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Abstract

Crude homogenates of the nematode worm Caenorhabditis elegans were shown to bind the
cholinergic antagonists [°H]N-methylscopolamine and quinuclidinyl benzilate ((*H]JQNB) with high
affinity. The dissociation constant for [°H]N-methylscopolamine binding determined from equilib-
rium saturation experiments (Kp = 3.7 X 107'° M) was in good agreement with that determined from
forward and reverse rate constants (Kp = kogt/kon = 5 X 107!° M). These binding sites were blocked
stereospecifically by the (+) enantiomer of the muscarinic antagonist benzetimide, as would be
expected of true muscarinic receptors. Furthermore, competition experiments with unlabeled cholin-
ergic agonists and antagonists indicate that [’H]JQNB and [PH]N-methylscopolamine bind to the
same sites in nematode homogenates and that these sites are similar but not identical to muscarinic
receptors in vertebrates. The concentration of [’H]N-methylscopolamine and [’H]QNB binding sites
in adult populations of wild-type nematodes was approximately 10 fmol/mg of protein. This was
approximately 4-fold lower than the concentration of binding sites in young (L1 and L2 stage)
juveniles. These stage-specific differences in binding site concentrations parallel differences in
acetylcholinesterase activity in larval and adult nematodes (Culotti, J., G. von Ehrenstein, M. R.
Culotti, and R. L. Russell (1981) Genetics 97: 281-305). Three methods of elevating cholinergic
agonist levels in vivo were attempted in order to determine whether regulation of muscarinic
receptors occurs in nematodes as it does in vertebrates (Klein, W. L., N. Nathanson, and M.
Nirenberg (1979) Biochem. Biophys. Res. Commun. 90: 506-512). Two methods involved prolonged
in vivo inhibition of acetylcholinesterase activity, while the third method involved in vivo treatment
with the potent agonist levamisole. All three methods failed to reveal down regulation of muscarinic
receptors, suggesting that this regulatory mechanism may not exist in nematodes. Finally, phenotypic
revertants of acetylcholinesterase-deficient double mutants as well as a class of agonist-resistant
mutants (Lewis, J. A., C. H. Wu, H. Berg, and J. H. Levine (1980a) Genetics 95: 905-928) were
screened for possible alterations in [PH]QNB or [°’H]N-methylscopolamine binding levels. None of
these mutants exhibited gross deficiencies in [PH]QNB or [°H]N-methylscopolamine binding, al-
though partial deficiencies might have gone undetected by the methods used here. Our binding
studies show that muscarinic receptors, which mediate a large proportion of cholinergic signaling in
advanced vertebrates, are also present in the very simple nematode system.

A promising organism for the study of neurotransmit-
ter-related behavioral and developmental phenomena is
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the free-living nematode worm Caenorhabditis elegans.
This organism is genetically and biochemically tractable
and exhibits an anatomical simplicity that has allowed
an extensive characterization of its embryonic and post-
embryonic development (Deppe et al., 1978; von Ehren-
stein and Schierenberg, 1980; Sulston and Horvitz, 1977;
E. Schierenberg and J. Sulston, personal communica-
tion). These studies have provided a nearly complete
picture of the cell lineages that give rise to the relatively
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simple nervous system of this organism, and a wiring
diagram for the entire nervous system of the wild type is
available (White et al., 1976; Albertson and Thomson,
1978; Ware et al., 1975; Ward, et al., 1975; Hall, 1978; J.
White, personal communication). A number of behav-
ioral mutants with defects in specific lineages or in the
wiring diagram have been isolated and characterized
(Horvitz and Sulston, 1980; Sulston and Horvitz, 1981;
Chalfie et al., 1981). However, in relatively few cases has
the molecular defect in these or any other neurological
mutants been determined.

Another approach to genetic studies of the nervous
system in the nematode has been to isolate mutants with
defects in known or suspected neurotransmitter-related
functions in order to study the effects of such known
specific molecular defects on the extremely well-charac-
terized nervous system of this organism. These studies
have been initiated by the isolation and behavioral, mo-
lecular, and histochemical characterization of acetylcho-
linesterase deficient mutants of C. elegans (Johnson et
al., 1981; Culotti et al., 1981). The behavior of acetylcho-
linesterase mutants and of the wild type treated with an
acetylcholinesterase inhibitor provide circumstantial ev-
idence that acetylcholine is a neurotransmitter in nema-
todes, as has been established by electrophysiological
techniques for the anatomically similar parasitic nema-
tode Ascaris lumbricoides (del Castillo et al., 1963).

We have undertaken here a search for possible acetyl-
choline receptors in the nematode with the aim of even-
tually extending our genetic studies to these important
components of cholinergic synapses. In vertebrates, ace-
tylcholine receptors are distinguished pharmacologically
(Koelle, 1975) and physiologically (Purves, 1976) as being
either nicotinic or muscarinic. The work presented here
is based on the introduction of the high affinity musca-
rinic ligands [*’H]QNB (Yamamura and Snyder, 1974a)
and [°H]N-methylscopolamine (Burgermeister et al.,
1978) as sensitive probes for measuring and characteriz-
ing muscarinic receptors in a variety of vertebrate sys-
tems. Muscarinic receptors have been found in great
abundance in the vertebrate CNS (Yamamura et al,
1974) and in peripheral targets (Galper et al., 1977; Ya-
mamura and Snyder, 1974b). They exist in multiple
binding states (Klein, 1980a) likely related to a functional
inhibition of adenylate cyclase (Nathanson et al., 1977),
and their concentration is regulated by cholinergic stim-
ulation in vitro (Klein et al., 1979) and in vivo (reviewed
Klein, 1980b). They also have been found in advanced
invertebrates such as Drosophilia (Dudai and Ben-
Barak, 1977; Haim et al., 1979). Results presented here,
which extend our preliminary report (James et al., 1980),
indicate that nematode extracts possess acetylcholine
receptors which bind the muscarinic antagonists [*H]
QNB and [*H]N-methylscopolamine with high affinity.
The putative muscarinic receptors are present in larvae
and adults in concentrations consistent with their pre-
sumed cholinergic function in vivo. These receptors do
not appear to be down regulated by treatments designed
to elevate in vivo cholinergic agonist levels for prolonged
periods of time. Preliminary results on [*’H]QNB binding
levels in two classes of mutants selected for possible
acetycholine receptor defects are presented. To our
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knowledge, this report is the first to describe receptor-
binding sites for any transmitter in the nematode system.

Materials and Methods

Nematode strains. Wild-type Caenorhabditis elegans
var. Bristol was originally obtained from Brenner (1974).
Acetylcholinesterase-deficient mutations of C. elegans
were ace-1 (p1000)X (Johnson et al., 1981), ace-2 (g73)1,
or ace-2 (g72)1 (Culotti et al., 1981). Strains carrying the
levamisole-resistant mutations unc-29 (e1072)1, unc-63
(e384)1, unc-38 (€904)1, unc-74 (x19)1, unc-50 (e306)II1,
lev-1 (x21)IV, lev-7 (x13)1, lev-8 (x15)X, lev-9 (x16)1, unc-
22 (e66)IV, lev-10 (x17)1, lev-11 (x12)I, and wunc-68
(e540)V were kindly provided by Jim Lewis (Columbia
University) or by the Caenorhabditis Genetics Center in
Columbia, MO (Peg Swanson, curator).

Aldicarb-resistant mutants were isolated following mu-
tagenesis with ethylmethane sulfonate (Brenner, 1974) of
the acetylcholinesterase double mutant strain GG198
(p1000, g73). F; adults were allowed to lay eggs on stan-
dard growth plates (Brenner, 1974) containing 100 um
Aldicarb. Most eggs hatched, but most of the F; individ-
uals were severely inhibited for growth and locomotion.
F; individuals that hatched and grew better and/or
moved better than the norm were picked and cloned.
Mutants with the most interesting phenotypes (these
were of two classes: paralyzed mutants or those that
moved better than the acetylcholinesterase double mu-
tant) were used for the experiments described here.
These included independently derived strains NW?7,
NW17, NW27, NW50, NW57, NW86, NW96, NW100,
and NW119. Strain CB450 which carries an unc-13 mu-
tation was included since it was also discovered to be
Aldicarb resistant. A genetic and morphologic description
of these mutants will be the subject of another commu-
nication (J. G. Culotti, manuscript in preparation).

Large batches of nematodes were grown on large cake
pans containing standard growth agar seeded with 5 to
10 gm of Escherichia coli. Such a plate typically yielded
2 to 5 gm wet weight of healthy nematodes. Essentially
100% pure populations of L1 and L2 stage juveniles were
obtained in some cases by dissolving large populations of
adult nematodes with 4% hypochlorite to release fertil-
ized eggs developing in utero. Eggs were collected by
centrifugation then incubated on NGM growth plates
with E. coli for 10 to 12 hr at 20°C to allow hatching.
The larvae were harvested and cleaned by standard
procedures or allowed to grow at 20°C for 70 to 90 hr
before harvesting as synchronous adult populations. In
other instances, larvae or adults were enriched from
asynchronous populations by differential settling in wa-
ter and selection of slow-settling or fast-settling individ-
uals, respectively.

For binding assays, large scale cultures were grown on
NGM plates containing added E. coli OP50, harvested,
cleaned according to the method of Sulston and Brenner
(1974), and stored frozen at —70°C. Crude homogenates
were prepared by freeze-powdering in liquid nitrogen.
Binding was monitored in freeze-powdered homogenates
by incubating an aliquot containing 0.5 to 1.0 mg of
protein in a 1-ml solution of 50 mm sodium phosphate
(pH 7.4), and 1 X 107" to 2 X 10~° M [*'H]QNB or [*H]N-
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methylscopolamine (New England Nuclear). An incuba-
tion time of 90 min was used except where noted. Incu-
bations were filtered on Whatman GF/C filters and
washed two times with 5 ml and finally with 40 ml of
cold phosphate buffer within a time span of 30 sec. Filters
were then dried and counted in an appropriate scintilla-
tion cocktail. Nonspecific binding was determined by
measuring radioligand binding in the presence of 107° m
or 107° M atropine in the incubation mixture. Protein was
assayed by the dye-binding method of Bradford (1976)
using bovine y-globulin as the standard. Protein deter-
minations were linear with amount of added crude ho-
mogenate and internal controls were perfectly additive.
All mutant receptor assays were carried out at saturating
levels of [’H]N-methylscopolamine or ["H]QNB (1 to 2
X 1077 m).

Results

The kinetics of total and nonspecific [*H]N-methyl-
scopolamine binding to nematode homogenates are
shown in Figure 1. Nonspecific binding (measured in the
presence of 107 M atropine) reached maximal level very
rapidly and remained constant for at least 120 min,
whereas total binding and specific binding (total minus
nonspecific) increased continuously with time for 20 min
then plateaued. Assuming that this binding represents a
bimolecular reaction between ligand and binding sites,
the forward rate constant for the binding reaction is
calculated to be approximately 3.0 X 10° liter/mol-sec.
Similarly, the kinetics of [PlH]QNB binding (not shown)
leads to a calculated forward rate constant of 4.5 x 10°
liter/mol-sec.

In another experiment, binding was allowed to proceed
for 60 min, at which time 107> M atropine was added to

3y ~N-methyl- scopolamine bound
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Figure 1. Rate of [’H]N-methylscopolamine binding to crude
homogenates of C. elegans. A crude homogenate of wild-type
C. elegans was incubated at 23°C with 1 nM [°’H]N-methylsco-
polamine for total binding (O) or 1 nM [?H]N-methylscopolam-
ine plus 107 M atropine for nonspecific binding (@) in 50 mm
sodium phosphate buffer (pH 7.4). At the indicated times, 1-ml
samples containing 0.7 mg of crude protein were filtered and
assayed as described in “Materials and Methods.” Specific
binding ([0) is plotted as the difference between total binding
and nonspecific binding.
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Figure 2. Rate of ["H]N-methylscopolamine dissociation. A
crude homogenate of wild-type C. elegans was incubated at
23°C with 1 nM [*H]N-methylscopolamine for total binding
(O) or with 1 nM [°H]N-methylscopolamine plus 10~° M atropine
for nonspecific binding (@). At the indicated times, 1-ml samples
containing 0.63 mg of crude protein were filtered and assayed
as described in “Materials and Methods.” At 60 min after
mixing crude homogenates with [PH]N-methylscopolamine,
107° M atropine was added to portions of some reaction mixtures
and the [’H]N-methylscopolamine remaining bound () was
measured at the indicated times thereafter. Points represent
the average of three separate assays. Standard errors were all
less than 5% of the average for each point.

the incubation mixture to prevent further binding. Levels
of bound [°’H]N-methylscopolamine were determined at
various intervals thereafter with results shown in Figure
2. The rate constant for dissociation calculated from this
experiment was approximately 1.6 X 107%/sec. The ap-
parent dissociation constant (Kp) calculated from the
forward and reverse rate constants was approximately 5
X 107" M. These results are in good agreement with the
equilibrium saturation experiments for [*H]N-methyl-
scopolamine binding (shown in Fig. 3). At equilibrium,
specific binding of [°’H]N-methylscopolamine followed a
typical absorption isotherm. Nonspecific binding in-
creased linearly with increasing concentrations of [°H]N-
methylscopolamine and was approximately 20% of spe-
cific binding at saturation (data not shown). A Scatchard
plot of specific ["H]N-methylscopolamine binding (Fig. 3,
inset) gave a straight line with a negative reciprocal slope
of 3.7 X 107'° M (the apparent dissociation constant).
This is within experimental error of the Kp calculated
from the forward and reverse rate constants and is similar
to the Kp of approximately 2.5 to 4.0 X 107'° M deter-
mined from equilibrium binding of [*'H]JQNB (data not
shown). The intercept of the Scatchard plot shown in
Figure 3 indicated a maximum number of binding sites
equal to 16 fmol/mg of total nematode protein. This
experiment was carried out on a 90 to 95% pure adult
population of the wild type, and repeated saturation
experiments on similar populations gave values of 11.0
and 10.8 fmol of [°’H]N-methylscopolamine binding sites
per mg of protein.
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Figure 3. Concentration dependence of [*H]N-methylscopo-
lamine binding to crude homogenates of wild-type C. elegans.
A crude homogenate of an adult-enriched population of C.
elegans was incubated at 23°C with increasing concentrations
of [PH]N-methylscopolamine for 90 min in 50 mM sodium
phosphate buffer (pH 7.4). Each reaction volume of 1 ml
contained 0.7 mg of crude protein. Suspensions were diluted
with cold buffer and filtered for assay as described in “Materials
and Methods.” Nonspecific binding (not shown) was deter-
mined in the presence of 107> m atropine at each concentration
of [’'H]N-methylscopolamine. Specific binding (O) was calcu-
lated as the difference between total and nonspecific binding.
Points represent the difference of the means of three separate
assays for both total and nonspecific binding. Standard errors
were all less than 10% of the mean for each point. Inset:

Scatchard plot of specific binding.

Saturation experiments were also performed on syn-
chronous adult populations grown from a pure population
of developing embryos obtained by chlorox treatment of
egg-bearing adults. These results, summarized in Table
I1I, show that binding levels in synchronous wild-type
adult populations (9.64 = 2.35 fmol/mg of protein) are
somewhat less on the average than for adult-enriched
populations, possibly because fewer juveniles contami-
nated the synchronous populations.

For two strains we compared the concentration of [°H]
N-methylscopolamine binding sites in adult-enriched
populations and in juvenile populations (consisting of
100% L1 and L2 larvae). In one experiment, the wild-type
adult concentration of [*H]N-methylscopolamine bind-
ing sites was 11.0 fmol/mg of protein whereas the juvenile
concentration was 38.5 fmol/mg of protein. In another
experiment, the concentration of [*H]N-methylscopo-
lamine binding sites in an adult-enriched population of
strain X37 was 13.0 fmol/mg of protein and the juvenile
concentration was 59.9 fmol/mg of protein. Equilibrium
saturation experiments are being carried out with ho-
mogeneous populations of L1 larvae to determine
whether larval binding sites are qualitatively different
from those of adults.

The affinity of binding sites for various cholinergic
compounds was measured in equilibrium competition
experiments. In these experiments, the concentration of
added [*H]N-methylscopolamine was held constant and
competitors were added in increasing amounts. The re-
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sults, shown in Figure 4 and summarized in Table I,
indicate that the [’H]N-methylscopolamine binding sites
in nematode homogenates resemble, to a large extent,
muscarinic acetylcholine receptors found in vertebrates
(Burgermeister et al., 1978; Yamamura and Snyder;
1974a, b: Yamamura et al., 1974). Potent, highly specific
muscarinic antagonists blocked the binding of [*H]N-
methylscopolamine with K; values in the nanomolar
range. The sites showed a much lower affinity for ago-
nists, as is the case for vertebrate receptors. The mus-
carinic specific drug oxotremorine was the most potent
agonist tested (K; = 1.2 X 107° M). Competition by
acetylcholine was critically dependent upon prior block-
ade of acetylcholinesterase by eserine and partial block-
ade resulted in much greater apparent K; values. These
data make it clear that [PH]N-methylscopolamine was
not binding to acetylcholinesterase, an enzyme that has
a high activity in nematodes (Johnson et al., 1981; Culotti
et al., 1981). The nicotinic drug most potent in blocking
[*H]N-methylscopolamine binding was d-tubocurarine
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Figure 4. Competitition with ["H]N-methylscopolamine for
binding sites by cholinergic drugs. Specific binding of added
[’H]N-methylscopolamine to crude homogenates was deter-
mined in the presence of the indicated concentration of cholin-
ergic drugs. Each point represents the average of three separate
1-ml assays. Standard errors (not shown) varied from 0.5 to 5%
of the average. Competitions were performed on different oc-
casions so conditions varied as indicated below: (. atropine,
0.60 mg of protein/1-ml assay, 1.8 nmM [*’H]N-methylscopolam-
ine; m: scopolamine, 0.60 mg of protein/1-ml assay, 1.8 nm [°H]
N-methylscopolamine; A: carbachol, 0.60 mg of protein/1-ml
assay, 1.8 nM ["H]N-methylscopolamine; O: levamisole, 0.65 mg
of protein/1-ml assay, 1.3 nM [“SH]N-methylchPolamine; O
QNB, 0.65 mg of protein/1-ml assay, 1.3 nM ["H]N-methyl-
scopolamine; A: acetylcholine, 0.65 mg of protein/1-ml assay,
1.3 nM [°’H]N-methylscopolamine; V oxotremorine, 0.67 mg of
protein/1-ml assay, 1.5 nM [*H]N-methylscopolamine; ®: nico-
tine, 0.67 mg of protein/1-ml assay, 1.5 nM ["H]N-methylsco-
polamine; @: d-tubocurarine, 0.67 mg of protein/ 1-ml assay, 1.5
nM [*H]N-methylscopolamine; A: decamethonium, 0.56 mg of
protein/1-ml assay, 1.7 nM [*H]N-methylscopolamine; V: hexa-
methonium, 0.56 mg of protein/1-ml assay, 1.7 nM ["H]N-meth-
ylscopolamine. The acetylcholine competition was carried out
on a crude homogenate of the acetylcholinesterase-deficient
single mutant strain GG202 (ace-2) and it also contained 50
uM eserine sulfate.
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TABLE 1
Approximate K;s for a variety of cholinergic agonists and
antagonists calculated from competition experiments with [*H]QNB
and [*H]N-methylscopolamine
Competitions were performed as described in “Materials and
Methods” with radioactive ligand concentrations that varied from 5.5
X 107" to 2.2 X 107° ™ in different experiments.

[’H]N-methyl-

3
['HIQNB scopolamine

Approximate K; Approximate K;

M M

Atropine 1.5 x 107 5.6 X 107 69 x 107"
Scopolamine 2.1x107° 28 x 107"
Oxotremorine 1.4 X 107 1.1 X 107 12 x 107¢
d-Tubocurarine 33x10°° 31x10°°
Carbachol 1.0 x 107 3.0 x 107* 1.7 x 107
Acetylcholine® 14 %107 1.5 x 107
Nicotine 2.5 x 107* 12x 10
Arecoline 57%x107°

Levamisole 12 x 107°
(+)-Benzetimide 38x 1071
(—)-Benzetimide 38 x 1078
Decamethonium 12 x 107
Hexamethonium 14 %107
QNB 14x107°

“ Contained 50 uM eserine and performed on strain GG198 (ace-2;
ace-1) for ["HJQNB binding and on strain GG202 (ace-2) for ["H]N-
methylscopolamine binding.

which had a K; of 3.3 X 107° M, about 15,000-fold greater
than the most potent muscarinic drug. Similar competi-
tion experiments were done to test the pharmacology of
the ["HJQNB binding sites, and the results also are
summarized in Table I. In general the K; values agree
well with those determined for [*’H]N-methylscopolam-
ine binding. This would be expected if both muscarinic
radioligands bound to the same site and had similar Kp
values. The data were somewhat more scattered with
[PH]QNB binding than with [*H]N-methylscopolamine
because of its higher nonspecific binding and poorer
signal-to-noise ratio.

In addition to the pharmacologic specificity, we also
tested the stereospecificity of the [*H]N-methylscopo-
lamine binding sites. Competition experiments with the
(+) and (—) enantiomers of benzetimide showed that the
(+) enantiomer was at least 100-fold more effective a
competitor than the (—) enantiomer (Fig. 5 and Table I).
This also is true of vertebrate muscarinic receptors (Beld
and Ariens, 1974).

The availability of acetylcholinesterase mutants sug-
gested the possibility of testing whether muscarinic bind-
ing sites in the nematode may be regulated by cholinergic
stimulation. Such regulation has been observed for mus-
carinic receptors in cultures of neuron-like cloned cells
and CNS cells (Klein et al., 1979; Siman and Klein, 1979)
and also in animals treated with acetylcholinesterase
inhibitors (Schiller, 1979). If analogous regulation occurs
in nematodes, then mutants that diminish acetylcholin-
esterase activity in vivo might be expected to exhibit
lower levels of muscarinic binding sites than controls.
Table IT shows binding levels in homogenates of 90 to
95% pure adult populations of wild-type and acetylcho-
linesterase-deficient mutants. Binding levels in mutants
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and wild type were not significantly different. Even the
acetylcholinesterase double mutant GG198 (p1000, g73),
which is 98% deficient in acetylcholinesterase activity
(Culotti et al., 1981), exhibited a concentration of [*H]
QNB binding sites comparable to wild type. Although
the results with these mutants are difficult to interpret
precisely, they do suggest that down regulation in nem-
atodes, if it occurs at all, is not as extensive as described
for vertebrate cells.

A pharmacological approach designed to answer the
same question was carried out by adding an exogenous
acetylcholinesterase inhibitor to live worms. The inhibi-
tor Aldicarb was chosen because of its known effective-
ness in nematode systems. It induces severe develop-
mental defects even on wild-type nematodes when used
at concentrations of 0.5 to 1.0 mM (Culotti et al., 1981; J.
G. Culotti, manuscript in preparation), suggesting that at
these concentrations maximal in vivo inhibition of ace-
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Figure 5. Competition with [PH]N-methylscopolamine for
binding sites by (+) and (—) enantiomers of benzetimide. Total
binding of added 1.6 nm [*H]N-methylscopolamine to 0.61 mg
of crude nematode protein (1-ml assays) was determined in the
presence of the indicated concentrations of (+) ©® or (—) (@)
benzetimide. Total binding in the presence of 107° M atropine
was equal to 229 cpm in the same experiment. Each point
represents the average of three separate assays. Standard errors
were all less than 10% of the average.

TABLE II
Levels of [*H]QNB binding in adult-enriched populations of wild-
type and acetylcholinesterase-deficient mutants of C. elegans

Binding site concentrations were determined at saturating levels of
PH]QNB equivalent to 1.3 X 107 M as described in “Materials and
Methods.” Protein concentrations in the assay were 0.5 mg/ml for N2,
0.48 mg/ml for PR1000, 0.55 mg/ml for GG202, and 0.48 mg/ml for
GG201. Indicated binding site concentrations represent the average of
five determinations for total binding minus the average of six determi-
nations for nonspecific binding. Percentages of errors were determined
by the interval estimation of the difference of two normal means with
95% confidence.

Strain Mutant Gene(s) ["H]QNB bound
fmoles/mg protein
N2 Wild type 15.6 £ 2.0
PR10600 ace-1 15.9 £ 3.7
GG202 ace-2 18.6 + 1.9
GG201 ace-1; ace-2 189 + 2.0
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tylcholinesterase activity has been achieved. Moreover,
at lower concentrations of Aldicarb (50 to 100 um), ace-2
single mutants and ace-1, ace-2 double mutants are more
severely growth inhibited than ace-1 single mutants or
wild type, suggesting that the in vivo effects of Aldicarb
are at least partially brought about by inhibition of ace-
I-controlled acetylcholinesterase (i.e., those forms pres-
ent in the ace-2 mutants) (Culotti et al., 1981; J. G.
Culotti, manuscript in preparation). Adult-enriched pop-
ulations or juvenile-enriched populations were grown 2
days at 20°C in 1 mm Aldicarb, harvested, freeze-pow-
dered, and assayed for [’H]N-methylscopolamine binding
levels. An untreated adult-enriched population of nema-
todes was also assayed as a control. Binding levels in
Aldicarb-treated adults (25 fmol/mg of protein) were
higher than binding levels in untreated adults (15 fmol/
mg of protein); however, it should be noted that the
untreated adult population may not represent the perfect
control. This is because Aldicarb does not prevent egg
laying and hatching, but does block morphologic devel-
opment (increase in size) of the hatchees. So the popu-
lation of adults left on Aldicarb for nearly 2 days laid
eggs which hatched. This population was, therefore, con-
taminated with blocked 1.1 stage larvae. The apparent
increase in binding levels over untreated adults (collected
independently) may, therefore, reflect a degree of con-
tamination of this adult population with these next gen-
eration larvae. This was not a problem with Aldicarb-
treated larvae since these remained morphologic juve-
niles and there was no increased heterogeneity in the
population. The concentration of binding sites in Aldi-
carb-treated L1 and L2 larvae was 50.5 fmol/mg of pro-
tein which was approximately equal to the concentration
of binding sites in untreated L1 and L2 larvae (38.5 fmol/
mg of protein) determined in a previous experiment.
These results show that little or no down regulation of
[*H]QNB-binding sites occurs under conditions designed
to chronically elevate in vivo concentrations of acetyl-
choline over a period of 2 days. In fact, if anything,
receptor levels increased as a result of treatment.
Although inhibition of acetylcholinesterase activity
might be expected to enhance synaptic acetylcholine
levels, no proof of this assumption has been obtained. A
more direct experiment was carried out by treating ani-
mals with a concentration of the putative cholinergic
agonist levamisole (Lewis et al., 1980b) sufficient to in-
duce severe contraction of the body wall musculature. As
shown in Figure 4, levamisole blocked binding of [*H]N-
methylscopolamine to wild-type homogenates with a K;
of 1.2 X 107° M. A large population of wild-type larvae
and an adult-enriched population were collected as de-
scribed in “Materials and Methods.” Some of each pop-
ulation was frozen immediately and the remainder was
placed onto growth plates containing bacteria and 1 mm
levamisole. The plates were incubated for 32 hr at room
temperature and the animals were harvested, cleaned,
and frozen in liquid nitrogen. Treated and untreated
populations were freeze-powdered, and the number of
binding sites in each of the crude homogenates was
determined. The concentration of [*H]N-methylscopo-
lamine-binding sites in levamisole-treated larvae was
38 fmol/mg of protein, whereas in untreated larvae the
concentration was 40 fmol/mg of protein. Similarly,
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the concentration of [°’H]N-methylscopolamine-binding
sites in the levamisole-treated adult-enriched population
was 23 fmol/mg of protein versus 26 fmol/mg of protein
in untreated adults. These results show that direct pro-
longed treatment of nematodes with concentrations of
levamisole causing severe hypercontraction of the body
musculature does not result in significant down regula-
tion of muscarinic binding sites.

Two classes of cholinergic drug-resistant mutants have
been selected for potential acetylcholine receptor
changes. The first class of mutants was isolated for
resistance to the acetylcholinesterase inhibitor Aldicarb
(J. G. Culotti, manuscript in preparation). The resistance
mutations were isolated in a strain (GG198) that already
contained mutations in two genes, ace-1 and ace-2, which
produced a 98% deficiency in acetylcholinesterase activ-
ity (Culotti et al., 1981). The rationale for this selection
was as follows: if the developmental defect induced by
Aldicarb results from the action of elevated acetylcholine
levels in cholinergic synapses (possibly induced by fur-
ther inhibiting the 2% residual acetylcholinesterase activ-
ity in the ace-1, ace-2 double mutant), then one way to
alleviate or bypass such a defect might be to genetically
alter the postsynaptic receptor. In other words, Aldicarb-
resistant mutants of the acetylcholinesterase double mu-
tants might carry a compensating genetic defect in an
acetylcholine receptor structural gene. Consequently,
[*HIQNB or [*H]N-methylscopolamine binding levels
were determined for crude homogenates of several of the
Aldicarb-resistant mutants. The results summarized in
Table III indicate that none of these mutants is grossly
deficient in [’HJQNB binding sites, although subtle de-
ficiencies may exist.

The second class of mutants was isolated by Brenner
(1974) and by Lewis et al. 1980a) for resistance to leva-
misole (a component of tetramisole). Crude homogenates
of these mutants were also assayed for [*H]N-methyl-
scopolamine binding and the concentration of binding
sites is summarized in Table III. As for the Aldicarb-
resistant mutants, none of the levamisole-resistant mu-
tants exhibited gross deficiencies in the concentration of
[*H]N-methylscopolamine binding sites compared with
the wild type, although, once again, subtle deficiencies
may exist.

Discussion

These studies show that nematodes contain sites ca-
pable of binding the highly specific muscarinic antago-
nists [*’H]N-methylscopolamine and [°H]QNB and that
these sites have pharmacological characteristics similar
but not identical to vertebrate muscarinic acetylcholine
receptors. One difference of possible physiological inter-
est is the apparent lack of receptor regulation in the
nematode system; mutations and pharmacological treat-
ments expected to alter levels of cholinergic stimulation
had little or no influence on receptor concentration. The
data represent the first characterization of binding sites
for any neurotransmitter in the nematode system, and
they suggest the possibility of extending genetic analysis
of cholinergic synapses in nematodes, previously focused
on acetylcholinesterases, to another important molecular
component.

Several lines of evidence indicate that the specific



TABLE III
Concentrations of [°H]N-methylscopolamine binding sites in wild-type and cholinergic mutants of C. elegans

Binding site concentrations were determined in standard assays (see “Materials and Methods”) at saturating levels of ["H]N-methylscopolamine
equivalent to 1.74 x 107° M for experiment a, 2.43 X 10™* M for experiment b, 2.30 X 10~° m for experiment c, 1.73 X 10~° M for experiment d, 1.22
% 107 M for experiment e, and 2.22 X 10~® M for experiment f. Protein concentrations in the 1-ml assays varied from 0.30 to 1.16 mg, but were
generally in the range of 0.4 to 0.8 mg for different mutants. Indicated binding site concentrations represent the average of five determinations for
total binding minus the average of five determinations for nonspecific binding. Standard errors for multiple determinations were all less than 10%
of the mean.

Wild Type

19 determinations of 3H-N-methylscopolamine binding site concentrations
Mean = 9.64 fmoles/mg protein Standard deviation = 2.35 fmoles/mg protein

Variation within the same synchronous population

Population fmoles/mg protein Population fmoles/mg protein
#1a 8.8, 9.1 #42 8.2, 7.2
22 10.6, 12.9 #5 8.8, 11.9
#3 15.0, 11.0 #6 6.3, 9.3

Concentration of 3H-N-methylscopolamine
Binding Sites (fmoles/mg protein) in

Levamisole Resistant Mutants Different Experiments (a, b, ¢, d, e, f)
Strain Gene Allele a c d e f
N2 wild 8.8 11.0 10.6 9.0 8.0

type 9.1 6.2 12.9
CB1072 unc-29 el072 6.0 13.2
CB384 unc—63 e384 6.9 11.0
2713 lev-7 x13 8.6
ZZ15 lev-8 x15 7.0 11.9
Z216 lev-9 x16 9.4 14.9
Zz217 lev-10 x17 9.1
2712 lev-11 x12 8.0 13.4
CB66 unc-22 eb6 11.2 13.8
Z7Z19 unc-74 x19 2.9 14.0
CB306 unc-50 e306 7.2
7721 lev-1 x21 7.1
CB211 lev—-1 e2ll 10.6
CB904 unc-38 e904 13.0
CB540 unc—-68 e540 14.8

Aldicarb Resistant Mutants

Strain Phenotype b c d e f

N2 wild 15.0 11.0 10.6 9.0 8.0
type 6.2 12.9

NW7 pseudowild type 9.9

NW29 paralyzed 8.1

Nw57 paralyzed 7.6

NW86 paralyzed 7.9

CB450 paralyzed 14.7 14.9

NW17 pseudowild type 12.0

Nw27 paralyzed 11.0

NW96 pseudowild type 8.3 10.0

NW50 paralyzed 20n.3

NW119 paralyzed 10.1

NW100 pseudowild type 16.4

a determinations made in the same experiment under equivalent conditions.
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radioligand binding observed here is to muscarinic recep-
tors. First, binding of the labeled muscarinic antagonists
is saturable and shows very high affinity. The dissocia-
tion constant obtained from equilibrium experiments for
scopolamine (3.7 X 107'° M) is indistinguishable from that
obtained in vertebrate neural cell lines (Burgermeister et
al., 1978). The dissociation constant of ["H]QNB, deter-
mined somewhat less accurately because of higher non-
specific binding, was about 2.5 to 4 X 107 m. This is
equal to or only slightly higher than constants obtained
for other systems (Burgermeister et al., 1978; Siman and
Klein, 1979). Second, the equilibrium determination of
the dissociation constant was essentially equal to that
obtained from the ratio of the kinetic rate constants (5
% 107'° m). The forward and reverse rate constants for
[’H]N-methylscopolamine binding (3 X 10° liter/mol-sec
and 1.6 X 107%/sec, respectively) also were within the
range for other receptors (Burgermeister et al., 1978).
Third, the maximum number of binding sites was ap-
proximately 15 fmol/mg of protein in an asynchronous
adult-enriched population whether determined with sat-
urating levels of [°PH]N-methylscopolamine or [PH]QNB,
consistent with the labeling of the same sites by the two
ligands. This level of sites, normalized to total protein of
the organism, is about 60- to 70-fold less than the highest
density of sites found in regions of the mammalian brain
(Yamamura et al., 1974a). However, it is as large as the
number of sites found in neuroblastoma and neuron-like
hybrid clones (Klein et al., 1979; Shifrin and Klein, 1980)
that have been used profitably to study various aspects
of muscarinic receptor activity and control. It appears
likely, therefore, that some cells in the nematode have
high levels of muscarinic binding sites. Finally, binding
of radioligands was blocked at very low doses by highly
specific muscarinic antagonists. Muscarinic and mixed
cholinergic agonists blocked binding at higher doses, as
typically is the case for muscarinic receptor systems. The
approximate K; values for agonists were slightly higher
than those seen in vertebrates. It is known, however, that
a large number of factors can specifically influence mus-
carinic receptor affinity for agonists without changing
the properties of antagonist binding (H. R. Chin and W.
L. Klein, submitted for publication; Klein, 1980a). The
sites also appear to differ pharmacologically from verte-
brate muscarinic receptors by having somewhat higher
sensitivity to nicotinic agents than seen, for example, in
mammalian synaptosomes (Burgen et al., 1974). Isolation
and analysis of binding moieties from vertebrates and
nematodes labeled with the covalent antagonist [°H]pro-
pylbenzylcholine mustard may provide more information
about differences in future work.

The physiological function of muscarinic binding sites
In nematodes is not established. In preliminary work,
Lewis et al. (1980b) have found that the antagonist QNB
potentiates the rate of muscle contraction of cut worms
induced by nicotine and carbachol, suggesting an inhibi-
tory function for muscarinic activity. Very high doses of
atropine completely blocked all induced muscle contrac-
tion, likely by secondary effects of the drug. More direct
evidence concerning muscarinic action would require the
ability to perform electrophysiological experiments on
the nematode nervous system. While this is currently not
feasible with C. elegans because of its small size, the
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ability to stimulate and record from neurons in the
closely related parasitic nematode A. lumbricoides has
recently been demonstrated (R. E. Davis and A. O. W.
Stretton, personal communication). Many of the ques-
tions about the physiology of muscarinic receptors in
nematodes should, therefore, be answerable with As-
caris.

Developmentally, the concentration of [PH]QNB and
[’H]N-methylscopolamine binding sites was 3- to 4-fold
higher in young L1 larvae (40 to 60 fmol/mg of protein)
than in adults (10 to 15 fmol/mg of protein), despite the
fact that adults are approximately 100-fold larger in
volume. Similar results have been obtained for acetyl-
cholinesterase activity in the nematode, whereby activity
increases approximately 25-fold per animal with devel-
opment from L1 larvae to adults (Culotti et al.,, 1981).
This is consistent with the probable synaptic function of
this enzyme, which by histochemical criteria appears to
be limited to regions of the animal that are rich in
nervous tissue (with the exception of the pharyngeoin-
testinal valve cells which stain in wild-type and ace-1
mutants, but fail to stain in ace-2 mutants).

Since one of our long term goals is to identify receptor
mutants of C. elegans, we considered it necessary to
study the possible regulatory effects of internal factors
such as chronic cholinergic stimulation on [PH]QNB
binding levels. Chronic stimulation in vertebrates results
in lowered muscarinic receptor levels (Klein et al., 1979;
reviewed Klein, 1980b) with a concomitant change in the
physical state of the receptor (H. R. Chin and W. L.
Klein, submitted for publication). In order to determine
whether nematodes possess a similar regulatory mecha-
nism for receptor levels, we initially tried two ways of
chronically increasing synaptic acetylcholine levels in
vivo: cne was to measure the number of [’H]QNB binding
sites in acetylcholinesterase-deficient mutants, and the
other was to measure [*PH]JQNB binding sites in animals
treated with the exogenously applied acetylcholinester-
ase inhibitor Aldicarb. In neither case was receptor con-
centration lower than in controls; if anything, the Aldi-
carb-treated animals had a higher level of binding sites
than untreated controls. Possible changes in the physical
state of receptors remain to be tested.

Direct stimulation by a known concentration of agonist
in vivo would allow a more rigorous approach to the
question of regulation. The closest we could come to this
ideal situation was to add the putative cholinergic agonist
levamisole to living nematodes. Levamisole induces a
hypercontraction of the body musculature of C. elegans
without killing the animals, an effect that is consistent
with its purported role as a cholinergic agonist (Lewis et
al., 1980b). Nevertheless, treatment of nematodes with
levamisole for 32 hr led to no decrease in the number of
[*'H]N-methylscopolamine binding sites. Further studies
will be needed to establish firmly the extent to which
receptor regulatory mechanisms may exist in C. elegans.
The failure to find regulatory effects as a result of pro-
longed agonist stimulation may indicate that nematodes
have not evolved such regulatory mechanisms. It is pos-
sible that the small size of the nematode nervous system
dictates that it be hard-wired and nonplastic. On the
other hand, regulatory mechanisms may exist, but we
have yet to find the proper method for increasing syn-
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aptic agonist levels, particularly muscarinic ones. Nev-
ertheless, the results at present indicate that the number
of P'HIQNB or [*H]N-methylscopolamine binding sites
are not easily altered by internal or external influences,
indicating that it should be possible to identify receptor
structural gene mutants by virtue of their lack of binding
sites.

Our initial screening of mutants has not uncovered any
receptor-deficient phenotypes. There could be several
reasons for our failure to find receptor mutants. First of
all, such mutants, if they exist, could have deficiencies
too subtle to be picked up by a single determination in
our assay. There is clearly enough variability in the assay
from one population of worms to the next and from day
to day (Table I) that multiple determinations and statis-
tical analysis would be required to ascertain whether a
given mutant was partially deficient in muscarinic bind-
ing sites. However, a more likely reason for our failure to
detect any [°’H]N-methylscopolamine binding site-defi-
cient mutants is that we have not yet assayed the right
class of mutants (it is also possible that an acetylcholine
receptor-deficient mutant would be inviable and, there-
fore, could be isolated only as a conditional mutant).
Finally, the most promising mutants have been screened
only for ['H}QNB or [*’H]N-methylscopolamine binding
levels relative to the wild type. Preliminary experiments
have shown low levels of specific '**I-a-bungarotoxin
binding sites in wild-type nematode extracts. These sites
are distinct from the ["H]QNB and [*H]N-methylscopo-
lamine binding types as determined by their specificity
for various cholinergic agonists and antagonists. The
possibility that one or more of the mutants is deficient in
T.a-bungarotoxin binding sites is currently being
checked.
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