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Abstract
Na+/K+ ATPase is a plasma membrane-localized sodium pump that maintains the ion gradients
between the extracellular and intracellular environments, which in turn controls the cellular resting
membrane potential. Recent evidence suggests that the pump is also localized at synapses and
regulates synaptic efficacy. However, its precise function at the synapse is unknown. Here we show
that two mutations in the α subunit of the eat-6 Na+/K+ ATPase in Caenorhabditis elegans
dramatically increase the sensitivity to acetylcholine (Ach) agonists and alter the localization of
nicotinic Ach receptors at the neuromuscular junction (NMJ). These defects can be rescued by
mutated EAT-6 proteins which lack its pump activity, suggesting the presence of a novel function
for Ach signaling. The Na+/K+ ATPase accumulates at postsynaptic sites and appears to surround
Ach receptors to maintain rigid clusters at the NMJ. Our findings suggest a critical pump activity-
independent, allele –specific role for Na+/K+ ATPase on postsynaptic organization and synaptic
efficacy.

Introduction
Clustering of neurotransmitter receptors at appropriate postsynaptic sites is a crucial step in
synaptic maturation. Rigid and concentrated localization of receptors enables the effective
synaptic transmission and controls neural network activity. Regulated synaptic activity also
defines cellular excitability, which affects the survival of neurons as well as maintenance of
brain functions. The clustering of nicotinic acetylcholine receptors (nAchRs) at neuromuscular
junctions (NMJs) in vertebrates requires the expression of agrin protein in motor neuron
terminals, which then activates the postsynaptic protein muscle-specific receptor kinase
(MuSK) followed by the accumulation of rapsyn at postsynaptic sites and nAchR concentration
(Sanes and Lichtman, 2001). However, it is not fully understood how each receptor is expressed
and clustered at specific synapses, which molecules define the regions of clustering, and which
mechanisms maintain the overall synaptic efficacy through the excitability of neuronal cells.

Na+/K+ ATPase, a plasmamembrane-localized sodium pump, acts in the maintenance of ion
gradients in all animal cells (Kaplan, 2002). Following membrane excitation, the pump restores
the ion gradients across the membrane by continually extruding three Na+ ions from the cell
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and importing two K+ ions into the cell. The sodium pump consists of two essential subunits,
α and β; however, the vertebrate Na+/K+ ATPase is predicted to have an additional γ subunit.
The catalytic α subunit has ten transmembrane domains and an ATP-binding domain, while
the β subunit is thought to be a regulatory subunit for pump maturation, membrane transport
and membrane insertion. In the vertebrate brain, several isoforms of the Na+/K+ ATPase are
ubiquitously expressed (Mobasheri et al., 2000), but only the α3 isoform is known to be strongly
localized at synapses, where it serves as a receptor for neuronal agrin (Hilgenberg et al.,
2006; Hoover et al., 2003). Considering the fact that the highest levels of agrin expression in
the developing brain coincide with periods of synapse formation (Cohen et al., 1997; Li et al.,
1997), these results raise the possibility that the Na+/K+ ATPase has a function for regulation
of synapse structure in addition to regulation of the resting-membrane potential.

To understand the roles of the Na+/K+ ATPase in synaptic function, we examined sensitivities
to several agonists for synaptic receptors and the localization patterns of those receptors in
postsynaptic muscle cells in Caenorhabditis elegans eat-6 mutants. eat-6 encodes an α subunit
of Na+/K+ ATPase in C. elegans, and mutations in eat-6 affect the membrane potential in
pharyngeal muscle cells (Davis et al., 1995). The C. elegans body-wall muscle cells contain
two nAchRs and one GABA receptor (Richmond and Jorgensen, 1999). These nAchRs are
discriminated from each other by their sensitivities to different Ach agonists: the levamisole-
sensitive receptor and nicotine-sensitive receptor. The levamisole receptor is thought to contain
UNC-38/UNC-63 α subunits and UNC-29/LEV-1 non-α subunits (Culetto et al., 2004; Fleming
et al., 1997; Jones and Sattelle, 2004; Richmond and Jorgensen, 1999), whereas the nicotine
receptor contains ACR-16 α subunit (Francis et al., 2005). Recently, the transmembrane CUB/
LDL protein LEV-10 was found to regulate the clustering of levamisole-sensitive receptors at
NMJs (Gally et al., 2004), and the receptor tyrosine kinase CAM-1 was required for the
localization of the nicotine-sensitive ACR-16 receptor at postsynaptic sites (Francis et al.,
2005). Thus, different transmembrane proteins seem to have function to cluster different
nAchRs at the C. elegans NMJs, which may have the function equivalent to that of MuSK in
the vertebrate NMJ. However, no homologs of vertebrate agrin have been found in C.
elegans based on primary sequence analyses, and no rapsyn-like protein has been identified in
C. elegans. We hypothesize that there should be another molecular mechanisms exist to build
a well-defined configuration of the synapse structure in C. elegans NMJ. Here we provide a
line of the evidence that mutations in eat-6 affect synaptic efficacy by altering the expression
and localization of nAchRs at the NMJ. Moreover, we show that these defects are allele-
specific, and seem to be independent of its pump activity.

RESULTS
Abnormal Ach synaptic transmission in Na+/K+ ATPase mutants

To elucidate the synaptic functions of the Na+/K+ ATPase, we first examined the sensitivity
of the C. elegans Na+/K+ ATPase mutant eat-6 to several drugs that target cholinergic synaptic
transmission (Fig. 1). In C. elegans, Ach signaling at the NMJ can be indirectly investigated
by examining sensitivity to the Ach esterase inhibitor aldicarb. Aldicarb treatment causes acute
paralysis in worms by inducing the accumulation of Ach at synaptic clefts. However, mutations
that confer reduced Ach signaling causes resistance to aldicarb (Miller et al., 1996;Sieburth et
al., 2005). Of the three eat-6 mutant alleles tested (ad467, ad601 and ad997, see Fig. 7 for
amino acid substitutions), the eat-6(ad601) mutant was paralyzed by aldicarb significantly
faster than wild-type animals (Fig. 1A). The eat-6(ad467) mutants also showed a
hypersensitive phenotype, but it was milder than that of the ad601 animals. In contrast, the
response of the eat-6(ad997) mutants was similar to that of the wild-type animals. The
increased sensitivity of the ad601 and ad467 mutants to aldicarb suggests an elevated Ach
signaling at the NMJ.
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To determine whether the increases in aldicarb sensitivity were due to altered transmitter
release from presynaptic motor neurons or to an increase in postsynaptic muscle sensitivity,
each of the mutants was treated with levamisole, a potent Ach agonist in C. elegans (Fleming
et al., 1997). Similar to the results seen with aldicarb, the ad601 mutants were significantly
hypersensitive to levamisole (Fig. 1B), suggesting that the postsynaptic response to the agonist
was increased. We found that the ad601 mutation also caused severe hypersensitivity to
nicotine, another agonist of Ach (Fig. 1C). However, the ad997 mutants did not differ from
the wild type in their response to levamisole (Fig. 1B), and they looked to be weakly resistant
to nicotine (Fig. 1C). The ad467 mutant animals showed an intermediate response to both
agonists. These pharmacological data indicate that the ad601 and ad467 mutations in the
EAT-6 Na+/K+ ATPase increase the postsynaptic cellular response to Ach agonists at the NMJ.
On the other hand, the ad997 mutation does not affect this response and may even lower it,
suggesting that these phenotypes are caused in an allele-specific manner.

The responses of the eat-6 mutants to Ach agonists are independent of Na+/K+ ATPase pump
activity

One obvious function of the Na+/K+ ATPase is the Na+ pump activity and it is the reasonable
hypothesis to explain our observations is that the Na+ pump activity is affected differently by
these mutations. To test this hypothesis, we introduced mutated Na+/K+ ATPase, which
contained an abolished activity of the sodium pump, and examined their rescue ability to each
defect in different eat-6 mutants. We expected that, if the pump activity is necessary to restore
the defects we observed in the eat-6 mutants, expression of pump-dead EAT-6 proteins should
not restore these defects or even worsen them.

The 354th Asp of EAT-6 protein, which corresponds to the 409th Asp in human α1 subunit of
Na+/K+ ATPase, was changed to Glu to substitute the phosphorylation site for the catalytic
cycle (hereafter this mutation is referred to as D409E; Liang et al., 2006; Ohtsubo et al.,
1990). Similarly, the 524th Arg, which corresponds to the 699th Arg in human α1, was changed
to Gln to disrupt ATP binding (R669Q; Jacobsen et al., 2002). Both residues are well conserved
from worm to human (see Fig. 7B), and eliminate its pump activity. Unexpectedly, these pump-
dead Na+/K+ ATPase restored the increased sensitivity to levamisole and nicotine in both the
ad601 and ad467 mutants (Fig. 2A, B, and data not shown). These results strongly indicate
that the EAT-6 Na+/K+ ATPase regulates cholinergic synaptic transmission through
independent from its pump activity.

We also investigated whether other defects observed in each eat-6 mutants have similar
phenotypic variation with agonist sensitivities and whether these defects can be rescued by
pump-dead EAT-6 or not. The eat-6 mutants show an impaired pharyngeal pumping, decreased
number of progeny and a defective pharyngeal muscle membrane potential ((Davis et al.,
1995) and Fig. 2C, D). It was previously shown that the strength of these phenotypes well
correlates with the electrogenic pump activity presumed from the recording of
electropharyngeogram (EPG) (Davis et al., 1995). Interestingly, the phenotypic strength of
these defects does not correspond to that of agonist sensitivities: the ad467 mutation causes
the severest defects and the mildest in the ad601 allele. Furthermore, pump-dead EAT-6
proteins did not rescue both the pumping defects and decreased number of progeny in the
ad467 and ad601 mutants at all (Fig. 2C, D). No significant recoveries in the pump-dead EAT-6
transgenic animals were observed compared with the control transgenic animals that bear only
injection-marker genes (compare ad467; EAT-6(D409E) or ad601; EAT-6(R669Q) vs. ad467;
Lin-15(+) or ad601; Lin-15(+) in Fig. 2C, D). This suggests that introduced mutations do not
recover all the defects observed in eat-6 mutants, and that these defects are presumably
dependent on the pump activity. All of these results using the pump-dead EAT-6 indicate that
the altered Ach signaling in eat-6 mutants is specifically independent on its electrogenic pump
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activity and that a novel function for Na+/K+ ATPase may be involved in Ach signaling at the
NMJ.

Mutations in the Na+/K+ ATPase alter the expression and localization patterns of nAch
receptors

To further clarify the effects of the ad467 and ad601 mutations on Ach signaling, we examined
whether nAchR expression was altered in the postsynaptic body-wall muscles. The nAchRs
are discriminated by their different sensitivities to Ach agonists: UNC-29 is the levamisole-
sensitive receptor and ACR-16 is the nicotine-sensitive receptor. We expressed UNC-29::GFP
and ACR-16::GFP fusion proteins under the control of the muscle-specific promoter myo-3
(Okkema et al., 1993), and their expression and localization patterns at the NMJ were examined.
At the C. elegans NMJ, each body-wall muscle cell innervates muscle arms toward the axon
of presynaptic motor neurons, which lie in the ventral or dorsal nerve cord. Ach receptors
accumulate at the tips of muscle arms to form mature synapses aligned with presynaptic sites
(Fig. 3A). Slight accumulation of the UNC-29 fusion protein was observed at the NMJ in the
wild-type animals (Fig. 3B), whereas strong intracellular localization of the fusion protein was
detected in the muscle cells, consistent with the data previously shown by the serial confocal
microscopic sections (Fleming et al., 1997). The ad997 mutants also showed strong
intracellular accumulation of the fusion protein (Fig. 3C). In the ad467 and ad601 mutants,
however, a strong GFP signal was observed along the ventral nerve cord, while the intracellular
localization of the GFP fusion protein was substantially decreased in the muscle cells compared
to that in the wild-type and in ad997 animals (Fig. 3D, E). This suggests that these mutations
may affect the intracellular transport of the receptor to or from the synaptic membrane.
However, the fusion of GFP to UNC-29 might influence receptor transport or its insertion into
the membrane because GFP itself is relatively large. To address this concern, we took another
approach. We generated strains expressing the non-α subunit LEV-1 tagged with 3xHA
(hemagglutinin) at the C-terminal end which is predicted to be exposed to the extracellular
environment. We detected the membrane-inserted levamisole-sensitive receptor at the NMJ
by injecting fluorescently-labeled anti-HA antibodies into the body cavity (Gottschalk et al.,
2005; Gottschalk and Schafer, 2006). Six hours after antibody injection, small fluorescent
puncta were observed along the ventral nerve cord of the wild-type animals, indicating the
localization of the membrane-inserted LEV-1 receptors (Fig. 3F). The excess antibodies were
taken up via endocytsis into the coelomocytes. We quantified the amount of fluorescence along
the ventral nerve cord in each eat-6 mutant, and found that postsynaptic expression of the
levamisole-sensitive receptors was significantly increased in the ad601 mutants (Fig. 3G).
Although a significant difference was not seen in the ad467 mutants, both mutations increased
the membrane-transport and/or –insertion of nAchRs. The level of expression in the ad997
mutants was similar to that in the wild-type animals.

In these mutants, the localization of ACR-16 nicotine-sensitive receptor was also altered, but
its localization pattern was different from that of UNC-29 (Fig. 4). In wild-type animals, the
ACR-16:: GFP fusion protein was strongly accumulated at the tips of the muscle arms and in
punctated clusters along the nerve cords (Francis et al., 2005). However, in the ad467 and
ad601 mutants, more GFP puncta were mislocalized to the trunks of the muscle arms compared
to the wild type (Fig. 4B, D). We quantitatively analyzed both the percentage of muscle arms
containing extrasynaptic GFP (Fig. 4E) and the number of extrasynaptic GFP puncta in one
muscle arm (Fig. 4F), and found that both were significantly increased in the ad467 and
ad601 mutants (Fig. 4E, F). We noticed that, in the ad997 mutants, large aggregates of the
ACR-16:: GFP fusion protein were observed in muscle cells (Fig. 4C). These observations
suggest that the ad467 and ad601 alter the expression of levamisole-sensitive receptors at
postsynaptic NMJs and increase the formation of the mislocalized, irregular clusters of
nicotine-sensitive receptors in the extrasynaptic regions of the NMJ.
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eat-6 mutations do not affect GABAergic synapse function and the formation of presynaptic
structure

We next asked whether Na+/K+ ATPase specifically regulates the expression and localization
of the nAchR or more broadly affects localizations of additional synaptic proteins. The UNC-49
GABA receptor is expressed in the body-wall muscles, and a UNC49B:: GFP fusion protein
is strongly localized along the ventral nerve cord in wild-type NMJs (Bamber et al., 1999). We
examined the localization patterns of UNC-49B:: GFP fusion protein in the eat-6 mutants and
found that the expression and localization of the GABA receptor at the NMJ was unaffected
(Figs. 5A, B). It, therefore, appears that mutations in eat-6 specifically affect both the
expression and localization of nAchRs. Consistent with this observation, all eat-6 mutants
responded normally to the GABA agonist muscimol (data not shown). These observations also
suggest that these eat-6 mutations do not affect GABA receptor function or GABA synaptic
transmission. Similarly, the eat-6 mutants responded normally to serotonin (5-HT) (data not
shown).

We also examined the presynaptic architecture of the ventral nerve cord using the synaptic
vesicle protein SNB-1 fused with GFP under the control of the snb-1 (pan-neuronal) or
unc-25 promoter (GABAergic). No gross differences were observed between the wild type and
eat-6 mutants (Figs. 5C, D and data not shown), suggesting that normal cholinergic and
GABAergic presynapses were formed in eat-6 mutants. This is consistent with the notion that
the hypersensitivities of the mutants to Ach agonists are not due to presynaptic abnormalities,
such as an increased number of release sites, or an altered number of clustered vesicles at the
presynaptic release sites. These results strongly indicate that mutations in eat-6 specifically
affect cholinergic synaptic transmission by disrupting postsynaptic nAchR dynamics.

Postsynaptic Na+/K+ ATPase confers hypersensitivity to Ach agonists
To determine whether increased Ach transmission in the eat-6 mutants corresponds to defects
in the EAT-6 Na+/K+ ATPase in the postsynaptic body-wall muscles, we examined the site of
action for EAT-6 protein. Endogenous eat-6 promoter activity was observed in most muscular
tissues, including body-wall muscles while neuronal expression was barely detectable (Fig.
6A). To clarify the tissue-specific expression profile of eat-6, we also examined the expression
patterns of other Na+/K+ ATPase α subunits in the C. elegans genome. The C. elegans genome
encodes five Na+/K+ ATPase α subunits, EAT-6, C01G12.8, C09H5.2, C02E7.1 and CATP-1
(Okamura et al., 2003;Ruaud and Bessereau, 2007). catp-1 is expressed in the epidermal cells
and the excretory duct cell (Ruaud and Bessereau, 2007). Using GFP fusion constructs, we
found that C01G12.8 was expressed in the germline, C09H5.2 in hypodermal cells, and
C02E7.1 undetected in any tissues. Thus, any α subunits expression was not clearly detected
in the nervous system (MD and KI, unpublished data). Furthermore, the α subunit mutant
animals, except for the eat-6 mutants, did not show obvious behavioral defects; thus, we
conclude that eat-6 is broadly expressed not only in muscle but also in neuronal cells. To
address which cells really require the EAT-6 activity for proper cholinergic transmission, we
expressed EAT-6 in a tissue-specific manner in the eat-6 mutants and examined levamisole
sensitivity in the resulting transgenic animals (Figs. 6B, C). Pan-neuronal (unc-119 promoter)
or cholinergic motor-neuronal expression (unc-4 promoter) minimally affected levamisole
sensitivity in both the ad467 and ad601 mutants compared to the wild type. On the other hand,
muscle-specific expression (myo-3 promoter) of EAT-6 conferred a normal sensitivity to
levamisole in both ad601 and ad467 mutants (Figs. 6B, C). These results suggest that muscle
cells are the sites of action for EAT-6 Na+/K+ ATPase in the regulation of cholinergic synaptic
transmission.

Our results show that the ad601 and ad467 mutant alleles alter nAchR localization and
cholinergic transmission, whereas the ad997 mutation does not affect either no abnormalities
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in both. What kinds of amino acid changes in the EAT-6 protein do produce such phenotypic
variation among three alleles? The ad467 mutation has been known as a single amino acid
substitution of Phe for Leu at the residue 359 (Shima et al., 1998), which is close to the
phosphorylation site (D409E) in the large intracellular loop. However, no information of other
mutational sites was reported before. Sequencing of the other mutants revealed that the
ad601 mutation is also a single amino acid substitution (Gly522 to Glu) close to the ATP
binding site (R669Q), while the ad997 mutation is located in the 5th transmembrane region
(Ser761 to Phe; Fig. 7). The substituted amino acids in ad467 and ad601 are well conserved
from nematodes to vertebrates, and Ser761 is functionally related to Thr in vertebrates (Fig.
7B). The functions of these amino acids in the Na+/K+ ATPase are unknown; however, the
possible role of this region is discussed below (see Discussion).

Distinct localization of Na+/K+ ATPase and nAchR at postsynaptic sites
Our analyses strongly suggest a novel role for Na+/K+ ATPase in regulating nAchR localization
at postsynaptic sites in the NMJ, independent from its pump activity. To further understand
the role of Na+/K+ ATPase at the synapse, we examined the localization patterns of Na+/K+

ATPase in the postsynaptic body-wall muscles. Both Na+/K+ ATPase α (EAT-6) and β
(NKB-1) subunits were fused to GFP protein, and the fusion constructs were specifically
expressed in the body-wall muscles. NKB-1 β subunit is the most widely expressed β subunit
in three C. elegans β subunits. NKB-1 protein physically binds EAT-6 directly, and nkb-1
mutant animals show defects that are similar to those in eat-6 mutants, including defects in
pumping, reduced numbers of progeny, and small body size (MD and KI, in preparation). This
suggests that EAT-6 and NKB-1 form a functional Na+/K+ ATPase in vivo; thus, we examined
the localization patterns of both fusion proteins. In transgenic animals expressing either fusion
protein, a fluorescent signal was observed at the muscle cell surface, and a particularly bright
signal was detected at the NMJ along the ventral nerve cord (Figs. 8A, Fig. S1A). This means
that the fusion proteins were highly concentrated at the postsynaptic regions of the synapse.
For unknown reasons, NKB-1 exhibited a more punctated localization than EAT-6 (compare
Fig. 8A and Fig. S1A). To know whether these Na+/K+ ATPase subunits are localized at either
cholinergic synapses or GABAergic synapses, or both, we co-expressed the NKB-1:: GFP
fusion protein with mRFP-labeled synaptogyrin, a presynaptic marker that is specifically
expressed in inhibitory GABAergic neurons. About 20 % GABAergic presynaptic terminals
(RFP puncta) co-localized with postsynaptic NKB-1 (GFP) localization (103 co-localization
with GFP puncta in totally observed 470 RFP puncta (n = 20 animals)). Thus, the majority of
the postsynaptic Na+/K+ ATPase localization did not overlap with that of GABAergic
synapses, suggesting a predominant localization of the Na+/K+ ATPase at cholinergic
postsynaptic sites (Fig. 8C).

At the postsynaptic sites, however, the Na+/K+ ATPase fusion protein was concentrated in
distinct regions from the nAchR clusters (Fig. 8D–8G and Fig. S1). We co-expressed GFP-
fused EAT-6 or NKB-1 and nAchR (HA-tagged LEV-1 or myc-tagged UNC-38; see Fig. 3),
and receptor clustering was visualized by injecting fluorescently-labeled HA or myc
antibodies. The membrane-inserted nAch receptors were tightly clustered at the distal regions
of the muscle arms, along the ventral nerve cord (Fig. 8E). GFP-tagged Na+/K+ ATPase,
however, was localized more diffusely and at proximal regions of the postsynaptic muscle
arms, compared with fluorescence-tagged nAchR. At a higher magnification, the Na+/K+

ATPase fusion proteins were occasionally observed surrounding the clustered nAchRs (Fig.
8G). The distinct and sub-lateral localization of the Na+/K+ ATPase around the nAchRs suggest
that the Na+/K+ ATPase may function to compartmentalize the region in which nAchRs are
rigidly clustered for efficient synapses at the NMJ.
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DISCUSSION
In this report, we showed that mutations in the EAT-6 Na+/K+ ATPase α subunit in C.
elegans alter the response to Ach agonists. These defects were allele-specific; mutations in the
large intracellular loop caused agonist hypersensitivity, but the mutation in the 5th
transmembrane region did not. Alternatively, it decreased sensitivity to nicotine. We also
showed that expression and localization of the nAchRs at the NMJ were altered. The Na+/K+

ATPase subunits are concentrated in the postsynaptic regions of the body-wall muscles,
however, the distinct postsynaptic localization of the Na+/K+ ATPase and nAchRs suggests
that the sodium pump may have a novel function like a scaffolding protein to help establish a
rigid receptor cluster just beneath of presynaptic release site.

Pump activity-independent regulation of Ach signaling by Na+/K+ ATPase
Our results strongly indicate that Na+/K+ ATPase regulates Ach signaling at the C. elegans
NMJ by affecting the expression and localization of postsynaptic nAchRs. This function is
probably independent of the activity of the pump and the resulting of resting membrane
potential of the postsynaptic muscle cells. Although we were unable to record resting
membrane potentials directly from the intact body-wall muscles of the mutants due to the quite
thin structure of the cells, several lines of evidence support our conclusions. First, the
phenotypic variation in terms of Ach signaling was not coincident with that of several other
phenotypes including pharyngeal pumping, the number of progeny, and EPG data. For
example, the ad601 mutation, which caused dramatic changes in both agonist sensitivity and
receptor expression, does not seem to greatly affect depolarization of the membrane potential
because several phenotypes were quite similar to those of the wild-type animals compared to
the other eat-6 mutants. On the other hand, the ad997 mutation, which did not have any effect
on agonist sensitivity, had relatively large effects on other phenotypes and the EPG data (Davis
et al., 1995). This observation is quite important because the ad997 mutation probably affects
resting membrane potential relatively large. However this alteration does not seems to simply
correspond to agonist sensitivities. Thus, it is highly possible that membrane-potential changes
by altered pump activity are not the primary cause of altered Ach signaling at the NMJ.

Second, pump activity-dead mutations in EAT-6 significantly recovered the agonist
sensitivities in the ad467 and ad601 mutants. In mammalian cells, these mutations clearly
disrupt pump activity (Jacobsen et al., 2002; Liang et al., 2006; Ohtsubo et al., 1990), and the
mutated amino acids in the Na+/K+ ATPase α subunits are well conserved between C.
elegans and vertebrates (Fig. 7B). Interestingly, the mutant EAT-6 proteins did not rescue other
defects, such as impaired pharyngeal pumping and small numbers of progeny, suggesting that
the recovery of these phenotypes requires sufficient ATPase activity. Rescue by pump-dead
EAT-6 means that EAT-6 or Na+/K+ ATPase itself (the EAT-6 α subunit complexed with the
NKB-1 β subunit), not the function of the sodium pump, is required for proper Ach signaling
at the C. elegans NMJ.

Third, recent emerging evidence also supports the possibility of a pump-independent function
for Na+/K+ ATPase function in vivo. In C. elegans, another P-type ATPase CATP-1, which is
distantly related to EAT-6 and vertebrate Na+/K+ ATPase, regulates larval developmental
timing through the insulin/IGF and Ras-MAPK pathways (Ruaud and Bessereau, 2007). Pump
activity is not required for this regulation because pump-dead CATP-1 rescues the
developmental delay in catp-1 mutants. The Drosophila Na+/K+ ATPase also has a pump-
independent function in epithelial and septate junction formation (Paul et al., 2007; Paul et al.,
2003). This function in cell junction appears to be conserved in vertebrates because the rat α1
isoform can rescue all junctional defects in Drosophila Atpα-null mutants. The effects of
Na+/K+ ATPase mutations are variable, but they strongly suggest the possibility that the Na+/
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K+ ATPase functions as a scaffold protein for other membrane proteins, such as Ach receptor
in the C. elegans NMJ.

Both the partial rescue by pump-dead EAT-6 and the weak recoveries by neuronal expressions
of EAT-6 in levamisole sensitivity may suggest a requirement of wild-type EAT-6 in
presynaptic neurons for proper Ach signaling. It is possible that the presynaptic EAT-6
functions as a sodium pump for the maintenance of normal resting potential and that this
regulates normal transmitter release from presynaptic neurons. Thus, we conclude that the
pump activity of EAT-6 is required for Ach signaling either presynaptically or postsynaptically,
but that its contribution in presynaptic neurons is relatively weak. Moreover, we conclude that
Na+/K+ ATPase has a novel function in nAch receptor expression and clustering in a pump
activity-independent, allele-specific.

Possible mechanisms for nAchR clustering by Na+/K+ ATPase
Our results suggest a novel function for the EAT-6 Na+/K+ ATPase in nAchR clustering. How
does Na+/K+ ATPase regulate nAchR dynamics? There is no clear evidence to show that these
two molecules directly interact physically or genetically in C. elegans and other species; in
addition, to our knowledge, our study is the first to describe the functional interaction of these
two membrane proteins. However, we failed to detect a direct protein-protein interaction
between EAT-6 and the UNC-38, UNC-29 and LEV-1 levamisole-sensitive receptor subunits
by yeast two-hybrid assay (data not shown). These preliminary results and the distinct
localization of these molecules imply indirect regulation of receptor expression and
localization. For example, Na+/K+ ATPase may be able to modulate nAchR-membrane
trafficking through the activation/inactivation of Src tyrosine kinase. Recently, Tian et. al.
(2006) showed that Na+/K+ ATPase and Src were colocalized at the plasma membrane in
several different cell lines, and that binding of Na+/K+ ATPase to Src kept the kinase in an
inactivated state. They also showed that the kinase domain of Src specifically binds the large
third intracellular loop of ATPase, in which the ad601 and ad467 mutations were located. The
Na+/K+ ATPase inhibitor ouabain induces the release of the kinase from the pump, and released
active Src facilitates the subsequent phosphorylation of several target molecules. In our case,
it is possible that the ad601 and/or ad467 mutations affect EAT-6 binding to the worm Src.
nAchRs are also one of the target molecules of Src in the peripheral and central synapses of
vertebrates (Wiesner and Fuhrer, 2006). Further biochemical analyses of the phosphorylation
levels of the nAchRs in the eat-6 mutants will clarify the relationship between the distinct
localization patterns of Na+/K+ ATPase and the phosphorylation state of the nAchRs.

Another possible mechanism for the regulation of nAchR expression and localization, which
is distinct from Na+/K+ ATPase localization, can be deduced form the molecular interaction
between Na+/K+ ATPase and ankyrin adapter protein, which mediates the linkage of membrane
proteins with the spectrin-based cytoskeleton. The α subunit of Na+/K+ ATPase interacts
strongly with ankyrin at its second intracellular loop and weakly at the third intracellular loop
(Devarajan et al., 1994; Jordan et al., 1995; Zhang et al., 1998). This interaction maintains the
polarized distribution of Na+/K+ ATPase in epithelial cells (Nelson and Veshnock, 1987). At
developing rat NMJs, voltage-gated sodium channels (Nav1) and ankyrinG occupy a distinct
postsynaptic domain from the AchR clusters (Bailey et al., 2003). At the C. elegans NMJ, the
sodium channel could be replaced by Na+/K+ ATPase, because there is no candidate gene
corresponding to a voltage-gated sodium channel in the C. elegans genome. Because neither
the ad601 nor ad467 mutation is located close to the identified ankyrin-binding motif in the
third intracellular loop (Fig. 7B), these two amino acid substitutions in the mutants likely have
a novel function in either the interaction with ankyrin or nAchR localization through the Na+/
K+ ATPase/ankyrin complex.
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A surprising finding in the eat-6 mutants was that the levamisole and nicotine receptors were
differently affected in their expression and localization at the NMJ. For the levamisole
receptors, the localizations of both GFP-fused UNC-29 and HA-tagged LEV-1 were strongly
increased in the ad467 and ad601 mutants (Fig. 3). This suggests that Na+/K+ ATPase may
control the amount of membrane-inserted levamisole-sensitive receptors by negatively
regulating receptor transport from intracellular compartments or by positively regulating
receptor internalization from the synaptic membrane. Interestingly, few extrasynaptic receptor
clusters, like those seen with ACR-16 in the eat-6 mutants, were observed in either the
UNC-29:: GFP or HA-tagged LEV-1 localization analyses, suggesting that Na+/K+ ATPase
may not regulate the clustering of levamisole-sensitive receptors. On the other hand, in the
case of the nicotine-sensitive receptor ACR-16, several extrasynaptic clusters were observed
not only in the postsynaptic areas but also on the trunks of the muscle arms in the ad467 and
ad601 mutants (Fig. 4). However, in the ad997 mutant, the number of receptors clustered at
the NMJ looks to be decreased and the fusion protein tends to form large intracellular
aggregates (Fig. 4C). Na+/K+ ATPase may regulate the site of nicotine receptor clustering by
functioning such as a scaffold protein. These results are consistent with the responses of the
receptors to various agonists (Fig. 1), suggesting that the fluorescently-labeled, localized
receptors were probably functional, and that the dynamics of these fusion receptors likely
reflect the in vivo functions of the native receptors. Thus, the EAT-6 Na+/K+ ATPase may
differentially regulate the cellular dynamics of each receptor, such as the transport of
levamisole receptors to or from the synapse, and the localization of nicotine receptors to
appropriate synaptic sites. For example, these receptors may use distinct motor proteins or
vesicles as part of their transport machinery. Alternatively, it is possible that they use different
scaffold proteins for their localization, given that the mutation in cam-1 receptor tyrosine kinase
specifically affects the localization of ACR-16 (Francis et al., 2005). Currently we have no
evidence to show how these eat-6 mutant alleles lead to different phenotypes in the two
receptors; additional molecular analyses are thus necessary to understand the regulatory
machinery involved in the expression and/or localization of each nAchR.

Recent analyses have shown that disrupting Na+/K+ ATPase function causes neuronal
degeneration in the Drosophila brain (Palladino et al., 2003) and neuronal cell death in cultured
vertebrate neurons (de Carvalho Aguiar et al., 2004). Furthermore, mutations in the human
Na+/K+ ATPase subunits are associated with several neuronal diseases such as familial migrate
hemigrate (De Fusco et al., 2003) and rapid-onset of dystonia parkinsonism (de Carvalho
Aguiar et al., 2004). The amino acid changes associated with human neuronal disorders are
strongly believed to inhibit Na+/K+ ATPase pump activity, resulting in a depolarized
membrane potential and increased intracellular Na+ and Ca2+ ion concentrations, based on
experiments in cultured HEK293 cells (de Carvalho Aguiar et al., 2004). We speculate that a
subtle balance between synaptic activity and the resting-membrane potential may control the
intrinsic intracellular ionic concentrations and the subsequent cell survival rate in vivo. It is
also possible that an imbalance in the resting membrane potential and altered synaptic efficacy
caused by defective nAchR localization like eat-6 mutants may accelerate neuronal cell death
in vivo nervous system. Our findings imply a novel role for Na+/K+ ATPase in cholinergic
synapses, and by applying a genetic approach to these eat-6 mutants, we may further elucidate
the synaptic functions of Na+/K+ ATPase and its subsequent effects on neuronal dysfunction
or neuronal cell survival.

Experimental Methods
General methods and C. elegans strains

Worms were kept on the standard NGM plates seeded with bacterial OP50. Strains used in this
study are follows: eat-6(ad467, ad601, ad997), nkb-1(tg91), unc-29(x29), ZZ2171 (unc-29
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(zz29); Is[Pmyo-3:: UNC-29:: GFP]), oxIs22 (Punc-49:: UNC-49B:: GFP), jsIs1 (Psnb-1::
SNB-1:: GFP), juIs1 (Punc-25:: SNB-1:: GFP). Some strains were obtained from the CGC.

Labeling of the postsynaptic nAchR subunits and Na+/K+ ATPase
To observe the localization of UNC-29 protein, strain ZZ2171 (unc-29(zz29); Is[Pmyo-3::
UNC-29:: GFP]) was backcrossed to wild-type N2 to remove the unc-29 mutation, and the
resulting strain was crossed to each eat-6 mutant. The homozygous mutants were confirmed
by sequencing. For ACR-16 receptor localization, the pMD906 (Pmyo-3:: ACR-16:: GFP)
plasmid was injected into wild-type or eat-6 mutant animals, and at least three independent,
stable transgenic lines for each genotype were used for the analyses. For double-labeling of
both Na+/K+ ATPase and nAchR, transgenic animals bearing either EAT-6:: GFP/UNC-38::
3xmyc or NKB-1:: GFP/LEV-1:: 3xHA were generated by injecting the corresponding
plasmids (pDK43 and pAG9, pDK91 and pAG8, respectively) into wild-type animals. Staining
for the HA-labeled LEV-1 and myc-tagged UNC-38 was done as descried (Gottschalk et al.,
2005; Gottschalk and Schafer, 2006). Strains jsIs1 (Psnb-1:: SNB-1:: GFP), juIs1 (Punc-25::
SNB-1:: GFP) and oxIs22 (Punc-49:: UNC-49B:: GFP) were also crossed to the eat-6 mutants
to determine the localization of the other synaptic proteins.

Microscopic observation
The localization patterns of the fluorescently labeled synaptic proteins at the NMJ were
observed using confocal microscopy (Zeiss LSM Pascal 5), using a 63 or 100× oil PlanApo
objective lens (Zeiss). Images were collected with the same laser power and detector settings
using Pascal software version 3.2. Most of the transgenic animals were generated using a wild-
type rol-6 plasmid (pRF4) as an injection marker; consequently, the roller (i.e., transgenic)
worms mounted on the slides occasionally faced their ventral sides to the objective lens,
allowing a clear view of the NMJ around the ventral nerve cord. Each observation was
performed at the anterior region of the vulva in young-adult animals.

Quantification of the membrane-inserted nAchRs at the NMJ
Quantification of the amount of membrane-inserted, synaptic nAchR was determined as
described previously (Gottschalk et al., 2005; Gottschalk and Schafer, 2006). Briefly, an
integrated line of LEV-1:: 3xHA and Rol-6d (zxIs1) was crossed to each eat-6 mutant. The
worms from each strain were then mounted on 2 % agarose-pad cover glasses, and Alexa594-
labeled anti-HA antibodies (1:200 dilution in injection buffer; Molecular Probes) were injected
into the body cavity. The injected worms were then transferred onto NGM plates and kept
undisturbed at room temperature. Six hours later, the worms were mounted on 5 % agarose-
pad glass slides, and the level of fluorescence along the ventral nerve cord was observed as
descried above. To quantify the fluorescence intensity of the labeled receptors, the images were
projected into a single plane. The background signal intensity was set as the minimum
threshold, and the pixel intensity/count table was generated in 1-pixel increments using Pascal
software. The data were then exported to Microsoft Excel, and the total and average pixel
intensities were calculated. Statistical analysis was performed using Student’s two-tailed t-test.

Molecular biology
To analyze eat-6 expression, the 4-kb upstream from the EAT-6 start codon (−4121 to +3 from
the ATG) was amplified using primers with restriction enzyme sites and the resulting fragment
was inserted between the SalI and BamHI sites of the pPD95.77 to generate pMD136.

For the tissue-specific expression and localization of EAT-6, full-length eat-6 cDNA was
amplified by RT-PCR using primers with restriction enzyme sites and then fully sequenced to
check for PCR errors. The fragment was then inserted between the XbaI and KpnI sites of the
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plasmid pPD95.79, in which GFP was exchanged with Venus fragment, to generate pDK40.
The myo-3 promoter fragment was excised from pPD96.52 and subcloned between the HindIII
and XbaI sites in pDK40 to generate pDK43. For pan-neuronal and motor-neuronal expression,
the unc-119 and unc-4 promoter regions were amplified uisng restriction site-attached primers
and subcloned between the PstI and XbaI sites of pDK40 to generate pDK70 and pDK69,
respectively. The following promoter regions were used: unc-119 (−2194 to −1) and unc-4
(−2947 to −1).

For the rescue experiments using pump activity-dead EAT-6, two mutant eat-6 cDNAs were
generated using mutational primers corresponding to D409E (D365 in EAT-6) and R669Q
(R556 in EAT-6), respectively. The amplified fragments were then replaced with the wild-type
eat-6 cDNA fragment from pDK43, and the myo-3 promoter region was replaced with the
eat-6 promoter region from pMD136 to generate the plasmid pDK347 (D409E) and pDK349
(R669Q), respectively.

For GABAergic synapse-synaptic labeling by RFP, full-length sng-1 cDNA was amplified by
RT-PCR and then subcloned between the BamHI and KpnI sites in pPD95.75/mRFP plasmid,
in which the GFP sequence was replaced with the mRFP sequence. The promoter region of
unc-25 (−1935 to −1) was then amplified and subcloned between the SalI and BamHI sites in
the plasmid to generate pDK96. The full-length NKB-1:: GFP fusion construct (pDK91) was
generated as follows. The myo-3 promoter region of pPD96.52 and full-length nkb-1 cDNA
were subcloned between the HindIII and KpnI sites of the plasmid. The primers used in this
study are divided upon request.

Behavioral analysis
The drug responses of the worms were determined as previously described (Doi and Iwasaki,
2002). Briefly, 25 young-adult animals were placed on an agar plate containing each drug.
Paralysis was examined by probing the animals with a thin glass picker every 10 min. The
animals were defined as ‘paralyzed’ if they showed no body-bending across the midline. All
experiments were performed blindly with at least four replicates per strain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Drug responses of the eat-6 Na+/K+ ATPase mutants
(A) Responses to 1 mM aldicarb, an inhibitor of ach esterase. (B) 100 µM levamisole. (C) 10
mM nicotine. Levamisole and nicotine are potent nAchR agonists. The ad601 mutants were
significantly sensitive to all drugs, and the ad467 animals were significantly sensitive though
(P < 0.05 from 40 to 80 min observation, compared to the wild type, one-way ANOVA with
Turkey’s multiple comparisons). The unc-29 mutant was assayed simultaneously as a negative
control. Error bars indicate the S.E.M. (n > 4 replicates).
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Figure 2. Pump activity-dead EAT-6 mutations recover levamisole sensitivity in eat-6 mutants
(A, B) Responses to 100µM levamisole in the transgenic animals bearing pump-dead EAT-6
transgenes. LIN-15(+) indicates the control transgene containing only the injection marker
DNA. Both D409E and R669Q EAT-6 mutations significantly rescued the increased sensitivity
of the ad601 (A) and ad467 alleles (B) (P < 0.05 from 50 to 80 min observation, compared to
the control transgenic lines, Student’s two-tailed t-test). Error bars indicate SEM. (C) Number
of pharyngeal pumping in 30 s. (n = 12). (D) Average number of progeny per worm. (n = 15).
Three eat-6 mutant alleles (white bars) were compared to the wild type (black bar); the results
of the statistical analyses are indicated above each bar. Transgenic animals (grey bars) bearing
pump-dead EAT-6 were compared to both the corresponding mutant and control transgenic
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animals. *** P < 0.001, ** P < 0.01, * P < 0.05, Student’s two-tailed t-test. NS, not significant.
Error bars indicate SEM.
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Figure 3. Increased expression and localization of levamisole-sensitive nAchRs in the eat-6 mutants
(A) Schematic drawing of a C. elegans NMJ. Each muscle cell in the left or right ventral muscle
quadrant innervates muscle arms and forms synapses on the axon of motor neurons. Clustered
receptors are localized on the distal part of the muscle arms. (B – E) Localization patterns of
UNC-29:: GFP fusion protein at NMJs along the ventral nerve cord. (B) Wild type. (C) eat-6
(ad997). (D) eat-6(ad467). (E) eat-6(ad601). Arrowheads indicate NMJs along the ventral
nerve cord. Note the strong GFP signal in the ad467 and ad601 animals compared to
undetectable signal in the wild-type and ad997 animals. (F) A staining pattern for LEV-1::
3xHA fusion protein using fluorescently-labeled anti-HA antibodies in the wild-type animal.
Six hours after the injection of the antibody, puncta were observed along the ventral nerve
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cord. Excess antibodies were removed by coelomocytic endocytosis (arrow). (G) Average
fluorescence intensity in the wild-type and mutant animals (n = 8–12). * P < 0.05, compared
to the wild type, two-tailed Mann-Whitney U-test. Error bars indicate SEM. Scale bar, 10 µm.
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Figure 4. Extrasynaptic localization of nicotine-sensitive AchRs in the eat-6 mutants
(A – D) Localization patterns of ACR-16 (nicotine-sensitive AchR α subunit) and the GFP
fusion protein. (A) Wild type. (B) ad467. (C) ad997. (D) ad601. Arrowheads indicate the NMJ
at which GFP fused receptors are concentrated. Arrows indicate the muscle arms innervated
from the body-wall muscles. Scale bar, 20 µm. Note that small GFP puncta can be observed
not only at the NMJ but also on the extrasynaptic muscle arm trunk in the ad467 and ad601
mutants. (E and F) Quantitative analysis of extrasynaptic ACR-16 localization. Extrasynaptic
GFP puncta on muscle arms were counted in wild-type animals and each eat-6 mutant animals.
GFP puncta not localized at the NMJ were defined as extrasynaptic. (E) The ratio of the muscle
arms containing extrasynaptic GFP to the total number of muscle arms is shown (n = 20–30
animals). ** P < 0.01, compared to the wild type, two-tailed Mann-Whitney U-test. Error bars
indicate SEM. (F) Average number of extrasynaptic GFP puncta in one muscle arm. ** P <
0.01, * P < 0.05, compared to the wild type, two-tailed Mann-Whitney U-test. Error bars
indicate SEM.
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Figure 5. Normal localization of GABA receptor and presynaptic synaptobrevin in the eat-6
mutants
(A and B) Localization pattern of the UNC-49B:: GFP fusion protein. unc-49B encodes the C.
elegans GABAA receptor. (A) Wild type. (B) eat-6(ad467). A similar localization pattern was
observed along the ventral nerve cord in both the wild-type and eat-6 animals, suggesting
normal GABA receptor localization in the eat-6 inhibitory synapses. (C and D) Localization
pattern of the SNB-1:: GFP fusion protein. SNB-1 is the C. elegans homolog of the synaptic
vesicle protein synaptobrevin (VAMP). The puncta represent presynaptic terminals on the
axons of the ventral nerve cord motor neurons. Similar localization patterns indicate normal
presynaptic organization in the eat-6 mutants. Scale bar, 10 µm.
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Figure 6. EAT-6 functions in postsynaptic muscles for cholinergic synaptic transmission
(A) Expression pattern of the eat-6 promoter and GFP fusion construct. The arrow indicates
the pharynx, the arrowhead indicates the body-wall muscle, and a star indicates the vulval
muscle. GFP fluorescence was also observed in the intestine, hypodermis, and coelomocytes.
(B, C) Tissue-specific rescue of levamisole sensitivity in the eat-6 mutants. Muscle-specific
EAT-6 expression confers levamisole sensitivity on the ad467 (B) and ad601 mutants (C). For
both alleles, weak rescue by neuronal EAT-6 expression was observed. Error bars indicate the
S.E.M. (n > 4).
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Figure 7. Amino acid alignment of Na+/K+ ATPase α1 subunits
(A) Schematic representation of the Na+/K+ ATPase α subunit. Columns indicate the
transmembrane regions. The sites of three eat-6 mutant alleles are shown. (B) The amino acid
sequences of rat α1, human α1, Drosophila α1 and EAT-6 were aligned using ClustalW. The
region from the 4th transmembrane domain to the 5th transmembrane domain is shown. Each
mutation site is indicated by arrows. P, phosphorylation site; B, ATP-binding site. The ankyrin-
binding motif is shown by asterisks under the amino acids.
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Figure 8. Synaptic localization of Na+/K+ ATPase and the distinct localization of the nAchR
(A) Localization pattern of the NKB-1::GFP fusion protein around the anterior ventral nerve
cord. The fusion protein formed a punctate pattern along the ventral nerve cord. (B)
Localization pattern of the presynaptic SNG-1::mRFP fusion protein expressed under the
control of the unc-25 promoter. The puncta indicate GABAergic presynaptic sites. (C) Merged
image. Although several of the mRFP and GFP puncta were colocalized (yellow arrowhead),
a lot of GFP puncta did not colocalize with mRFP (white arrowhead), suggesting a predominant
localization of the Na+/K+ ATPase at cholinergic postsynaptic sites. Scale bars, 20 µm. (D)
Localization pattern of the NKB-1::GFP fusion protein. Arrowheads indicate the NMJs.
Arrows indicate the muscle arms innervated from the muscle cells. (E) Localization pattern of
the LEV-1:: 3xHA fusion protein. LEV-1 is a nAchR non-α subunit expressed in body-wall
muscles, and membrane-inserted LEV-1 protein was visualized by staining with Alexa-594-
labelled anti-HA antibodies. (F) Merge image. Scale bars, 20 µm. (G) In some cases, nAchR
clusters (UNC-38:: myc, red) were surrounded by Na+/K+ ATPase (EAT-6:: GFP, green). Scale
bars, 10 µm. All pictures show the ventral view.
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