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Effects of Starvation and Neuroactive Drugs on
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ABSTRACT Caenorhabditis elegans concentrates its food, bacteria, by pharyngeal pumping.
The rate of pumping is affected by the presence of bacteria. Using a new assay that allows measure-
ment of pumping rate in a population of worms suspended in liquid by measuring their uptake of
microscopic iron particles, we have confirmed and quantitated this effect. Furthermore, we demon-
strated that starvation stimulates pumping. Worms that had been deprived of bacteria for more
than 4 hours pumped in the absence of bacteria under conditions in which well-fed worms did not.
Furthermore, starved worms responded to lower amounts of bacteria than did fed worms.

The assay was also useful for measuring effects of drugs on pumping. Of about 30 chemicals
screened, 5 had clear effects. The neurotransmitter serotonin and the serotonin uptake inhibitor
imipramine stimulated pumping, while the serotonin antagonist gramine inhibits. Imipramine
stimulation is greatly decreased in cat-1 and cat-4 mutants, which have low levels of serotonin.
Muscimol, an agonist for the neurotransmitter GABA, and ivermectin, whose site of action may
also be the GABA receptor, both inhibit pumping. Qualitative observations suggested a. role for

acetylcholine in the regulation of pumping.

Feeding has been extensively studied in Cae-
norhabditis elegans. Worms eat by pumping in
bacteria, grinding them up, and passing the de-
bris back to the intestine. The pumping and
grinding are done by a neuromuscular organ
called the pharynx. Albertson and Thomson ('76)
described the anatomy of the pharynx in detail,
and briefly described its normal operation. Don-
caster ('62) and Seymour et al. (83) have made
more detailed cinematographic observations. The
pharynx is a muscular pump that contains its own
nervous system of 20 neurons. It is isolated from
the rest of the worm by a basal lamina; a pair of
extrapharyngeal neurons, the RIPs, form the only
anatomical connection between the pharyngeal
nervous system and the extrapharyngeal nervous
system (Albertson and Thomson, *76; White et al.,
’86). Pharyngeal pumping is controlled by a vari-
ety of factors, including light touch (Chalfie et al.,
’85), hatching and molting (Singh and Sulston,
78), dauer larva formation (Cassada and Russell,
’75), and bacteria (Croll, ’78; Horvitz et al., ’82).

Croll (78) looked for an effect of starvation on
feeding behavior, but was unable to detect any.
He suggested that there is a maximum pumping
rate of which the pharynx is capable, and that
under the conditions he used, with the worms in a
dense bacterial lawn, pumping is maximal for
both starved and well-fed worms. This hypothesis
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suggests that a difference between starved and
well-fed worms might be detectable at lower den-
sities of bacteria. To test this possibility, we have
developed a liquid assay for measuring pumping
rate in a population of worms, allowing conve-
nient control of the density of bacteria during the
assay, and accurate quantitation of the effects.
Using this assay we detect a striking increase in
pumping rate after four or more hours of star-
vation. '
The assay was also useful for measuring drug
effects on feeding. We confirm previous observa-
tions of stimulation of pumping by serotonin
(Croll, ’75; Horvitz et al., ’82), and show that imip-
ramine, gramine, muscimol, and ivermectin also
affect pumping rate. We also report some qualita-
tive observations suggesting a role for acetyl-
choline in the control of pharyngeal muscle con-
traction.

MATERIALS AND METHODS
General methods and strains

General methods for handling and observing
worms are described by Sulston and Hodgkin
(’88). Worms were kept at 20°C.
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cha-1(m324) dpy-13 ama-1 worms were ob-
tained as uncoordinated (Unc) larvae from the
balanced heterozygote DR697.! These are re-
ferred to simply as cha-1I worms. (dpy-13 and
ama-1 are invisible in an m324 homozygote and
irrelevant to our experiments. ama-I confers
amanitin resistance, which cannot be seen in
worms that do not grow due to the cha-1I muta-
tion, and young dpy-13 larvae are indistinguish-
able from wild-type larvae.) cha-1(m324) dpy-13
ama-1 unc-22 worms (referred to as cha-1 unc-22)
were obtained as twitcher (Unc-22) larvae from
the balanced heterozygote MT3392. cha-1(m324)
was isolated by Rogalski and Riddle ('88) in a
screen for lethal mutations linked to ama-1. cha-1
encodes choline acetyltransferase (Rand and Rus-
sell, ’84; Rand, ’89) has shown that m324 maps
within the limits of the cha-1 gene as defined by
viable alleles. The recessive mutation cha-
1(m324) probably reduces or eliminates cha-I ac-
tivity and acetylcholine.

Pumping iron assays

Densities of bacteria shown in Figure 3 are rel-
ative to a saturated L broth culture. E. coli strain
OP50 was grown to saturation in L broth, har-
vested by centrifugation, washed once in SB, and
resuspended in a volume of SB equal to 1/40 of the
volume of the original culture. (SB is 100 mM
NaCl, 5 pg/ml cholesterol, 50 mM potassium
phosphate buffer [pH 6.0].) This suspension, re-
ferred to as 40X OP50, was diluted to the desired
density for experiments. The suspension could be
kept at 4°C for several months with no diminution
in its effects on feeding.

Wild-type worms for pumping iron assays were
grown on 10 cm NG or ENG plates spread with
NA22, a prototrophic Escherichia coli K12 strain.
(NG is described by Brenner, *74.) ENG, an en-
riched variant of NG allowing growth of larger
numbers of well-fed worms, contains 0.3% NaCl,
0.5% bactopeptone, 0.1% yeast extract, 3% agar, 5
pg/ml cholesterol, 1 mM CaCl,, 1 mM MgSOy, and
25 mM potassium phosphate buffer (pH 6.0). A
few N2 L4 hermaphrodites (4—8 for NG plates, 10
for ENG) were placed on a plate. Five days later
the plates were checked to see that they still had

IThe wild-type strain was N2 (Brenner, *74). Mutant strains used
were: CB1111 cat-1(el111amber) X, CB1112 cat-2(el112) II, CB1141
cat-4(el141) V (Sulston et al., ’75), CB1072 unc-29(el072amber) 1
(Lewis et al., ’80a), DR697 cha-1(m324) dpy-13(el84sd) ama-
1(ml118sd) / nTI1(IV); +/nT1(V) (Rogalski and Riddle, ’88), and
MT3392 cha-1(m324) dpy-13(el84sd) ama-1(m118sd) unc-22(e66) /
nTI1(IV); +/nT1(V) (which we constructed). C. elegans genetic no-
menclature is described by Horvitz et al. (79).
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abundant bacteria, then the worms were washed
off with 4 ml SM. (SM is the liquid growth me-
dium described by Sulston and Brenner, *74.) The
worms were centrifuged for a few seconds in a
clinical centrifuge, and then sucked up using a
100 pl capillary tube. After two washes in 2.5 ml
SM, they were put in 2.5 ml SM, and kept on a
roller until use. The suspension contained 500—
1,000 worms/ml. For assays on fed worms, 125 .l
40X OP50 was added, and the worms were used
within 2 hours. For assays on starved worms, no
bacteria were added, and the worms were agi-
tated for 6-12 hours before use. For the experi-
ment shown in Figure 2, worms were prepared
as before, except that the time of agitation was
varied.

Immediately before use, a 1 ml aliquot of worms
was centrifuged in an Eppendorf microfuge,
washed in 1 ml SB, and suspended in 1 ml SB.
Next, 200 pl of this suspension was added to 400
ul of SB containing 1.5 times the desired concen-
tration of drugs or bacteria, and the mixture was
vigorously agitated for 10 minutes. Five microli-
ters of 100 mg/ml iron suspension was added, pre-
pared within 5 minutes of use by adding SB to
iron particles (carbonyl iron, Sigma). (For testing
the effects of bacteria on starved worms, we used
5 wl of 40 mg/ml iron suspension because other-
wise worms took up too much iron for accurate
scoring. Controls show that iron uptake is
roughly linear with iron density over this range.)
Precisely 5 minutes after addition of iron, 20 pl of
100 mM sodium azide was added to stop pumping,
followed within a minute by 1 ml of a saturated
solution of chloroform in SB to kill the worms.
Excess iron was removed by holding a horseshoe
magnet to the side of the tube and removing the
liquid containing the worms with a Pasteur pi-
pette. Living worms were kept at 20°C at all
times.

Tubes were left at 4°C for from 12 hours to sev-
eral days, then the worm carcasses were pelleted
by a brief spin in an Eppendorf microfuge. The
carcasses were sucked up in 20—40 pl and spread
out on a microscope slide. With the aid of polar-
ized dark-field microscopy, iron particles could be
seen as bright reddish points in the dim bluish
carcasses. Usually we counted the iron particles
in the pharynxes and intestines of each of 100
adult worms, though in some cases we counted as
few as 40. Often the iron particles clumped; in
these cases we guessed the number of particles in
the clump from its size and shape. Because this
introduced some subjectivity into the scoring,
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most assays (and all in which bias might conceiv-
ably be a problem) were scored blind together
with controls. Clumping became a serious prob-
lem only when there were at least 10 particles, so
worms that had 10 or more particles were re-
corded as a single class, and treated for averaging
purposes as if they had had exactly 10 particles.
We use an arrow (—) in figures to flag assays in
which 20% or more of the worms had 10 or more
- particles, so that the average given is likely to be
an underestimate.

We estimated the sources and sizes of errors in
pumping iron assays by analysis of variance on 84
control assays of starved worms, done over a pe-
riod of 10 months. Assays done on the same day
on worms from the same population varied by
about 21% (i.e., the standard error of In(p) where
p is the result of an assay, was 0.21). We therefore
considered drug effects of two-fold or more com-
pared to a concurrent control likely to be signifi-
cant, and retested them. Assays done on different
days varied by 45%. We traced part of this be-
tween-days variance to the effects of old iron. As-
say results dropped gradually over 6 months that
we used iron from the same jar, but returned to
the initial high level when we used iron from a
freshly opened jar.

Chemicals

Ivermectin (22,23-dihydro avermectin) was a
gift from Merck, Sharp, and Dohme, Inc. All other
chemicals were from Sigma. The hydrogen tar-
trate salt of nicotine was used, and the creatine
sulfate complex of serotonin.

Single worm assays of imipramine
stimulation of pumping

An individual L4 hermaphrodite was placed on
a 6 cm NG plate seeded with OP50. One day later
the adult was transferred without bacteria to an
NG plate. After 5 minutes to allow the worm to
adapt, pumps were counted during 5 successive
1 minute periods. Often the counts were inter-
rupted by the worm crawling to the edge of the
plate. When this happened, we put the worm back
in the center, then waited 1 minute before resum-
ing counts. The median of the 5 counts was taken
as the worm’s basal pumping rate. The worm was
put back on its seeded plate for at least 10 min-
utes, then tested on an NG plate containing 20
pg/ml imipramine. In a few cases we did the imip-
ramine test first, followed by the control; this had
no obvious effect on the results. Paired control
and imipramine plates were made at the same
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time from melted NG agar and a concentrated
imipramine stock less than 48 hours before use,
and each pair was used for a mutant and a wild-
type control. Wilcoxon’s signed rank test (Sokal
and Rohlf, ’81) was used to test imipramine stim-
ulation for a given strain for significance, and to
test for significant differences between mutant
and paired wild-type controls. Assays were done
at room temperature, which varied from 20 to
25°C. We have since discovered that temperature
has a strong effect on pumping, worms pumping
faster at higher temperatures. The need for
paired assays could probably be eliminated by do-
ing the assays at constant temperature.

RESULTS AND DISCUSSION

Effects of bacteria and starvation
on pumping

By counting pharyngeal muscle contractions in
individual worms, Croll ("78) and Horvitz et al.
(82) showed that bacteria stimulate pumping.
Croll ("78) looked for but was unable to detect any
effect of starvation on pumping. To explore in de-
tail the effects of bacteria and starvation on
pumping, we developed a method for simulta-
neously measuring pumping in a large number of
worms. Worms were suspended in liquid with 5
pm iron particles and any drugs or bacteria to be
tested, and the particles eaten by each of about
100 worms were counted. Figure 1 shows histo-
grams obtained using well-fed or starved worms
in the presence or absence of bacteria. The aver-
age number of iron particles per worm was used to
quantitate feeding. These measurements con-
firmed the stimulation of pumping by bacteria,
and demonstrated a previously undetected stimu-
lation of pumping by starvation. Both of these ef-
fects make sense: pumping is more useful when
food is present, and the need for food is greater
when starved. Figure 2 shows how pumping in
the absence of bacteria depends on time of starva-
tion.

Starved worms responded to much lower
amounts of bacteria than were necessary to elicit
a response in well-fed worms (Fig. 3). Since the
assays were finished 15 min after the addition of
bacteria, this stimulation was rapid; indeed, di-
rect observation of worms on plates showed that
they responded within a minute. (See also Croll,
’78.) (The assays on starved worms in Figure 3
were done at a lower iron concentration than nor-
mal, to prevent saturation at these high pumping
rates. The vertical scales of the two curves in
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Fig. 1. Pumping rate histograms. Pumping was measured

using the pumping iron assay described in Materials and
Methods, and the number of iron particles in each of about
100 worms counted. N is the total number of worms counted,
p the average number of particles/worm (treating all worms
in the =10 class as if they had exactly 10 particles; see Mate-
rials and Methods), and s is the sample standard deviation. a:
Well-fed worms in the absence of bacteria. Well-fed worms
were given abundant food until a few minutes before the as-
say. There was little or no pumping. b: Starved worms in the

Figure 3 have been adjusted so that the curves
are directly comparable.) Furthermore, starved
worms responded to bacteria with uniformly
rapid pumping (Fig. 1d), but only half the well-fed
worms pumped rapidly (Fig. 1c).

The response of worms to bacteria was neither a
simple chemical response nor a simple response to
particles. Pumping was not significantly stimu-
lated by bacterial culture supernatant, by soluble
material from bacteria extracts, or by 1 um latex
beads (data not shown). That the regulation of
pumping by bacteria is complex is not surprising,
since there are many chemosensory and mecha-
nosensory neurons whose connectivity suggests
they might regulate feeding in response to bacte-
ria (Albertson and Thomson, ’76; White et al.,
’86). Iron uptake was roughly linear with iron
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absence of bacteria. Starved worms were suspended in liquid
without food for more than 6 hours. The distribution of pump-
ing rates was broad, but unimodal. ¢: Well-fed worms in the
presence of bacteria. The worms were divided into two popu-
lations on the basis of pumping rate. Because many worms
were in the =10 class, the average 3.7 underestimates pump-
ing rate. This is indicated by the following —. d: Starved
worms in the presence of bacteria. All worms pumped rapidly.
As in c, the average 9.2 probably underestimates pumping
rate.

density at the levels used here (data not shown),
suggesting iron particles had little or no effect on
pumping rate.

Drugs that affect pumping

We used the pumping iron assay to quantitate
the effects of about 30 drugs on pumping. Five
had clear effects: serotonin, imipramine, and
gramine, which are known to have effects on se-
rotonergic transmission, and muscimol and iver-
mectin, which may affect GABAergic transmis-
sion. In addition, although side effects prevented
meaningful quantitation, we made some qualita-
tive observations suggesting that drugs that
influence cholinergic transmission may affect
pumping.
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Fig. 2. Effects of starvation on pumping. At time zero
worms were harvested from a plate that had a thick bacterial
lawn, washed free of bacteria, and suspended in SM. Bacteria
were added to the control worms (O) to a density twice that of
a saturated L broth culture; the experimental worms (7))
were left without bacteria. The worms were agitated at 20°C
for the time shown, then washed again (so that both experi-
mental and control worms were assayed without bacteria)
and assayed for pumping iron as described in Materials and
Methods.

Serotonin

We have confirmed the finding of Croll ('75) and
Horvitz et al. ('82) that serotonin stimulates
pumping (Fig. 4a). Furthermore, high concentra-
tions of the serotonin antagonist gramine (Evans
and Shea, '78) inhibited pumping (Fig. 4b), and at
low concentrations the serotonin uptake inhibitor
imipramine (Briley, 75; Desai and Horvitz, ’89)
stimulated pumping (Fig. 4c).

Although small, the imipramine stimulation of
pumping was reproducible (8/8 experiments).
Moreover, it could be reliably seen in single
worms (Table 1); 20 pg/ml imipramine stimulated
pumping in 29/30 wild-type worms tested. (The
exceptional worm moved sluggishly on the imip-
ramine plate and pumped only 4 times in 5 min-
utes. It may have been injured when it was trans-
ferred to the plate.) Since one effect of imipramine
is to enhance the effect of endogenous serotonin
(Briley, ’75; Desai and Horvitz, ’89), we used mu-
tations in the genes cat-1, cat-2, and cat-4 to test
whether imipramine stimulation was correlated
with endogenous serotonin levels. Table 1 shows
that imipramine stimulation of pumping was
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Fig. 3. Effects of bacteria on pumping. Pumping was mea-
sured with bacteria present at the indicated densities during
the assay. The density of bacteria is relative to a saturated L
broth culture. The concentration of iron in the assays on well-
fed worms (O) was 0.83 mg/ml, that in the assays on starved
worms ((]) 0.33 mg/ml. The vertical scales have been adjusted
so that the plotted curves can be compared directly. Arrows
on some points on the fed curve indicate that more than 20%
of the worms in‘the assay had =10 particles in them, so that
the pumping rate plotted is probably an underestimate.

greatly decreased in cat-1 and cat-4 mutants,
which have low levels of serotonin and dopamine,
but not in cat-2 mutants, which have very little
dopamine but roughly normal levels of serotonin
(Sulston et al., ’75; Horvitz et al., ’82; Desai et al.,
’88). Thus imipramine stimulation correlated
with serotonin levels. In the absence of imip-
ramine, cat-2 worms were superficially normal.
cat-1 and cat-4 worms were slightly small and
pale, cat-4 more so than cat-1, suggesting that in
the presence of bacteria they ate less than wild-
type or cat-2 worms. cat-4 worms also pumped
significantly less than wild-type worms in the ab-
sence of bacteria and imipramine (Table 1). One
possible explanation is that endogenous serotonin
may be necessary for normal pumping.
Although low concentrations of imipramine
stimulated pumping, high concentrations were
inhibitory. This may be a general anesthetic ef-
fect. Morgan and Cascorbi (’85) have shown that
several general anesthetics paralyze C. elegans
and that, as in higher animals (Meyer, ’37), the
potency of an anesthetic is related to its hydro-
phobicity. Imipramine and all other hydrophobic
drugs we tried caused paralysis as well as cessa-
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Fig. 4. Effects of drugs on pumping. Starved worms, pre-
pared as described in Materials and Methods, were assayed
for pumping iron in varying concentrations of serotonin (a),
gramine (b), imipramine (¢), muscimol (d), or ivermectin (e).
(Ivermectin assays contained 1% dimethyl sulfoxide.) The

tion of pumping, and their potency was inversely
related to their water solubility (data not shown).

GABA

The GABA agonist muscimol inhibited pump-
ing (Fig. 4d). Ivermectin, which may affect
GABAergic transmission (Kass et al., ’80; Drex-
ler and Sieghart, '84), was an extremely potent
inhibitor of pumping (Fig. 4e).
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plots have been normalized so that the ordinate at zero drug
concentration is 1. The arrows on points in a indicate that
more than 20% of the worms in these assays had =10 iron
particles, so that the indicated pumping rate is probably an
underestimate.

Acetylcholine

We used a mutation in the choline acetyltrans-
ferase gene, cha-1(m324) (Rand and Russell, '84;
see also Materials and Methods), to test whether
acetylcholine was necessary for normal pumping.
cha-1 worms hatch and can be recognized as
small, extremely uncoordinated larvae, which
never grow. When we examined cha-1 worms by
Nomarski microscopy (these worms are too small
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TABLE 1. Imipramine stimulation of pumping
in single worms*

Imipramine (pug/ml)

Genotype N 0 20 Stimulation
+ 30 335 111 = 7 8+ 6
cat-1 10 25+6 36 = 8** 11 = 5
cat-2 10 26 £ 5 82 = 12%* 56 = 10*
cat4 10 10 + 4** 24 + 8** 14 + @**

LA well-fed worm was placed on a plate with no bacteria and no
" imipramine, and on one with 20 wg/ml imipramine dissolved in the
agar, and the pharyngeal pumps in 5 successive 1-minute intervals
were counted for each plate. The median of the 5 counts is the pump-
ing rate for that worm. N is the number of worms so tested. The 0 pg/
ml and 20 pg/ml imipramine columns give the average of the me-
dians. Each mutant worm was paired with a wild-type worm tested on
the same plates within 30 minutes. The results of the control tests are
pooled in the first row. The stimulation for a given worm is the differ-
ence between the 0 pg/ml imipramine and 20 pg/ml imipramine
values. All numbers are mean + SEM. The stimulation in cat-4 was
statistically significant at the 5% level, suggesting cat-4 may not
completely eliminate serotonin. The stimulation in cat-1 worms was
not quite statistically significant.

*Significantly different from +, 0.01 < P < 0.05 (Wilcoxon’s signed
rank test).

**Significantly different from +, 0.001 <P < 0.01 (Wilcoxon’s signed
rank test).

to eat iron particles), we found that they pumped
only rarely (less than once a minute), even in the
presence of 5 mg/ml serotonin. We sometimes saw
coordinated twitches, in which all the terminal
bulb muscles twitched at once, followed by a
slight peristaltic twitch of the isthmus muscles.
(See Albertson and Thomson, ’76, for pharynx
anatomy.) We interpret this movement as a very
brief pump.

cha-1 worms pumped more frequently in the
presence of the nicotinic acetylcholine agonist
nicotine, and the pumps were more often com-
plete, rather than twitches. (In the presence of 5
mg/ml serotonin 0/4 cha-1 worms pumped. 0/9
pumped in 5 mg/ml serotonin and 10 wM nicotine;
1/10 in 5 mg/ml serotonin and 100 wM nicotine;
and 9/14 in 5 mg/ml serotonin and 1 mM nico-
tine. Each worm was observed for only a few sec-
onds, and coordinated twitches were not counted.)
The muscarinic agonist oxotremorine (1 pl/ml or
10 pl/ml) did not obviously increase the frequency
of pumping in cha-1 worms, but the rare pumps
that did occur became long-lasting. These obser-
vations suggested to us that acetylcholine acting
at nicotinic receptors might promote pharyngeal
contraction, while acetylcholine acting at musca-
rinic receptors might inhibit relaxation. The ef-
fects of cholinergic drugs on pharyngeal muscle in
wild-type worms were consistent with this model.
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In wild-type worms nicotine stimulated pharyn-
geal contraction, in some cases leading to tetanus:
sustained contractions lasting more than 30 sec-
onds. (Natural pumps are always less than 1 sec-
ond long.) The muscarinic agonists pilocarpine
(50 mM) and oxotremorine (1 pl/ml or 10 pl/ml)
both lengthened pharyngeal contractions: in some
wild-type animals pumping continued, but the
contractions lasted longer, while in others the
pharynx went into tetanus for up to several min-
utes. In the muscarinic antagonist scopolamine
(10 mM or 50 mM) pumps were generally briefer
than normal; in extreme cases we saw only coor-
dinated twitches.

If a nicotinic receptor is involved in the control
of pumping, it is pharmacologically and genet-
ically distinct from the well-characterized levam-
isole receptor present on body muscle (Lewis et
al., ’87b). Levamisole did not cause pharyngeal
tetanus or rescue pumping in cha-1 worms. This
failure was not due to a toxic effect of levamisole,
because levamisole did not block the effects of
nicotine. unc-29 worms, which lack detectable
levamisole receptors (Lewis et al., ’87a), pumped
normally, and the effect of nicotine on the unc-29
pharynx was identical to that in wild-type, even
though the unc-29 mutation blocks the effect of
nicotine on body muscle (Lewis et al., ’80a).
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