role of an AT system in the nematode.

In conclusion, the X. laevis oocyte is well able to express C.
elegans mRNA, revealing interesting new components of the
worm’s synaptic transmission processes. Thus, the mRNA ex-
pressed AMPA and glutamate ionotropic receptors and octo-
pamine, AT, acetylcholine, and norepinephrine metabotropic
receptors as well as voltage-operated calcium channels. Clearly,
more work is needed to determine in detail the molecular
structure, function, and cellular localization of these receptors
and channels. Interestingly, the oocytes injected with C. elegans
mRNA did not respond to GABA, kainate, or serotonin, even
though their corresponding receptors are among those more
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potently expressed by mammalian brain mRNA. The studies
described in this article pave the way toward a better under-
standing of physiological and pharmacological features of C.
elegans. Moreover, because these observations probably also
apply to the nematode parasites of humans, plants, and farm
animals, they may suggest nematode-specific genes as targets for
new drugs, with C. elegans worms and Xenopus oocytes serving
to evaluate candidate compounds.

Materials and Methods

Handling of Worms. Worms were cultured following standard pro-
cedures (30). C. elegans strain N2 was obtained form the Caeno-
rhabditis Genetics Center (University of Minnesota, Minneapolis)
and grown on nematode growth medium (NGM) agar plates
seeded with Escherichia coli (OP50) at 25°C. Once the plates were
saturated with worms (4-5 days), the worms were collected by
washing the plate surface with NGM and centrifugation at 7,000 X
g for 10 min. Pellets of worms were frozen in liquid nitrogen and
whole-worm RNA was extracted by the phenol-guanidinium
method (31). PolyA RNA was selected by affinity chromatography
using an oligo(dT) cellulose column (Invitrogen).

Expression of mRNA in X. laevis Oocytes. Female frogs [obtained
from Nasco (Fort Atkinson, WI) or Xenopus I, Ann Arbor, MI)]
were decapitated after anesthesia, and pieces of ovary were dis-
sected. Full follicles were isolated manually, treated with collage-
nase type 1 (0.5 mg/ml) (Sigma-Aldrich) to remove the follicular
cells, and maintained at 16°C in Barth's solution supplemented with
gentamycin (0.1 mg/ml) (Sigma-Aldrich). One day later, 50 nl of C.
elegans polyA RNA (1 ug/ul) were injected into the oocytes and
kept in Barth’s medium. One to 5 days later, the oocytes were
transferred to a chamber continuously superfused with frog's
Ringer’s solution at ~20°C. Neurotransmitters or drugs (glutamate,
acetylcholine, octopamine, AT, norepinephrine, tyramine, and
AMPA) were applied by bath perfusion, and the oocyte’s mem-
brane current responses were recorded with the membrane held at
—60 mV, unless otherwise indicated (10).

For voltage-activated calcium channels, we studied the Tout
chloride current that is generated by depolarizing the oocytes
from —100 to +20 mV. The consequent influx of calcium then
causes the opening of calcium-gated chloride channels (10).
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