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Biophysical properties of ligand-gated receptors can be profoundly modified by auxil-
iary subunits or by the lipid microenvironment of the membrane. Hence, it is some-
times challenging to relate the properties of receptors reconstituted in heterologous
expression systems to those of their native counterparts. Here we show that the proper-
ties of Caenorhabditis elegans levamisole-sensitive acetylcholine receptors (L-AChRs),
the ionotropic acetylcholine receptors targeted by the cholinergic anthelmintic levami-
sole at neuromuscular junctions, can be profoundly modified by their clustering
machinery. We uncovered that L-AChRs exhibit a strong outward rectification in vivo,
which was not previously described in heterologous systems. This unusual feature for
an ionotropic AChR is abolished by disrupting the interaction of the receptors with
the extracellular complex required for their synaptic clustering. When recorded at
—60 mV, levamisole-induced currents are similar in the wild type and in L-AChR-
clustering—defective mutants, while they are halved in these mutants at more depolar-
ized physiological membrane potentials. Consequently, levamisole causes a strong
muscle depolarization in the wild type, which leads to complete inactivation of the
voltage-gated calcium channels and to an irreversible flaccid paralysis. In mutants defec-
tive for L-AChR clustering, the levamisole-induced depolarization is weaker, allowing
voltage-gated calcium channels to remain partially active, which eventually leads to
adaptation and survival of the worms. This explains why historical screens for C. elegans
mutants resistant to levamisole identified the components of the L-AChR clustering
machinery, in addition to proteins required for receptor biosynthesis or efficacy. This
work further emphasizes the importance of pursuing ligand-gated channel characterization
in their native environment.
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The electrical properties of ligand-gated receptors are specified by the structure of the pore-
forming subunits but they are also greatly influenced by non-pore-forming auxiliary subu-
nits. Stargazin was the first protein associated with glutamatergic AMPA receptors that
fulfills criteria for an auxiliary subunit (i.e., directly and stably interacting with the pore-
forming subunits, modifying receptor properties, being required for receptor function
in vivo, and not contributing to the pore of the channel) (1, 2). Since then, numerous other
auxiliary proteins have been identified for ligand-gated receptors (3-9), including acetylcho-
line receptors (10, 11). The diversity of auxiliary subunits accounts for the broad variety of
electrical properties recorded in vivo for ligand-gated receptors, which is poorly recapitulated
in heterologous systems expressing only a minimal set of subunits. These discrepancies high-
light the need to study ion channel properties in their native environment, but also empha-
size the challenge of defining the relevant molecular composition of receptors in vivo.
Cutting-edge proteomic techniques are extremely efficient to detect receptor-
associated proteins (12, 13), yet unbiased genetic strategies can identify key compo-
nents regulating the activity of receptors in vivo independently of the strength of the
interaction. A good example is the analysis of levamisole-sensitive acetylcholine recep-
tors (L-AChRs) in the nematode Caenorbabditis elegans. Levamisole is a widely used
anthelminthic that activates heteromeric ligand-gated nicotinic AChRs, present at
worm neuromuscular junctions (NMJs) (14-19). L-AChRs are composed of three
alpha subunits, UNC-63, UNC-38, LEV-8, and two nonalpha subunits, UNC-29 and
LEV-1 (20-23). At high concentrations, it causes an irreversible paralysis and kills the
worms. Unbiased genetic screens identified a large set of mutants that can survive high
levamisole concentration, leading to the identification of new proteins required for
L-AChR function (see for review (24)). These proteins are involved in biosynthesis,
trafficking (22, 25-28) or gating of the receptors, such as MOLO-1, an auxiliary subu-
nit tightly associated with L-AChRs that enhances channel gating and is required for
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normal receptor function (10). In addition to identifying
mutants that have fewer or less functional L-AChRs, screens for
levamisole resistance have also led to the identification of
mutants impaired for receptor clustering (29-31).

In C. elegans, clustering of L-AChRs at NM]Js requires an
unusual extracellular scaffold composed of at least three proteins
expressed by the postsynaptic muscle cells (Fig. 14): LEV-10,
LEV-9, and OIG-4 (29-31). These three proteins form a com-
plex with L-AChR, and the disruption of any of these proteins
causes a disruption of the clusters and the diffusion of nonclustered
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L-AChRs along the muscle membrane. L-AChRs-containing clus-
ters are localized at cholinergic NMJs by the extracellular matrix
protein MADD-4/Ce-Punctin, an anterograde synaptic organizer
secreted by motor neurons that controls the composition of the syn-
aptomatrix and the differentiation of postsynaptic domain (32, 33).

The levamisole resistance of lev-9, lev-10, and oig-4 null
mutants, hereafter referred to as clustering-defective mutants,
raises a paradox: electrophysiological experiments have shown
that levamisole-induced currents are similar in wild type and in
mutants (29-31), so these results predict that both strains
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Fig. 1. Levamisole induces different behavioral responses in wild type and /ev-10 but elicits same current on muscle cells. (A) Schematic of L-AChR cluster-
ing machinery. MADD-4/Ce-Punctin is secreted by motor neurons and localizes the heteromeric AChRs composed of UNC-38, UNC-63, LEV-1, LEV-8, and
UNC-29. LEV-10, OIG-4, and LEV-9 are part of the clustering machinery. MOLO-1 is an L-AChR auxiliary subunit. (B) Percentage of paralyzed animals at 4 h
and after overnight exposure to levamisole 1 mM. Mean values + SD were plotted (wild type, n = 6; unc-29, n = 8; lev-10, n = 8; lev-9, n = 6; and madd-4,
n =3, where n is the number of independent experiments; to total number of animals tested per genotype: 60 to 160). (C) Representative traces and mean
amplitude of currents evoked by 0.1 mM pressure-ejected levamisole on muscle cells hold at —60 mV. In this figure and all the figures, bar represents
median, square represents mean, boxes represent quartiles, and whiskers represent SD. Student t test P = 0.36 (wild type, n = 19; lev-10, n = 13). (D) Mor-
phologic data for wild type, lev-10, and unc-29 before and during exposure to 1 mM levamisole (n = 8 for the 3 genotypes except at 120 min for wild type
and unc-29, n = 7). The ratio was compared using 1-way ANOVA at 0, 3, and 120 min for wild type (P < 0.0001), lev-70 (P < 0.0001), and unc-29 (P = 0.07) fol-
lowed by Holm-Sidak posttests: ns, nonsignificant, *P < 0.05. (E) Representative pictures of wild type and /ev-710 mutants expressing GCaMP3 in body muscles
before (0) or after 3 and 120 min-exposure to 1 mM levamisole (16-color lookup table). Scale bar is 0.1 mm. (F) Calcium imaging data for wild type, lev-10,
and unc-29 mutants during levamisole exposure. Young adults expressing GCaMP3 in body muscle were imaged on regular NGM (Nematode Growth
Medium) plates at t = 0 min and were then put on 1 mM levamisole plates. Different cohorts of animals have been imaged at 0, 1, 3, 10, 15, 30, 60, 120, and
240 min of levamisole exposure, n > 15 for each genotype at each time point except at 10 min for lev-710 and unc-29, n = 9 and n = 10, respectively (see also
Sl Appendix, Table S1). The calcium index was calculated as indicated in Material and Methods. Mean currents + SD were plotted.

20of9 https://doi.org/10.1073/pnas.2113545119 pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113545119/-/DCSupplemental

should be equally sensitive to levamisole, which is not the case
(16). Here, we reinvestigated this 40-y-old paradox and we
show that the extracellular clustering complex associated with
L-AChRs confers strong outward rectification to these recep-
tors, thus potentiating the effect of levamisole at more depolar-
ized potentials. This, in turn, modifies the response of muscle
cells and, eventually, the capability of the worms to survive
high concentrations of the anthelmintic drug levamisole.

Results

Levamisole Causes Different Behavioral Responses in Wild
Type and L-AChR-Clustering-Defective Mutants Despite the
Induction of Similar Currents in Muscle Cells. The functional-
ity of L-AChRs can be assessed in vivo by analyzing the behav-
joral response of animals exposed to high concentration of
levamisole. As previously described (16), we observed that wild
type and L-AChR-clustering—defective mutants, such as /lev-9
and /ev-10 null mutants, initially contracted and were paralyzed
when placed on 1 mM levamisole plates. However, whereas
wild-type animals remained paralyzed, lev-9 and Jev-10 mutants
recovered locomotion after ~8 h, a phenomenon called adapta-
tion to levamisole (Fig. 1B and SI Appendix, Fig. S14). Despite
their different behaviors, pressure-ejected levamisole elicited
similar currents in muscle cells clamped at —60 mV in wild
type and /lev-10 mutants (Fig. 1C see also (29)). By contrast,
animals that did not express L-AChRs in muscle, such as null
mutants for the L-AChR subunit UNC-29 (20), never became
paralyzed in the presence of 1 mM levamisole (Fig. 1B and S/
Appendix, Fig. S14).

Mutating /lev-9 or lev-10 has two different consequences on
L-AChRs. First, it disrupts the clustering machinery and frees
receptors from interactions with components of this extracellu-
lar complex. Second, receptors relocalize outside of synaptic
zones. To test if the adaptation of levamisole is dependent on
L-AChR clustering or on synaptic localization, we analyzed
madd-4 null mutant where L-AChRs still associate with the
clustering machinery but are no longer retained at synapses
(32). madd-4 mutants behaved like wild-type worms (Fig. 1B),
suggesting that the lack of association with the clustering
machinery and not the synaptic localization is required for
levamisole adaptation.

L-AChR-Clustering-Defective Mutants Maintain Muscle Contraction
upon Prolonged Exposure to Levamisole. Observations of wild
type and mutants during levamisole exposure suggested that a
difference in the response to levamisole might occur earlier
than the recovery of locomotion. As described in detail by
Lewis and collaborators (16), wild-type animals rapidly contract
on 1 mM levamisole plates, leading to a spastic paralysis. This
phase is followed by a complete relaxation of the body-wall
muscle cells and a flaccid paralysis. At that stage, animals can
still recover locomotion in a few hours if removed from levami-
sole (SI Appendix, Fig. S1B). In contrast, L-AChR-clustering—
defective mutants remain contracted, as shown by measurement
of the length/width ratio over time (Fig. 1D). As a control,
we observed no variation of this ratio with levamisole-resistant
unc-29 mutants that lack L-AChRs (Fig. 1D).

We hypothesized that the variations of muscle contraction
mirrored the evolution of calcium concentrations. We therefore
directly monitored intracellular calcium levels during levamisole
exposure using GCaMP3 expressed in muscle (Fig. 1E). To
analyze the evolution of calcium in the entire muscle popula-
tion of each genotype, we imaged worms at low magnification
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and calculated a calcium index. It corresponds to the variation
of pixel number above a threshold defining the upper quartile
of pixel intensities measured in the absence of levamisole. As
expected in strains expressing no L-AChR, such as unc-29 or
unc-63 mutants, the calcium index did not vary during levami-
sole exposure (Fig. 1F and SI Appendix, Table S1). In sensitive
strains, such as wild type and madd-4, and adapting strains,
such as lev-9, lev-10, and molo-1, the calcium index increased
as soon as the worms were exposed to levamisole and reached a
maximal value after ~10 min. Then it started to decrease in
sensitive strains and reached negative values after 1 h, in agree-
ment with the observed flaccid paralysis. By contrast, the cal-
cium index remained relatively stable for up to 4 h in the
adapting strains (Fig. 1 Fand S/ Appendix, Table S1).

Taken together, behavioral and calcium imaging data reveal
that the muscle response to levamisole differs between wild
type and the clustering-defective strains within the first hour of
exposure to levamisole: muscle cells from mutants maintain
contraction and high levels of calcium over time while the
wild-type muscles relax after 30 min of exposure.

L-AChRs Are Still Active in Wild Type after Prolonged Exposure
to Levamisole. We wondered why calcium decreased after
30 min of levamisole exposure in wild type muscle but not in
adapting mutants. We first hypothesized that L-AChRs might
desensitize or be inhibited in the wild type but not in the
clustering-defective mutants. To test this hypothesis, we
recorded muscle membrane potentials in wild-type and lev-10
animals before or after a 1-h exposure to 1 mM levamisole. In
the absence of levamisole, the membrane potentials of wild
type and lev-10 were similar (=20 = 3 mV and —23 + 4 mV
respectively; mean + SD). After levamisole exposure, the mem-
brane potentials were depolarized in both cases (Fig. 24). This
depolarization was not due to an unspecific leakage current
because the L-AChR blocker d-tubocurarine (dTBC) was able
to repolarize the cells (Fig. 2B). We concluded from these
results that the decrease of calcium observed in wild-type
muscles after 1 h of levamisole treatment was not caused
by selective inhibition of clustered L-AChRs versus declus-
tered receptors.

Disrupting the L-AChR Clustering Machinery Modifies the
Electrophysiological Response to Levamisole in a Voltage-
Dependent Manner. An unexpected observation came out from
the previous experiment: levamisole-induced depolarization was
in fact stronger in wild type than in Jev-10 (=5 + 4 mV and
—13 + 4 mV, respectively, mean + SD). This result was
surprising since levamisole-induced currents were of similar
amplitude between wild type and /lev-10 (Fig. 1C and (29)).
However, in each case, levamisole-induced currents were
recorded at —60 mV. This is far from the resting membrane
potential of striated muscle in C. elegans, which is established
around —20 mV as shown in Fig. 24 and in previous studies
(34-36). We therefore wondered whether levamisole-induced
currents could differ between wild type and /Jev-10 at more
physiological potentials. To test this hypothesis, we first applied
0.01 mM levamisole on the open-cut preparation using a perfu-
sion system to mimic a sustained stimulation. We isolated
L-AChR-dependent currents by recording levamisole responses
in the presence or absence of the blocker dTBC at different
potentials. While dTBC-sensitive currents were linear in /lev-10,
they exhibit a strong outward rectification in the wild type. Cur-
rents were not different at —60 mV between both genotypes, but
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L-AChR are still activated in wild type and /ev-10 after 1 h of 1 mM levamisole exposure. (A) Membrane resting potentials of muscle cells in wild type

(n = 14), lev-10 (n = 14), wild type exposed to 1 mM levamisole during 1 h (n = 12), and /ev-70 exposed to 1 mM levamisole during 1 h (n = 14). For animals
placed on levamisole plates, levamisole was also added in the external solution at the concentration of 0.01 mM; ANOVA, P < 0.0001; Holm-Sidak posttests,
P < 0.001 for all except for wild type/lev-10 without levamisole. (B) Effect of dTBC on membrane resting potentials of muscle cells in wild type (n = 9) and /ev-
10 (n = 9) exposed to 1 mM levamisole. Animals were placed on 1 mM levamisole plates for 1 h; levamisole was also added in the external medium at the
concentration of 0.01 mM. dTBC at 0.1 mM was perfused while membrane potential was recorded. dTBC induced a significant repolarization of muscle cells
in wild type and lev-10 (paired sample test, P = 0.0001 and P = 0.0004, respectively).

they were 60% smaller in /er-10 than in wild type at —20 mV
(Fig. 3A4). The larger current in the wild type could thus
explain the more intense depolarization observed in these ani-
mals compared to lev-10.

Second, we explored whether similar differences could be
observed with shorter levamisole applications. We went back to
pressure-cjection protocol and recorded currents at —60 mV and
—20 mV. In the wild type, the currents recorded at —20 mV rep-
resented 93% of that at —60 mV, while in /ev-/0 mutants it was
48%. In the two other known mutants that disrupt the L-AChR-
clustering complex, /ev-9 and 0ig-4, we also observed a lack of rec-
tification (10 mv/leo mv equal 46% and 43%, respectively). By
contrast, in madd-4 mutants, where L-AChRs remain associated
with the clustering complex despite extrasynaptic localization, a
strong outward rectification remained (I, mv/leo mv equals
104%). We also analyzed molo-1 mutants that adapt to levami-
sole, because they express L-AChRs with reduced open probability
due to the lack of an auxiliary subunit (10). L-AChRs are still
clustered at the synapse and associate with the clustering complex.
A strong outward rectification was observed as in the wild type
(1_20 mV/I—GO mV equals 99%)

At C. elegans NMJs, muscle cells send dendritic-like projec-
tions, called muscle arms, toward the motor neuron axons
where excitatory and inhibitory synapses are established. Thus,
clustered L-AChRs are at the extremity of the muscle arms
while the patch pipette is sealed on the muscle belly. In the
clustering-defective mutants, L-AChRs are spread on the mus-
cle membrane, likely including the belly (37). So, we wondered
if this peculiar geometry could contribute to the nonlinear
component of the current—voltage relationship. To test this
hypothesis, we recorded the currents from the other receptors
present at the tip of muscle arms, the type A GABA receptors
encoded by wunc-49 and the homomeric alpha7-like AChR,
encoded by acr-16 and called N-AChR for nicotine-sensitive
receptors (18). In both cases, we did not observe any rectifica-
tion of the currents (S Appendix, Fig. S2), suggesting that
L-AChR rectification is not linked to muscle cell geometry.

L-AChRs Exhibit an Outward Rectification Depending on the
Association with Their Clustering Machinery. The mechanism
of L-AChR activation by levamisole is not known at the structural
level, and levamisole also behaves as an open channel blocker at
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high concentrations (above 30 pM) (38). We therefore tested
whether the rectification of the currents was specific to levamisole
or was a general feature of the receptors. We pressure-cjected ace-
tylcholine onto muscles of wild type and /v-710 mutants and
recorded the resulting current at —60 mV and —20 mV. Again,
we observed a strong rectification of the current in the wild type
but not in /ev-10 mutants (Fig. 3C). Contrary to levamisole, ace-
tylcholine is easy to wash from the extracellular medium and we
could build the current—potential relationship of the acetylcholine-
evoked current from —60 to —10 mV (Fig. 3D). The outward
rectification was readily visible. We could not establish the
current—potential relationship above 0 mV because of the activa-
tion of large voltage-dependent potassium currents. We tried to
inhibit them by adding tetracthylammonium in the extracellular
solution; unfortunately, it also blocked currents flowing through
L-AChRs.

To rule out that the rectification was due to a secondary-
activated current, we recorded the pressure-¢jected currents at
—60 and —10 mV in different solutions while removing or
decreasing external calcium, magnesium, sodium, or chloride con-
centrations (Fig. 3E). In all external media, the mean rectification
index of L-AChR current from wild type muscle was above 0.8
while a theoretical index of 0.33 is expected if the conductance is
constant, as in Jev-10 (rectification index of 0.34). Since L-AChR
can be expressed in Xenopus oocytes, we attempted to reconstitute
the L-AChR-clustering complex by coexpressing LEV-9, LEV-10,
and OIG-4. We observed no difference between acetylcholine-
induced currents from oocytes expressing only L-AChR subunits
and those expressing L-AChR together with L-AChR-clustering
proteins (SI Appendix, Fig. S3). However, these results are uncon-
clusive because we have no means to test if the clustering complex
assembles, especially because LEV-9 and OIG-4 are secreted and
might not reach sufficient concentration for stable scaffolding
interactions.

Finally, we tested if currents through L-AChR also rectified
in more physiological conditions by recording the currents
evoked by motor neuron stimulation in wild type, at —60 and
—20 mV. Again, a strong rectification was observed (Fig. 3F).

Altogether, these data demonstrate that L-AChRs exhibit an
outward rectification in their native physiological environment,
and that this rectification is lost upon disruption with its associ-
ated clustering complex.
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Fig. 3. Currents evoked by levamisole or acetylcholine exhibit an outward rectification, absent in /ev-70. (A) dTBC-sensitive currents of muscle cells in wild
type (n = 14) and lev-10 (n = 13) in response to the perfusion of 0.01 mM levamisole. Worms grown on regular plates were dissected and currents were
recorded in standard saline solutions, in the presence of 0.01 mM levamisole and in the presence of 0.01 mM levamisole and 0.1 mM dTBC. dTBC-sensitive
currents were obtained by subtracting the currents in the presence of levamisole and dTBC to those in the presence of levamisole. Mean currents + SEM
were plotted. For visualization clarity, SEM were only plotted every 10 points. Currents were not different at —60 mV (Mann-Whitney test, P = 0.17) but were
smaller in lev-10 muscle cells for the other potentials (Mann-Whitney tests, P = 0.17, 0.007, 0.0003, 0.0005, 0.0005, 0.0008, and 0.03 at —50, —40, —30, —20,
—10 and 0 mV, respectively). (B) Representative traces of currents evoked by 0.1 mM pressure-ejected levamisole on muscle cells held at =60 mV or —20 mV
in wild type and /ev-10, and fraction of current elicited by pressure-ejected levamisole at —20 mV compared to that at —60 mV in wild type (n = 21), lev-10
(n =12), lev-9 (n = 6), oig-4 (n = 8), molo-1 (n = 5), and madd-4 (n = 10); Kruskal Wallis, P < 0.0001; Dunn'’s posttests, P < 0.0001 for wild type/lev-10, wild type/
0ig-4, P < 0.001 for wild type/lev-9, P > 0.05 for wild type/molo-1, and wild type/madd-4. (C) Representative traces of currents evoked by 0.1 mM pressure-
ejected acetylcholine on muscle cells held at —60 mV or —20 mV in wild type and /ev-10 in the presence of 0.01 mM DHBE in the external medium and frac-
tion of current elicited by pressure-ejected acetylcholine at —20 mV compared to that at —60 mV in wild type (n = 10), lev-710 (n = 11); Student ¢ test, P <
0.0001. (D) Mean current-voltage relationship + SD established at the peak of the currents elicited by 0.1 mM pressure-ejected acetylcholine from wild-type
animals (n = 7) or lev-10 mutants (n = 6) in the presence of 0.01 mM DHBE in the external medium. For each cell, currents at the different potentials were
normalized to that at —60 mV. (E) Fraction of current elicited by 0.1 mM pressure-ejected acetylcholine at —20 mV compared to that at —60 mV in /ev-10
mutants (n = 9) and wild-type animals in the presence of different extracellular solutions: control (n = 15), low CI~ (n = 6), low Na* (n = 11), without Mg?*
(n = 8), or without Ca®* (n = 6) (see Materials and Methods for detailed compositions). DhpE 0.01 mM was present in all external media; Kruskal-Wallis, P <
0.0001, followed by Dunn’s posttests: P < 0.0001 for Jev-10/control and lev-10/0 Ca®*, P < 0.01 for lev-10/0 Mg?*" lev-10/low Na*, lev-10/low CI~. (F) Represen-
tative traces of currents evoked by 0.1 mM pressure-ejected acetylcholine or cholinergic motor neuron light-induced depolarization from muscle cells held
at —60 mV or —20 mV in wild type in the presence of 0.01 mM DHBE in the external medium and fraction of currents elicited by 0.1 mM pressure-ejected
acetylcholine (n = 7) or following cholinergic motor neuron light-induced depolarization (n = 12) at —20 mV compared to that at —60 mV in wild-type worms
in the presence of 0.01 mM DHBE in the external medium. Student t test, P = 0.07.
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Fig. 4. VGCC are present on the membrane of muscle cells in wild type but are inactivated. (A) Calcium imaging data for wild type during levamisole expo-
sure without or with nemadipine pretreatment. Animals were put on NGM plates with 0.1% DMSO or with 0.01 mM nemadipine for 2 h. They were then
transferred on plates containing either T mM levamisole or 1 mM levamisole and 0.01 mM nemadipine. Different cohorts have been imaged at the different
times(n=29,8,8,9, 8 and 10 at 0, 1, 3, 10, 15, 30, and 60 min, respectively, for animals without nemadipine; n =9, 8, 8, 10, 9, and 9 at 0, 1, 3, 10, 15, 30,
and 60 min, respectively, for animals treated with nemadipine). The calcium index was calculated as indicated in Material and Methods. Animals treated with
nemadipine exhibited a calcium index significantly lower than that of wild type except at 60 min (Mann-Whitney test, P = 0.0008, 0.0004, 0.0009, 0.0009,
0.0003, 0.0006, and 0.06 at 0, 1, 3, 10, 15, 30, and 60 min, respectively). Mean values + SD were plotted. (B) Calcium imaging data for lev-710 during nemadi-
pine exposure after levamisole treatment. Animals were put on 1 mM levamisole plates during 1 h and then transferred either on 1 mM levamisole plates
and 0.1% DMSO or on plates containing 1 mM levamisole and 0.01 mM nemadipine. Calcium index was measured from different cohorts after 60 min of
levamisole (n = 18), then after posttreatment with DMSO (n = 16 and n = 14 at ty50 and ty40, respectively) or with DMSO and nemadipine (n = 20 and n = 18
at ty0 and tago, respectively). Animals posttreated with nemadipine exhibited a calcium index significantly lower than that of nontreated animals (Mann-
Whitney test, P < 0.0001 at t120 and tp40). Mean values + SD were plotted. (C) Representative traces of inward currents recorded from body muscles of wild
type exposed or not (untreated) to 1 mM levamisole during 1 h in response to depolarizing pulses from —60 mV to —20, 0, +20, and +40 mV. (D) Mean
current-voltage relationship + SD established at the peak of the currents from untreated animals (n = 13) or from animals that spent 2 to 3 h on 1 mM
levamisole plates (n = 12). For animals treated with levamisole, levamisole was kept in the external medium at the concentration of 0.01 mM. No difference
was observed between treated and untreated animals (Mann-Whitney test, P > 0.05 for all potentials). (E) Representative traces and mean amplitude of
inward currents recorded on muscle cells of wild-type and /ev-70 animals (n = 10 for each) exposed to 1 h of 1 mM levamisole. After obtaining whole-cell
configuration, resting membrane potential was measured and the cell was then voltage-clamped at this potential and depolarized to —20 mV. Mann-
Whitney test, P = 0.0004.

Voltage-Gated Calcium Channels (VGCC) Are Inactivated after
Prolonged Exposure to Levamisole in the Wild Type but not in
the L-AChR-Clustering-Defective Mutants. The smaller ampli-
tude of the levamisole-induced current observed in /Jev-10
mutants at physiological membrane potentials could impact sig-
naling downstream of the receptors. Since calcium concentra-
tion decreases in wild type but not in mutants, we hypothesized
that L-type VGCC might directly be involved because they are
responsible for calcium transients in C. elegans striated muscle
cells (35, 36). First, we checked whether these channels partici-
pate in the intracellular calcium concentration changes during
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levamisole exposure. We treated wild-type animals with nema-
dipine, a selective blocker of L-type VGCC (39), before expo-
sure to levamisole. As expected, nemadipine led to a decrease of
calcium index (Fig. 4A4). Subsequent application of levamisole
had only a transient impact on the calcium index, which then
decreased to reach a minimal value after 30 min of exposure to
levamisole. In a second experiment, we exposed /lev-10 animals
to levamisole for 1 h, and then added nemadipine. Nemadipine
induced a decrease of the calcium index in /ev-10 mutants rem-
iniscent to the one observed in wild type (Figs. 1F and 4B).
These two experiments suggest that L-type VGCC activation is
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necessary for initial increase of calcium in wild type and main-
tenance at high level in /ev-10 mutants.

We then tested if L-type VGCC were still present and func-
tional onto the muscle plasma membrane of wild type after 1 h
of levamisole exposure. Depolarizing pulses from a holding
potential of —60 mV led to the activation of voltage-dependent
calcium currents of similar amplitude with or without levami-
sole treatment (Fig. 4 Cand D). Since the activation properties
did not seem to be affected by levamisole treatment, we then
tested if inactivation properties were impacted. In C. elegans,
L-type VGCC exhibit a fast calcium-dependent inactivation
and a slow voltage-dependent inactivation (36). Given the slow
kinetics of inactivation and an important run-down of the
VGCC current (36), we could not perform classical double-
pulse protocols to determine the steady-state inactivation curve.
Instead, we dissected worms that spent over 1 h on levamisole
and measured the membrane potential of the muscle cell as
soon as the whole-cell configuration was achieved. We voltage-
clamped the cell at this potential and tested the fraction
of remaining L-type currents when depolarizing the cell at
+20 mV (Fig. 4F). This protocol allowed us to monitor the
current still available after levamisole exposure. The membrane
potentials were significantly more depolarized in wild type than
in the clustering-defective mutant /lev-10 (—8 + 5 mV and
—14 + 6 mV respectively; mean + SD, ¢ test P = 0.02). We
detected almost no inward current in the wild type, whereas
voltage-dependent calcium currents were still present in lev-10
(Fig. 4F). These data indicate that L-type VGCC are probably
totally inactivated in the wild type but not in /ler-10 animals,
explaining why nonadapting strains enter into flaccid paralysis
with low levels of intracellular calcium while their muscle cells
are still depolarized by levamisole.

Discussion

The primary incentive of this work was a 40-y-old paradox that
emerged from genetic screens showing that C. elegans mutants
with declustered L-AChRs were less sensitive to the cholinergic
agonist levamisole, although they were supposed to have similar
amounts of L-AChRs at muscle cell surface. We show here that
the L-AChR clustering machinery modifies the properties of
levamisole-induced current. In a wild-type context the
levamisole-induced current exhibits strong outward rectifica-
tion; disrupting the interaction with the extracellular clustering
scaffold abolishes this peculiar property for a ligand-gated chan-
nel from the Cys-loop family, to which L-AChR belongs. Due
to rectification, amplitude of levamisole-induced are not signifi-
cantly different at —60 mV in wild type and in clustering-
defective mutants, as previously reported, yet currents are
halved in the mutants at membrane potentials close to the rest-
ing potential of C. elegans muscle cells. As a result, the depolari-
zation induced by levamisole is stronger in the wild type, which
leads to the complete inactivation of VGCC, while these
VGCC remain partially active in the clustering-defective
mutants. VGCC control the excitability of muscle cells and
mediate the raising phase of action potentials in C. elegans,
which does not express canonical voltage-gated sodium chan-
nels (34-36). The inactivation of these VGCC has not been
studied extensively, mostly because of the fast run-down of the
current observed during recordings (36). However, the very
slow inactivation that has been reported could be compatible
with the kinetics of the calcium concentration decrease and
the muscle relaxation observed in the wild type upon pro-
longed exposure to levamisole. Subsequent events leading to
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the recovery of locomotion in the clustering-defective mutants
after overnight levamisole exposure have not been further inves-
tigated. However, it is likely that the dramatic difference in the
calcium concentration kinetics between muscle cells of wild
type and L-AChR-clustering mutants would participate to
long-term modifications of muscle cell homeostasis.

In best characterized examples, outward rectification is
explained by intrinsic properties of the channel (e.g., voltage-
gated channels), or results from a blockade by extracellular
divalent ions (e.g., magnesium for NMDA glutamate recep-
tors). However, outward rectification is a very unusual feature
of ionotropic AChR. In vertebrates, currents through AChR
exhibit either no rectification, as the muscle AChR (40, 41), or
an inward rectification, as most neuronal AChRs (42-46).
A few studies have investigated the properties of L-AChR cur-
rents at different membrane potentials in C. elegans muscle
cells. In their pioneering work, Richmond and Jorgensen (18)
reported a linear current—voltage relationship from the three
recorded cells that were analyzed. We are not able to explain
the discrepancy between this report and our present data, since
we have observed a strong outward rectification for levamisole-
induced currents in wild-type worms, either using our standard
saline solution or solutions used in the initial publication (Fig.
3E, solution low chloride). L-AChR currents have also been
analyzed at the single-channel level; however, the open proba-
bility was not quantified at different potentials, thus precluding
the possibility to identify a possible voltage-dependent gating of
the channels (37, 47). Finally, C. elegans L-AChR currents were
analyzed after reconstitution of the channels in Xenopus oocyte
(22). However, as expected in the absence of proteins involved
in receptor clustering, the current—voltage relationship was
fully linear, in agreement with what we observed in vivo in
clustering-defective mutants.

Strikingly, the outward rectification that we observed for
L-AChR current in wild type C. elegans is highly reminiscent of
what was described a long time ago using two-microelectrode
voltage-clamp technique in the muscle of the parasitic nema-
tode Ascaris suum (48). The current-voltage relationship
obtained following application of levamisole or acetylcholine
exhibited a nonlinear component at potentials below -30 mV.
Harrow and Gration (48) proposed that this rectification could
be caused by agonist-induced open channel block. Levamisole
action on L-AChR has also been studied at the unitary level on
muscle cells from Ascaris and from the other parasitic nematode
Oesophagostomum dentatum (19, 38). In both studies, the uni-
tary conductance remained constant over a wide voltage range,
but high concentrations of levamisole (0.1 mM) led to a strong
decrease of the open probability, an effect that has been inter-
preted as voltage-sensitive channel block. However, the out-
ward rectification of L-AChR current does not appear to result
from open-channel block in our study. First, rectification of
L-AChR in C. elegans was also observed with lower doses of
levamisole, such as 10 pM (Fig. 3A4). At this dose, no open-
channel block was reported in single-channels recordings of
A. suum or O. dentatum L-AChR currents (19, 38). Second,
the rectification was present in our recordings even with acetyl-
choline application. In Ascaris, unitary recordings did not show
open-channel block with acetylcholine (49). Third, open-
channel block is characterized by a rebound current (a transient
current appearing after the removal of the agonist), which
we never observed with acetylcholine. Finally, a linear voltage—
current relationship was obtained for L-AChR currents from
C. elegans declustered mutants, which would mean that the
open-channel block of acetylcholine and levamisole would be
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only effective when L-AChRs are clustered. Such dependence
of rectification on the clustering machinery seems incompatible
with an open-channel block mechanism.

One hypothesis would be to consider that channel clustering
per se explains L-AChR rectification. To our knowledge, very
few studies have provided evidence for a link between ligand-
gated receptor clustering and electrical properties of a channel,
maybe due to a lack of appropriated experimental paradigms.
Legendre et al. (50) have described a correlation between the
density of glycine receptors and the desensitization kinetics of
the receptors when expressed in HEK cells, alone or with
gephyrin. In another study, Petrini et al. (51) have observed
that desensitization kinetics of GABA, receptors are modified
in cultured hippocampal neurons when microtubules, which
are required for clustering, are pharmacologically disrupted.
Alternatively, the effects of clustering on receptor electrical
properties could be a consequence of interactions between
receptors, or between receptors and lipids. Such a model was
proposed for the bacterial potassium channel KcsA: clustering/
declustering is accompanied by change in competing
lipid—protein and protein—protein interactions that would bring
changes in the electrical properties of the channel (52).

An alternative hypothesis to explain the rectification of clustered
L-AChR would rely on the presence of a component of the scaf-
folding complex that will confer the rectification property to
L-AChRs. In the case of the large conductance calcium-activated
voltage-dependent potassium channels, or BK channels, outward
rectification has been shown to depend on the extracellular loop
of the auxiliary subunit 2, or to a less extent f3 (53-55). Positive
residues of the loop might form three electropositive rings at the
vicinity of the extracellular entrance that would locally decrease
potassium concentration through an electrostatic mechanism. At
positive potentials, this phenomenon would be masked by the
electric field in favor of potassium efflux. Rectification conferred
by the extracellular regions of non-pore-forming proteins might
be especially relevant in the case of C. elegans L-AChRs. One of
the components of the scaffolding machinery might directly inter-
act with the receptor and modify the gating or the permeability of
the channel. LEV-10 could be a good candidate because a recent
study has shown that the extracellular part of the auxiliary subunit
NETO-2, which contains CUB domains as LEV-10, can modu-
late the inward rectification of the glutamate kainate receptor
(56). Deciphering the molecular mechanism of L-AChR outward
rectification would require the heterologous reconstitution of the
receptor in complex with its clustering scaffold, which we failed to
achieve, likely because some components are secreted in culture
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media and therefore cannot reach sufficient concentrations neces-
sary for complex assembly. We hope that the stunning advances
of cryogenic electron microscopy techniques will provide a means
to solve the structure of receptors associated with their clustering
proteins, either after purification of native receptors or using in
situ in vitrified synapses.

In conclusion, our work shows that L-AChR scaffolding
complex has a strong effect on the electrical properties of the
channel. The outward rectification observed in vivo likely
impacts the excitation—inhibition balance of muscle cells and
also modifies the organismal response to anti-helminthics. Alto-
gether, our work emphasizes the need to pursue the characteri-
zation of ligand-gated channels in their native environment.

Materials and Methods

A list of C. elegans strains used in this study is given in S/ Appendix. All the
mutants used were null mutants. Levamisole assays have been performed as
previously described (30). In vivo electrophysiology and oocyte experiments
were adapted from (22, 36). For calcium data, whole animal expressing
GCaMP3.35 have been imaged at low magpnification on a Nikon AZ100 multi-
zoom microscope equipped with a digital CMOS camera. We calculated a cal-
cium index corresponding to the variation of pixel number above a threshold
defining the upper quartile of pixel intensities measured in the absence of
levamisole. Further details about experimental procedures are provided in S/
Appendix.

Data Availability. All study data are included in the article and/or supporting
information.
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