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ABSTRACT Understanding the genes and mechanisms involved in acute alcohol responses has the potential to allow us to predict an
individual’s predisposition to developing an alcohol use disorder. To better understand the molecular pathways involved in the
activating effects of alcohol and the acute functional tolerance that can develop to such effects, we characterized a novel ethanol-
induced hypercontraction response displayed by Caenorhabditis elegans. We compared body size of animals prior to and during
ethanol treatment and showed that acute exposure to ethanol produced a concentration-dependent decrease in size followed by
recovery to their untreated size by 40 min despite continuous treatment. An increase in cholinergic signaling, leading to muscle
hypercontraction, is implicated in this effect because pretreatment with mecamylamine, a nicotinic acetylcholine receptor (nAChR)
antagonist, blocked ethanol-induced hypercontraction, as did mutations causing defects in cholinergic signaling (cha-7 and unc-17).
Analysis of mutations affecting specific subunits of NnAChRs excluded a role for the ACR-2R, the ACR-16R, and the levamisole-sensitive
AChR and indicated that this excitation effect is dependent on an uncharacterized nAChR that contains the UNC-63 a-subunit. We
performed a forward genetic screen and identified eg200, a mutation that affects a conserved glycine in EAT-6, the a-subunit of the
Na*/K+ ATPase. The eat-6(eg200) mutant fails to develop tolerance to ethanol-induced hypercontraction and remains contracted for at
least 3 hr of continuous ethanol exposure. These data suggest that cholinergic signaling through a specific a-subunit-containing
nAChR is involved in ethanol-induced excitation and that tolerance to this ethanol effect is modulated by Na*/K*+ ATPase function.

HE abuse of alcohol is a cause of significant societal and

health-related problems. Despite the common usage of
this drug, the molecular underpinnings of alcohol’s acute ac-
tions on the brain are poorly understood. Alcohol (ethanol) has
biphasic behavioral effects in humans and other animals, act-
ing as a stimulant at lower concentrations and as a depressant
at higher concentrations. Understanding the molecular nature
of these biphasic effects is made difficult by the fact that eth-
anol interacts with, and alters the function of, many proteins,
including neurotransmitter receptors and ion channels (Harris
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et al. 2008; Spanagel 2009). A commonly suggested class of
ethanol targets is ligand-gated ion channels (LGICs), which
include NMDA glutamate receptors, and members of a sub-
class of LGICs, the Cys-loop superfamily, including GABA,,
glycine, and nicotinic acetylcholine receptors (nAChRs) (Olsen
et al. 2014). Effects on the GABA, and glutamate recep-
tors are hypothesized to play a significant role in the de-
pressant effects of ethanol (Harris et al. 2008). Locomotor
activation by low to moderate concentrations of ethanol
in rodents is thought to model the euphoric effects of
ethanol in humans (Phillips and Shen 1996). Locomotor
activation by ethanol has been linked to increased dopa-
mine release in neural reward pathways, possibly via
mechanisms that involve inhibition of the inhibitory GA-
BAg metabotropic receptors by ethanol (Holstein et al.
2009; Kruse et al. 2012) and/or by ethanol activation of
neuronal nAChRs (Soderpalm et al. 2000; Larsson et al.
2002; Kamens and Phillips 2008; Kamens et al. 2009).
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Individual variation that alters the mechanisms respon-
sible for the acute behavioral effects of ethanol is likely to
contribute to variation in predisposition to develop alcohol
use disorders (AUDs). An individual’s level of response (LR) to
acute ethanol intoxication is determined by two major oppos-
ing biological forces, the degree of sensitivity to intoxication
and the rate at which tolerance develops to that acute intox-
ication during the intoxication session (called acute functional
tolerance) (Newlin and Thomson 1990). LR has genetic deter-
minants (Kalu et al. 2012) and LR in naive drinkers is a pre-
dictor of the predisposition to develop AUDs later in life
(Schuckit 1994; Volavka et al. 1996; Heath et al. 1999).
Therefore, it is important that we better understand the path-
ways responsible for the behavioral actions of ethanol and the
mechanisms by which acute functional tolerance can develop
to those behavioral effects. Studies in selectively bred mouse
strains suggest that ethanol-induced locomotor activation and
the rate of development of acute functional tolerance may
share common mechanisms (Ponomarev and Crabbe 2002).

Caenorhabditis elegans represents a powerful model for
identifying drug targets, using genetic approaches (Van
Swinderen et al. 1999; Davies et al. 2003; Artal-Sanz et al.
2006; Kaletta and Hengartner 2006; Kwok et al. 2006).
C. elegans are sensitive to acute ethanol exposure, demonstrat-
ing an increased speed of locomotion at low ethanol con-
centrations (Graham et al. 2009) and decreased amplitude
of body bends and decreased rates of crawling, swimming,
egg laying, and pharyngeal pumping at higher concentra-
tions of ethanol (Davies et al. 2003; Mitchell et al. 2007;
Speca et al. 2010). Ethanol also produces disinhibition of
certain crawling behaviors that would normally be inhibited
in a liquid environment (Topper et al. 2014). Acute func-
tional tolerance, which is unrelated to metabolism of the
drug, develops rapidly to the effects of ethanol on the
speed of locomotion (Davies et al. 2004; Alaimo et al.
2012; Bettinger et al. 2012; Raabe et al. 2014). Longer eth-
anol exposures followed by removal from the drug can lead to
withdrawal-related phenotypes (Davies et al. 2004; Mitchell
et al. 2010). Therefore, these drug-induced behavioral effects
are indicative of ethanol having activating and depressing actions
in C. elegans as it does in mammals and demonstrate that toler-
ance can develop to acute and long-term ethanol exposures.

In this study, we describe a novel excitation effect of
acute ethanol treatment of C. elegans, which we have termed
ethanol-induced hypercontraction (EHC). EHC is time depen-
dent; treated animals show a rapid onset of body hypercon-
traction and a relatively quick recovery while in the presence
of the drug. This latter observation is indicative of the de-
velopment of acute functional tolerance. We test the role of
candidate neurotransmitter signaling systems in EHC and
identify a specific nAChR subunit that mediates the excitation
effect. We describe the identification of a mutant that displays
a lack of development of tolerance to EHC as an allele of eat-
6, the Na*/K*-ATPase a-subunit-encoding gene, suggesting
the possibility that Nat/K*-ATPase function is required for
the development of tolerance to EHC.
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Materials and Methods
Nematode maintenance and strains

Nematodes were maintained at 20° on nematode growth
medium (NGM) plates in the presence of Escherichia coli
strain OP50. The strains used in this study were N2 (wild
type), CB4856 (wild type), eri-1(mg366), cha-1(p1152),
unc-17(e245), unc-17(e113), acr-2(0k1887), acr-16(0k789),
unc-38(e264), unc-29(e193), lev-1(e211), unc-63(x13), unc-
63(gk234), gbb-1(tm1406), gbb-2(tm1165), unc-25(el56),
unc-25(sa94), unc-25(n2569), unc-49(e407), unc-30(e191),
unc-30(e318), unc-47(gk192), unc-47(e307), slo-1(eg142),
npr-1(ky13), eat-6(eg200), eat-6(ad601), eat-6(ad467), eat-
6(ad997), egl-3(n150), unc-31(e928), nlp-12(0k335), tip-
4(sy695), lon-3(e2175), unc-61(e228), unc-42(e270) yDf12
V/nT1[unc-?(n754) let-?](IV;V); dpy-6(eldh)X, unc-42(e270)
arDf1 V/nT1[unc-?(n754) let-?](IV;V), and nDf42 V/nT1[unc-?
(n754) let-?](IV;V). Strains were provided by the Caenorhabditis
Genetics Center (CGC) and the National Bioresource Project
for the nematode (Japan).

Hypercontraction assay

Plates were prepared as previously described (Davies et al.
2003). Briefly, NGM plates (6 cm) were dried for 1.5 hr at
37° 18-20 hr before experiments were performed. Plates
were weighed (to determine media volume) and four copper
rings were melted into the surface of the agar of each plate
to corral the worms. Plates were divided into the following
groups: (1) acclimation, (2) 0 mM ethanol treatment, and
(3) X mM ethanol treatment, where X represents the final
exogenous concentration of ethanol (from 100 to 500 mM).
Ethanol was added to the ethanol treatment plates (vol/vol)
to the desired concentration and allowed to equilibrate for
2 hr before the experiment was performed. Ten age-matched
first-day adults were assayed in each of the four rings. The
acclimation plates were used to acclimate the worms to the
absence of bacteria (food) for 30 min prior to the experi-
ment being performed. The worms were then transferred
to their respective treatment plates for the assay (0 mM or
X mM ethanol). We have previously shown that a 400-mM
exogenous dose generates a tissue concentration of ethanol
in C. elegans of ~44 mM (Alaimo et al. 2012).

To measure worm perimeter, images were captured with
a Retiga 4000R (QImaging, BC, Canada) camera attached
to an Olympus SZX7 microscope set to a magnification of
2.0X and fitted with a 0.5X objective. Images were taken
using ImagePro Plus Version 6 (Media Cybernetic, Bethesda,
MD) at the following time points: —1 min (on the acclima-
tion plate, immediately prior to movement to the treatment
plate) and 1, 5, 10, 20, 30, and 40 min. Worm size was
determined using a macro written in the ImagePro Plus pro-
gram (available on request). The macro converted the cap-
tured images to 8-bit gray scale and filtered the images to
enhance the worm objects. First, the image was flattened
(feature width 20) and then a large spectral filter was ap-
plied (Edge Minus, W10, H10, S1, P1). The resulting image
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was inverted and the count/size feature was applied to de-
tect the worm objects based on a gray-scale threshold. Most
nonworm objects were excluded based on a size filter, using
parameters that include area, feret size, and perimeter. Fi-
nally, a manual visual check was used to ensure that only
worms were included in the measurements and that no
worms were included that had generated a ring shape,
which can form during an omega bend movement. The av-
erage perimeter size for the group of 10 animals (n = 1) in
each copper ring was determined at each time point. To
control for differences in the baseline perimeter for strains
of different genotypes (Supporting Information, Table S2),
data are presented as perimeter (% of untreated) = SEM
and were calculated using the following equation:

Average size at time X

. p X 100
Average size at time (—1 or —5)

= Perimeter (% of untreated).

With the exception of Figure 1B, the data for worms assayed
in the absence of ethanol are not shown. In the absence of
ethanol, we found no significant differences for perimeter size
measured over time for any of the strains we tested.

Locomotion

Basal speeds were determined as previously described
(Alaimo et al. 2012). The plates and first-day adult animals
were prepared as described for the hypercontraction assay. A
2-min movie was recorded at 30 min and the average speed
was measured using ImagePro Plus Version 6 (Media Cyber-
netics, Bethesda, MD). The average speed and SEM of six
trials were plotted and analyzed using a one-way ANOVA
with Prism v 5.0 (GraphPad Software).

Identification of the eg200 mutation

The eg200 mutant was isolated in a small forward genetic
screen (1800 haploid genomes tested on 150-200 mM eth-
anol) on the basis of slower than wild-type speeds in the
presence of ethanol. The prolonged ethanol-induced hyper-
contraction phenotype associated with eg200 was used
thereafter in the mapping and identification of the causative
mutation. Using SNP mapping methods (Wicks et al. 2001;
Davis et al. 2005) with the Hawaiian wild-type strain
CB4856, the eg200 mutation was initially mapped to the
right arm of chromosome V between two SNPs ~1.8 map
units apart (pkP5068 and pkP5087). The SNPs assessed in
fine-mapping eg200 on chromosome V were haw7/8359,
pkP5067, pkP5068, pkP5069, pkP5125, pkP5087, pkP5086,
pkP5084, and pkP5126 (http://wormbase.org). To facilitate
the recovery of additional recombinants in the genetic in-
terval containing eg200, a triple-mutant strain, lon-3(e2175)
eg200 unc-61(e228), was constructed using standard ge-
netic crosses. The triple mutant was crossed to CB4856, F;
progeny were allowed to self-fertilize, and F, progeny were
isolated that were Lon non-Unc or Unc non-Lon. The
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Figure 1 Ethanol dose-dependently induces hypercontraction. (A) Images
of the same N2 (wild-type) worm before treatment (—5 min) and during
treatment with 400 mM ethanol (10 and 40 min of exposure). Percentage
indicates percentage of untreated perimeter at —5 min. Bar, 250 wm. (B) N2
(wild-type) worms treated with 0, 100, 200, 300, 400, and 500 mM exog-
enous ethanol. A significant decrease in size, indicating contraction, relative
to 0 mM was obtained at the 10-min time point at 300, 400, and 500 mM
ethanol. Recovery from the contraction was significant at 30 min at concen-
trations of 400 and 500 mM ethanol (*P < 0.05; ***P < 0.001; n = 12).

recombinant chromosome was made homozygous by selecting
self-progeny individuals that were Lon non-Unc or Unc non-
Lon and did not have self-progeny that were Lon Unc. The
presence or absence of the ¢g200 mutation in these recombi-
nant strains was determined based on the EHC phenotype.
The strains were then examined for N2/CB4856 SNPs in the
interval. This mapping further narrowed the eg200-containing
interval to between pkP5068 and snp_F57B1[3] (http://
wormbase.org).

The eg200 mutation failed to complement the deficien-
cies yDf12 and nDf42, while complementing arDfI. To do
this, eg200 homozygous males were crossed to the defi-
ciency strains and non-Unc (eg200/Df) young adult progeny
were tested for prolonged contraction in the presence of
ethanol. Both yDf12 and arDfI are known to delete the
lin-25 gene (Hsu and Meyer 1994; Tuck and Greenwald
1995), while the max-1 gene is deleted by yDf12 but not
by arDf1 (Huang et al. 2002), which suggested that eg200
was in the vicinity of max-1 to the right of the arDfI right
breakpoint. To determine the extent of the right breakpoints
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of arDf1 and yDf12, the deficiency-bearing strains were
crossed to CB4856 males and DNA was prepared from
non-Unc (+/Df) progeny. The primers used to amplify
DNA fragments (i-viii, shown in Figure 6D) in the interval
of interest were previously described (Swan et al. 2002)
(File S1, Table M1). Each of these primer pairs flanks
a known dimorphic SNP present in the N2 and CB4856
strains. Sequencing of the amplified fragment was carried
out to determine the genotype (only the CB4856 allele
would be detected if the region is deleted by the deficiency
or both the N2 and CB4856 alleles would be detected if the
interval is not deleted by the deficiency). These experiments
placed the right breakpoint of arDf1 between lin-25 and the
PCR fragment labeled i in Figure 6D, whereas the right
breakpoint of yDf12 was between PCR fragments vii and viii.

We chose eat-6 as a candidate gene within the eg200-
containing genetic interval to test. To confirm that eat-6
was affected by the eg200 mutation, the genomic region
spanning eat-6 coding sequences was amplified by PCR, us-
ing genomic DNA purified from the eg200 mutant as the
template for the reaction (File S1, Table M2).

Aldicarb and levamisole treatment

The aldicarb assay was adapted from previously described
methods (Mahoney et al. 2006). Aldicarb (Sigma-Aldrich, St.
Louis) plates were prepared at a concentration of 0.5 or 1 mM
2-3 days before the assay. For assays determining the sensitiv-
ity to aldicarb-induced paralysis, 10 first-day adults were
moved to the aldicarb treatment plates (1.0 mM) and animals
were scored for paralysis every 30 min for 3 hr. Worms were
counted as paralyzed if they did not move when prodded with
a platinum pick on the head three times. For assays determin-
ing the degree of hypercontraction induced by aldicarb treat-
ment, first-day adults were moved to the aldicarb plates (0.5 or
1.0 mM) after their body size was determined on an aldicarb-
free plate, and then perimeters were measured as described
above for hypercontraction assays. Levamisole paralysis assays
were carried out as previously described (Nurrish et al. 1999).
Age-matched young adult animals were transferred to plates
with agar containing 100 wM levamisole (Sigma-Aldrich) and
paralysis induced by the drug was determined (as above) at 0,
10, 30, 60, 90, and 120 min of exposure.

Mecamylamine treatment

First-day adult worms were pretreated with mecamylamine
(Sigma-Aldrich) by constructing small-volume NGM pads
containing 5 mM of the compound. Small-volume pads were
used to reduce the quantity of drug required for treatment.
Copper rings were set in the lid of 24-well plates. Agar from
NGM plates dried as explained in the hypercontraction assay
section was melted in a water bath at 85°. Mecamylamine was
added to the melted NGM to 5 mM and 200 p.l of this solution
was pipetted into each copper ring and allowed to harden at
room temperature. Equivalent 200-p.l pads made without mec-
amylamine were used for acclimation, preexposure measure-
ments, untreated controls, and ethanol treatment. Ethanol
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added to the ethanol-treatment pads was allowed to equil-
ibrate for 2 hr prior to their use.

Statistical analysis

Treated mutant strains were compared to treated wild-type
controls to determine whether the mutation caused a signif-
icant effect on the EHC phenotype. Respective time points
were compared against one another, using a repeated-
measures two-way ANOVA with Bonferroni post hoc tests
unless otherwise indicated (GraphPad Prism).

Results

The ethanol-induced hypercontraction phenotype is
dose dependent

In performing assays of the behavioral effects of ethanol on
C. elegans locomotion, we observed that acutely exposed
worms demonstrate a transient decrease in overall body
length, which we have termed EHC (Figure 1A). We per-
formed a dose-response analysis to quantify the degree of
hypercontraction and to determine the duration of this ef-
fect of ethanol on wild-type (WT) N2 young adult animals.
Worms were exposed to 0-, 100-, 200-, 300-, 400-, and 500-mM
exogenous concentrations of ethanol over a 30-min period
and their lengths were measured and compared with their
preexposure untreated lengths (Figure 1B). Higher concen-
trations (600 and 700 mM ethanol) were also tested but
ethanol-induced coiling of the treated worms limited collec-
tion of the length measurements (Table S1), which may bias
the data to overrepresent less-affected animals. Over the
time course of exposure, there were two apparent phases
in the EHC phenotype: (1) an initial contraction phase (0—
10 min) and (2) a recovery phase (10-30 min). Both phases
of the EHC phenotype are shown in Figure 1A, which con-
tains images of the same N2 worm untreated (—5 min) and
treated with 400 mM ethanol at 10 min and 40 min. Also
apparent in Figure 1A, in the second image, is the decrease
in body bend amplitude induced by ethanol (Davies et al.
2003). This flattening of the worm obscures the length de-
crease visually, but computer-assisted length measurements
of midline or perimeter reveal the effect of ethanol on overall
body length. The worms demonstrated a maximum contrac-
tion at 10 min with significant differences from the 0-mM
untreated controls at 300, 400, and 500 mM ethanol (Figure
1B; Table S1). Significant recovery from EHC was achieved
within 20 min following the point of maximum contraction
(10 min) at both 400 and 500 mM ethanol. We chose to
investigate EHC further using 400 mM ethanol, which was
the lowest exogenous concentration at which we saw both
statistically significant hypercontraction and a significant re-
covery from that hypercontraction.

Hypertonic-sensitive worms are not hypersensitive
to ethanol

Hypertonic environments have previously been shown to
produce a transient shrinkage in C. elegans (Choe and Strange
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2007). We observed that hypertonic-induced hypercontrac-
tion differs substantially from EHC; hypertonic conditions
(e.g., 349 mM NaCl) produce a greater decrease in body size
and require a more prolonged recovery (4-5 hr) than hyper-
contraction of wild-type animals treated with 400 mM ethanol.
We tested whether the mechanisms of EHC overlap with those
responsible for the hypertonic hypercontraction response.
Recovery from hypertonic shrinkage involves the activation
of the with-no-lysine (WNK) WNK-1 serine-threonine ki-
nase (Choe and Strange 2007). In agreement with this re-
port, we found that RNA interference (RNAi) knockdown of
WNK-1 inhibited recovery from hypertonic shock in eri-1(lf)
worms (Figure S1A) [eri-1(mg363) animals are hypersensi-
tive to RNAi]. If EHC occurred as a result of hypertonic
stress, we hypothesized that knockdown of the wnk-1 gene
should increase sensitivity to ethanol or prolong the ethanol
effect. When we examined the sensitivity to EHC of wnk-1
RNAi-treated animals, we found that there was no difference
in the degree of EHC compared to that in RNAi control-treated
animals (Figure S1B), suggesting that the mechanisms of
EHC do not overlap with the mediators of the response to
hypertonic stress.

Other physical environmental properties of ethanol do
not produce hypercontraction

We considered the possibility that other changes in the
physical environment produced by ethanol might be the
cause of EHC. At the concentration of ethanol we used,
neither acidity nor viscosity are expected to be different from
that in NGM media alone (Bates et al. 1963; Khattab et al.
2012). In the sealed petri plate, we might expect the presence
of ethanol to alter vapor pressure. We tested vapor pressure,
using a closed chamber system that we have used previously
in the analysis of volatile inhalant drugs (Davies et al. 2012).
Vapor pressure produced by 400 mM ethanol did not change
the contraction state of wild-type animals (Figure S1C).

Hypercontraction to ethanol requires
cholinergic signaling

Cholinergic signaling promotes contractile responses while
GABAergic signaling induces relaxation responses in the
longitudinal body wall muscle of the animal (Rand 2007).
Pharmacological treatment of wild-type worms that leads to
prolonged activation of cholinergic signaling has been
shown to cause hypercontraction and paralyzed phenotypes
(Lewis et al. 1980). While the worms displaying EHC are not
paralyzed, we suspected that increased cholinergic signaling
might be the mechanism responsible for EHC.
Mecamylamine is a nonselective noncompetitive antago-
nist of nAChRs. Preincubation of N2 worms for 1 hr with
5 mM mecamylamine did not significantly affect the body size
of the worms during the pretreatment period (Figure 2A).
When we pretreated animals with 5 mM mecamylamine and
then exposed those worms to ethanol, we found that meca-
mylamine treatment significantly blocked EHC (Figure 2A).
This result suggests that nAChR activity is required for eth-

>

Pretreatment

4 M Ethanol
+/- 5 mM Mecamylamine 00 mM Ethano

< 105+

| *%k*%

-

o

o
1

-@- 0 mM Mec. pretreat.
B 5 mM Mec. pretreat.

Perimeter (% of untreate
(< (<]
e g

o]
(e}

T T T T T T T T
60 -50 -40 -30 -20 10 O 10 20 30 40 50

-70
Time (min)
*kk

=10 ! 7 10! !
5
3 ! £ 1
g 10 ‘ g 10! ]
& 5 \
5 ksl
o . < 9
= 1 —
% o ! -@ N2 (wildtype) % 9 ' -@ N2 (wildtype)
£ ' B cha-1(p1152) £ | B unc-17(e113)
o] ko 1
O g54+— y T T T T T T )

5 0 10 20 30 40 5 0 10 20 30 40

Time (min) Time (min)

Figure 2 Hypercontraction requires cholinergic signaling. (A) Preincuba-
tion (=60 to 0 min) with mecamylamine (Mec.) significantly blocked the
EHC phenotype induced by 400 mM ethanol on N2 (wild-type) worms at
10 min (***P < 0.001; n = 11). (B and C) Mutant worms deficient in
presynaptic acetylcholine release, cha-7 and unc-17, were significantly
resistant to the hypercontraction induced by ethanol compared with N2
worms (**P < 0.01; ***P < 0.001; n = 6).

anol to induce hypercontraction. We tested this hypothesis
further, using mutants in genes that are involved in cholin-
ergic signaling.

The synthesis of acetylcholine (ACh) requires the choline
acetyltransferase (ChAT) enzyme that is encoded by the
cha-1 gene (Rand and Russell 1984). Packaging into vesicles
in presynaptic neurons requires the vesicular acetylcholine
transporter (VAChT) that is encoded by the unc-17 gene
(Alfonso et al. 1993). Strains carrying partial loss-of-function
mutations in cha-1 or unc-17 have decreased levels of ACh
released into the synaptic cleft (Rand 2007). When cha-1 or
unc-17 mutant worms were tested on ethanol, we observed
significant resistance to EHC compared to that in wild-type
worms (Figure 2, B and C). The unc-17(el13) mutant
showed an unusual tolerance response; by 40 min of expo-
sure, the mutant worms recovered to a size greater than
their preethanol treatment size (Figure 2C). A second allele,
unc-17(e245), displayed the same resistance and tolerance
phenotype (Table S2), confirming that this observation was
not allele specific or a product of genetic background. The
unc-17 and cha-1 data are in agreement with the mecamylamine
data; together these results suggest a cholinergic mechanism of
action for EHC.

Specific nAChRs play a role in EHC

The C. elegans genome contains a large family of nAChRs
with 29 identified subunits compared to the human genome,
which contains 17 (Brown et al. 2006; Jones et al. 2007;
Rand 2007). The most well-characterized subunits in worms
are those expressed in motor neurons and at the neuromuscular
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Figure 3 Ethanol-induced hypercontraction requires UNC-
63. (A) Two different alleles of unc-63(gk234) and unc-63
(x13) significantly reduced the hypercontraction response
to 400 mM ethanol (***P < 0.001; n = 7). (B-F) unc-38
(n =6), acr-16 (n = 6), acr-2 (n = 5), unc-29 (n = 10), and
lev-1 (n = 5) mutants did not demonstrate a significant
difference from N2 (wild type) (P > 0.05). Given the con-
served homology between unc-63 and unc-38, the trend

toward resistance for unc-38 may be relevant.
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junction (Richmond and Jorgensen 1999; Touroutine et al.
2005) and we tested many of these for a role in EHC. We
focused first on the neuromuscular junction (NMJ) as EHC
appears to involve muscle hyperactivation. Two receptor classes
have been identified at the NMJ, those that are sensitive to the
AChR agonist levamisole and those that are insensitive to levami-
sole. The levamisole-sensitive receptor requires the UNC-29,
UNC-38, UNC-63, and LEV-1 subunits (Fleming et al. 1997;
Culetto et al. 2004; Towers et al. 2005). The homomeric
ACR-16R nAChR is the only defined levamisole-insensitive re-
ceptor at the NMJ (Touroutine et al. 2005). We tested members
of each receptor class (levamisole sensitive, unc-29, unc-38,
unc-63, and lev-1; levamisole insensitive, acr-16) for the effect
of loss of function on EHC responses (Figure 3). We found that,
of the genes tested, only mutations causing a loss of function in
the unc-63 gene (x13 and gk234) significantly reduced the EHC
response compared with that in wild-type animals (Figure 3A).
The unc-38(e264) mutation produced a nonsignificant trend
toward resistance to EHC (Figure 3B). That the unc-29 and
lev-1 mutants displayed wild-type sensitivity to EHC (Figure 3,
E and F) suggests that it is not the levamisole-sensitive receptor
mediating the EHC effect because UNC-29 and LEV-1 are re-
quired subunits of that receptor. Instead, these data suggest the
involvement of the UNC-63 subunit in a different receptor(s).
One likely candidate was the neuronal ACR-2 receptor (ACR-
2R), which has been shown to require UNC-63 and UNC-38
subunits (Jospin et al. 2009) and is expressed in cholinergic
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motorneurons (Petrash et al. 2013). Loss of function of the
acr-2 gene eliminates the ACR-2R, so we tested acr-2(0k1887)
for EHC, with the idea that if UNC-63 were acting in the ACR-2R
to mediate EHC, then loss of ACR-2R should mimic the unc-
63(lf) for this phenotype. acr-2(ok1887) mutants showed
wild-type sensitivity to EHC (Figure 3D), which suggests that
UNC-63 may belong to yet another nACh receptor class that is
independent of the levamisole-sensitive receptor and the
ACR-2R. These data indicate that the UNC-63 a-nAChR sub-
unit plays a significant role in mediating EHC, and we have
eliminated the levamisole-sensitive receptor and the ACR-2R
as being required for the EHC effect.

GABA signaling in EHC

While ACh induces contraction of body wall muscle, GABA
causes relaxation of the contralateral body wall muscle. We
predicted that loss of GABA signaling might increase the
degree of EHC due to a loss of inhibition at the NMJ. In
contrast, we found that loss-of-function mutations in the
unc-25 gene, which encodes the GABA synthetic enzyme,
glutamic acid decarboxylase (GAD), decrease the degree
of EHC (Figure 4A). We also found this to be the case for
mutations affecting the GABA vesicular transporter-encoding
gene unc-47 (Figure 4B), which is required for uptake of
GABA into synaptic vesicles prior to neurotransmitter re-
lease. Mutations in unc-25 and unc-47 should reduce the
release of GABA from GABAergic neurons (Mclntire et al.
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1993a). Interestingly, mutations in the GABA, receptor-
encoding gene, unc-49, or in either of the GABAy metabo-
tropic receptor subunits, gbb-1 and gbb-2, do not alter the
sensitivity to ethanol for EHC (Figure 4, D-F). Finally, we
examined the effect of mutations in the unc-30 gene, which
alters the developmental fate of the type D GABAergic
motorneurons, such that they no longer express unc-25
and unc-47 (Eastman et al. 1999). Unexpectedly, the unc-30
mutants showed a wild-type response to EHC (Figure 4C).
We tested the possibility that the unc-25 and unc-47 mutants
were already hypercontracted due to the lack of inhibition
caused by a decrease in GABA signaling. In such a case, it
may be that the GABA signaling mutants would not be able to
contract further or to the same degree as WT animals, result-
ing in a floor effect in our measurements of EHC. To test this,
we exposed unc-25, unc-47, and unc-49 mutant animals to
aldicarb (0.5 or 1.0 mM), an acetylcholinesterase inhibitor
that causes progressive hypercontraction and paralysis of
C. elegans (Mahoney et al. 2006). All of the mutants, when
exposed to aldicarb, contracted to a greater degree than
they did in the presence of ethanol (Figure S2), confirming
that our measurements were not confounded by a floor
effect. The resistance to EHC shown by the unc-25 and
unc-47 mutants suggests a role for GABA in the action of
ethanol that generates hypercontraction, while the lack of
effect of the unc-30 mutants suggests a role outside of the
type D neurons.

Neuropeptide signaling is not required
for hypercontraction

It has been reported that aldicarb treatment increases the
release of the neuropeptide NLP-12 from the DVA neuron,
which then potentiates cholinergic signaling at the NMJ of
C. elegans (Hu et al. 2011). The DVA neuron is a stretch-
sensitive sensory interneuron that requires the TRP-4 ion
channel for its function. Worms exposed to ethanol exhibit
a dose-dependent flattening of body bends (See Figure 1B)
(Davies et al. 2003). We hypothesized that the EHC pheno-
type might be due to increased cholinergic signaling via
NLP-12 release that is the result of the ethanol-induced re-
duction in body bend amplitude. We tested this hypothesis,
using worms that are deficient in neuropeptide release and
defective in DVA neuron function. Approximately 250 neu-
ropeptides are released from dense core vesicles at the syn-
aptic cleft in C. elegans (Li and Kim 2008), a process that
requires UNC-31 and EGL-3. The unc-31 gene encodes the
calcium-dependent activator protein for secretion (CAPS);
loss of this protein inhibits the calcium-mediated fusion of
dense core vesicles to the membrane, which prevents pep-
tide release (Speese et al. 2007). egl-3 encodes a proprotein
convertase type 2, which is required for the conversion of
propeptides into active peptides (Kass et al. 2001). To test
the role of neuropeptides in EHC, loss-of-function mutants
for unc-31 and egl-3 were examined for sensitivity to EHC.
Neither of these mutants exhibited a significantly different
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EHC phenotype compared with wild-type animals (Figure 5,
A and B). To examine directly the role of the stretch pathway
in EHC, we tested loss-of-function mutants of nlp-12 and trp-4
(Figure S3, A and B), which eliminate the NLP-12 response
(Hu et al. 2011). Both of these mutants were not different
from wild-type animals for the EHC response, indicating that
the hypercontraction phenotype is not the result of in-
creased cholinergic transmission through DVA activation.
Taken in conjunction with the unc-31 and egl-3 data, this
shows that neuropeptide signaling is unlikely to be involved
in EHC.

eat-6(eg200) is defective in the development of acute
functional tolerance to EHC

In a forward genetic screen, using ethyl methanesulfonate
mutagenesis to generate random mutations, we isolated
mutants that are hypersensitive to the effects of ethanol on
the speed of locomotion. One of these mutants, eg200, was
isolated on the basis of having significantly slower speeds on
ethanol than wild-type siblings (Figure 6, A and B). How-
ever, the most striking aspect of the response to ethanol of
the eg200 mutant animals was their continued hypercon-
traction for as long as they remained exposed to ethanol
(Figure 7A), as opposed to the relatively rapid recovery
demonstrated by wild-type animals (Figure 7A). We pur-
sued identification of the gene affected by the eg200 muta-
tion to better understand the second phase of EHC, the
recovery (or acute functional tolerance) phase.

We used genetics to map the eg200 mutation to a region
between [in-25 and the dimorphic SNP, snp FF57B1[3] on
chromosome V (Figure 6D) (see Materials and Methods). We
examined the proposed functions, where known, of the 228
predicted genes in the ~560-kb eg200-containing interval
for candidate genes whose function might account for the
hypersensitivity to and prolonged recovery from EHC. We
investigated the shw-3 Shaw-class potassium channel as an
eg200 candidate gene. Sequencing of the shw-3 gene ampli-
fied from eg200 genomic DNA did not reveal any mutations
in the shw-3 coding sequence (data not shown). We next
sequenced the eat-6 gene, which encodes the a-subunit of
the Nat/K*-ATPase (Davis et al. 1995), which is an important
regulator of excitable cell activity, and found a nucleotide sub-
stitution mutation that alters the codon for a highly conserved
amino acid (glycine 77 in the EAT-6 protein) (Figure 6E),
suggesting that the eg200 mutation affects the eat-6 gene.

The eg200 mutant animals do not have the starved ap-
pearance found with some other mutant alleles of the eat-6
gene (Avery 1993), but the eg200 animals are smaller and
slower growing than wild-type animals, which is consistent
with mutants that have feeding defects (Avery 1993). Some
eat-6 mutants have been reported to be hypersensitive to the
AChR agonist levamisole (Doi and Iwasaki 2008; Govorunova
et al. 2010). We found that eg200 mutant animals are hy-
persensitive to the paralyzing effects of levamisole (Figure 6C),
consistent with the eg200 mutant having a defect in the eat-6
gene. Although eg200 mutants do not have a starved appear-
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Figure 5 Neuropeptide signaling is not involved in ethanol-induced
hypercontraction. (A and B) Mutations affecting two genes involved in
neuropeptide release and activation, unc-37 and egl-3, respectively,
exhibited similar contraction phenotypes to N2 (wild type) to 400 mM
ethanol (P > 0.05; n = 6).

ance, they do have a reduction in pharyngeal pumping rate
(Table S3), similar in severity to another eat-6 mutant,
ad601, considered to be a weak allele for both starvation
and pharyngeal pumping phenotypes (Davis et al. 1995;
Govorunova et al. 2010). Two additional eat-6 alleles,
ad467 and ad997, are reported to be stronger alleles with
respect to mutant pharyngeal pumping and starvation
phenotypes (Davis et al. 1995). We examined all three
eat-6 alleles for altered recovery from EHC (Figure 7 and
Figure S4B).

The eat-6(ad601) mutants contracted to the same extent
as the eg200 mutant animals; however, unlike eg200 ani-
mals, the ad601 mutants initially recovered at the same rate
as wild-type animals (Figure 7A). Interestingly, over the
course of the next 2 hr of ethanol exposure, the ad601 mu-
tant animals slowly contracted again to the same level as
eg200 mutants, while wild-type animals did not undergo
a second contraction over this time course (Figure 7A).
We confirmed that eg200 is an allele of the eat-6 gene based
on a failure to complement the ad601 for the EHC phenotype
(Figure S4A). The trans-heterozygote eg200,/ad601 displayed
an EHC phenotype more similar to ad601 homozygotes; the
€g200/ad601 animals initially recovered from the contracted
state only to contract again at late time points of ethanol
exposure.
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eat-6(eg200) mutation increases the sensitivity to paralysis caused by
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CB4856). (E) The eg200 mutation is predicted to cause a substitution
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Figure 7 Two eat-6 mutants show defects in the recovery from ethanol-
induced hypercontraction. (A) N2 (wild type), eat-6(eg200), and eat-6
(ad607) contract to a maximum degree in the first 10 min. N2 (wild type)
and eat-6(ad601) recover while eat-6(eg200) remains significantly smaller
after 40 min on 400 mM ethanol. eat-6(ad6017) fails to maintain the
recovery of contraction state; at 180 min both eat-6 alleles were signifi-
cantly contracted compared to N2 (eg200, *P < 0.05, **P < 0.01, ***P <
0.001; ad601, AMP < 0.01; n = 6). (B) Images of the same eat-6(eg200)
worm treated with 400 mM ethanol at —1, 10, and 40 min. Percentages
indicate percentage of the untreated perimeter at —1 min. Bar, 250 pm.

Surprisingly, the two strong eat-6 mutants, ad467 and
ad997, showed wild-type responses to EHC (Figure S4B).
This result suggests that the strengths of the starvation
and pharyngeal pumping mutant phenotypes are inversely
related to the strength of the EHC phenotype. The same
inverse relationship has been reported for sensitivity to the
acetylcholinesterase inhibitor, aldicarb; ad601 has been
reported to be more sensitive to the paralytic effects of aldi-
carb than the stronger alleles that cause visible starvation
(Doi and Iwasaki 2008; Govorunova et al. 2010). We exam-
ined each of the eat-6 mutants for aldicarb sensitivity and
found that eg200 was significantly more sensitive than any
of the three remaining eat-6 alleles (Figure S4C). Under the
conditions we used (1 mM aldicarb, no food), ad601 did not
appear more sensitive to aldicarb than ad467 as has been
reported (Doi and Iwasaki 2008; Govorunova et al. 2010),
although in our assay all three mutations were more sensi-
tive to aldicarb than wild-type animals (Figure S4C).
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While the two mutants, eg200 and ad601, do not share
identical EHC phenotypes, their ethanol responses are con-
sistent with the EAT-6 Nat/K*-ATPase playing a role in the
development and maintenance of tolerance to EHC.

EHC is distinct from previously identified
ethanol responses

Mutations in multiple genes have previously been shown to
generate altered phenotypes compared to wild-type animals
upon treatment with ethanol (Davies et al. 2003, 2004;
Kayser et al. 2003; Kapfthamer et al. 2008; Graham et al.
2009; Speca et al. 2010; Bettinger et al. 2012; Bhandari
et al. 2012; Jee et al. 2013; Raabe et al. 2014). We examined
two of these genes that have robust mutant ethanol response
phenotypes, slo-1 and npr-1. Loss-of-function mutations in the
BK potassium channel-encoding gene, slo-1, produce a signifi-
cant level of resistance to the acute depressing effects of eth-
anol on locomotion speed and egg-laying frequency (Davies
et al. 2003). We tested the null mutant slo-1(eg142) for its
EHC response and found that slo-1(eg142) mutant animals
have a wild-type level of EHC (Figure S3C). This suggests
that the nAChR-mediated EHC effect is independent of the
actions of ethanol that are mediated by SLO-1. Loss-of-function
mutations in the neuropeptide Y receptor-like-encoding gene,
npr-1, produce a more rapid development of acute functional
tolerance to the depressing effects of ethanol on locomotion
within an ethanol exposure session compared with wild-type
animals (Davies et al. 2004). We tested whether the null mu-
tant npr-1(ky13) would also alter the rate of development of
tolerance to the EHC effect. As with the slo-1 mutant, the npr-
1(ky13) mutant animals displayed wild-type sensitivity and rate
of recovery to the EHC effect (Figure S3D), suggesting that the
tolerance to the effects of ethanol on locomotion is independent
of the tolerance that develops to EHC.

Discussion

The excitatory effects of ethanol have been phenotypically
characterized in several different species, yet the molecular
mechanism by which ethanol acts as an excitatory drug
remains uncharacterized (Gingras and Cools 1996; Addicott
et al. 2007; Arias et al. 2009; Beckstead and Phillips 2009;
Kong et al. 2010; Rose et al. 2013). Using the model organism
C. elegans, we developed a hypercontraction assay to study both
the excitatory effects of ethanol and the tolerance that develops
to these effects. This assay describes an effect of ethanol that is
distinct from previously identified ethanol effects in the worm.
Using an in vivo genetic approach, we were able to identify
cholinergic and GABAergic signaling as being involved in me-
diating this excitatory effect. We identified an unusual mutation
in the eat-6 Na*/K*-ATPase-encoding gene that prevented the
development of acute functional tolerance to this effect.

Cholinergic signaling

Our data support a model in which exogenous administration
of ethanol augments cholinergic signaling, causing a decrease
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in body length, presumably via an increase in the acetylcholine-
mediated contraction of the body wall muscle. The nonse-
lective and noncompetitive nAChR antagonist mecamylamine
significantly blocked the EHC phenotype (Figure 2A), iden-
tifying a requirement for normal AChR function in this effect.
Furthermore, animals carrying loss-of-function mutations in
the genes encoding choline acetyltransferase cha-1 and the
vesicular acetylcholine transporter unc-17, which result in
low levels of ACh release into the synaptic cleft (Rand
2007), showed significant resistance to the EHC effect (Fig-
ure 2, B and C). These data support the hypothesis that
ethanol increases cholinergic signaling to bring about EHC
and that the availability of ACh for synaptic release is im-
portant for the degree of EHC.

We favored a hypothesis in which ethanol acts through
specific AChRs because previous research has linked specific
mammalian AChR subunits with electrophysiological and
behavioral effects of ethanol. In vitro studies have shown
direct effects of ethanol on nAChR currents, including po-
tentiating effects (Cardoso et al. 1999; Godden et al. 2001).
Our data indicate that there is a requirement for wild-type
ACh availability for EHC and are consistent with the hypoth-
esis that ethanol potentiates normal ACh signaling to gen-
erate EHC. Consistent with our mecamylamine result, it has
been shown that mecamylamine can inhibit the locomotor-
stimulation effects of ethanol in mice (Kamens and Phillips
2008). Our data indicate that unc-63, which encodes a
nAChR a-subunit, is necessary for wild-type levels of EHC
(Figure 3A). A mutation in unc-38, a paralog of unc-63,
trended toward resistance of the EHC phenotype (Figure 3B),
indicating that these related «a-subunits may both play a role
in EHC. The genes identified as orthologs of unc-63 and unc-
38 in the Homo sapiens genome are CHRNA2 («2), CHRNA3
(a3), CHRNA4 («4), and CHRNAG6 («6) (Shaye and Greenwald
2011). Electrophysiological activities of specific subunits
(a2B2, a2p4, a4B2, and a4p4) are enhanced in the pres-
ence of ACh and ethanol when measured in Xenopus oocytes
(Cardoso et al. 1999; Borghese et al. 2003). The use of receptor-
specific antagonists suggests that a3B2- or B3-containing
receptors are involved in ethanol-induced locomotor stimu-
lation in mice (Jerlhag et al. 2006), whereas a4p2- and a6-
containing receptors are not (Larsson et al. 2002; Jerlhag
et al. 2006). The involvement of a3 in locomotor stimulation
agrees with genetic mapping and expression studies that sug-
gest a role for the nAChR a3-subunit-encoding gene CHRNA3
in ethanol-induced locomotor stimulation in mice (Kamens
et al. 2009). Behaviorally, heterozygotes containing an a3-
knockout mutation were more sensitive to the depressant
effects of ethanol than wild-type mice (Kamens et al. 2009),
which suggests a possible loss of excitatory effects. Human
genetics studies have found association with a cluster of
three AChR-encoding genes that includes the a3-encoding
gene and symptoms of alcohol abuse/dependence and with
an acute level of response to alcohol (Joslyn et al. 2008;
Chen et al. 2009; Sherva et al. 2010). That UNC-63 is con-
sidered to be the C. elegans ortholog of a3 suggests that


http://www.wormbase.org/db/get?name=eg200;class=Variation
http://www.wormbase.org/db/get?name=ad601;class=Variation
http://www.wormbase.org/db/get?name=eat-6;class=Gene
http://www.wormbase.org/db/get?name=slo-1;class=Gene
http://www.wormbase.org/db/get?name=npr-1;class=Gene
http://www.wormbase.org/db/get?name=slo-1;class=Gene
http://www.wormbase.org/db/get?name=slo-1;class=Gene
http://www.wormbase.org/db/get?name=eg142;class=Variation
http://www.wormbase.org/db/get?name=slo-1;class=Gene
http://www.wormbase.org/db/get?name=eg142;class=Variation
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.171884/-/DC1/genetics.114.171884-3.pdf
http://www.wormbase.org/db/get?name=slo-1;class=Gene
http://www.wormbase.org/db/get?name=npr-1;class=Gene
http://www.wormbase.org/db/get?name=npr-1;class=Gene
http://www.wormbase.org/db/get?name=ky13;class=Variation
http://www.wormbase.org/db/get?name=slo-1;class=Gene
http://www.wormbase.org/db/get?name=npr-1;class=Gene
http://www.wormbase.org/db/get?name=npr-1;class=Gene
http://www.wormbase.org/db/get?name=ky13;class=Variation
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.171884/-/DC1/genetics.114.171884-3.pdf
http://www.wormbase.org/db/get?name=eat-6;class=Gene
http://www.wormbase.org/db/get?name=cha-1;class=Gene
http://www.wormbase.org/db/get?name=unc-17;class=Gene
http://www.wormbase.org/db/get?name=unc-63;class=Gene
http://www.wormbase.org/db/get?name=unc-38;class=Gene
http://www.wormbase.org/db/get?name=unc-63;class=Gene
http://www.wormbase.org/db/get?name=unc-63;class=Gene
http://www.wormbase.org/db/get?name=unc-38;class=Gene
http://www.wormbase.org/db/get?name=unc-38;class=Gene
http://www.wormbase.org/db/get?name=unc-63;class=Gene

there may be significant conservation between the ethanol-
induced stimulation effect in mice, alcohol abuse/dependence
in humans, and the EHC effect in worms that we have de-
scribed here. Therefore, our data provide further support for
the mammalian studies implicating specific a-subunits of the
nAChRs in ethanol-induced stimulatory effects and strongly
support this C. elegans phenotype as a relevant model of
ethanol-induced excitatory effects.

Our finding that other subunits required for the levamisole-
sensitive nAChR (Fleming et al. 1997; Culetto et al. 2004)
are not required for EHC suggests that UNC-63 is acting in
a different receptor to mediate EHC. We tested the only
additional receptor currently known to include the UNC-63
subunit, the neuronal ACR-2 receptor (Jospin et al. 2009;
Petrash et al. 2013), and found that loss of that receptor,
through loss of function in the acr-2 gene, did not alter
sensitivity to EHC. These results suggest that UNC-63 is
likely to act in an as yet unidentified receptor(s) to mediate
EHC.

GABA signaling in EHC

GABA signaling acts to oppose cholinergic signaling in
coordinating body muscle contractions in C. elegans. We
reasoned that if ethanol is acting through AChRs to mediate
increased body muscle contraction, then loss of GABA sig-
naling should enhance the effect of ethanol. Instead, we
found the opposite result; a reduction in GABA synthesis
and vesicular packaging produced via mutations in unc-25
and unc-47, respectively, reduced the degree of contraction
induced by ethanol. We confirmed that this result was not
due to a preexisting level of hypercontraction in the unc-25
and unc-47 mutants that limited the degree to which they
could contract further (Figure S2A). One hypothesis to ex-
plain this outcome is that reduced GABA production and
release may lead to a compensatory response that down-
regulates cholinergic signaling, which may then attenuate
the degree to which ethanol can act through AChRs. If this
is true, then the compensation must be specific in nature
because it has been shown previously (Vashlishan et al.
2008) that GABAergic mutants, including unc-25, are actu-
ally more sensitive to aldicarb-induced paralysis, suggesting
that with a reduction in GABA signaling, the body wall mus-
cle is more sensitive to excitation rather than less sensitive
as a compensatory model might predict. This suggests that
there may be a more specific reduction in levels or activity of
the UNC-63-containing receptor(s) in the unc-25 and unc-47
mutant backgrounds; such a reduction might not affect aldi-
carb sensitivity for muscle paralysis but would alter ethanol
sensitivity. Also of interest are the differential effects on EHC
of reduced GABA production and release in the unc-25 and
unc-47 mutants compared with loss of either the major
GABA, receptor UNC-49 or the two GABAg receptors GBB-1
and GBB-2. These results suggest the possibility that loss of
both receptor types is required to mimic the reduction of
GABA synthesis or, alternatively, that the impact of GABA
on EHC is mediated by a third receptor type. The lack of

effect of the loss of UNC-49, the major inhibitory receptor on
the body muscle, suggests that the site of action for ethanol
in producing EHC may not be directly on body muscle; in-
stead an action on upstream neurons would better explain
our observed data. We also found that unc-30 mutants,
which lack GABA synthesis and vesicular packaging in the
type D neurons (Mclntire et al. 1993a), show a wild-type
EHC phenotype. This result implicates the remaining
GABAergic neurons (AVL, DVB, RIS, and RMEs) that are
affected by unc-25 and unc-47 mutations but are unaffected
in the unc-30 mutant animals. Of those neurons, AVL, DVB,
and the four RMEs are primarily involved in defecation and
in head foraging movement (McIntire et al. 1993b), and
a GABAergic function associated with the RIS interneuron
is yet to be identified. The mechanism by which decreased
GABA synthesis and release reduces sensitivity to EHC
remains to be identified.

eat-6 mutations affect tolerance to EHC

The eat-6(eg200) mutant demonstrates a prolonged response
to EHC. The continued hypercontraction in the presence of
ethanol by eat-6(eg200) and the return to hypercontraction
following an initial recovery that is shown by the eat-6(ad601)
mutant highlight the requirement for EAT-6 function in the
acute functional tolerance that is occurring in wild-type ani-
mals to this effect of ethanol during the period of ethanol
exposure.

The eat-6 gene encodes the a-subunit of the Na*/K+-
ATPase (Davis et al. 1995), which pumps three sodium ions
out of and two potassium ions into the cell. As a result,
maintenance of a negative membrane potential is achieved
as dictated by the Goldman equation (Hille 2001). Loss of
function of this protein would be predicted to result in
a depolarized and hyperexcitable cell (Davis et al. 1995).
One possibility to explain the prolonged EHC phenotype in
the eat-6(eg200) mutant animals is that eg200 is a loss-of-
function allele that leads to a hyperexcitable state in cells
activated by ethanol and, in combination with potentiation
of cholinergic signaling by ethanol, the affected cells cannot
compensate for the strong hyperactivation to achieve a ho-
meostatic recovery. The strong levamisole and aldicarb hy-
persensitivity phenotypes associated with eg200 support the
model that eg200 mutants are particularly sensitive to cho-
linergic activation. However, the idea of eg200 as a straight-
forward loss-of-function mutation is not supported by the
EHC or aldicarb phenotypes displayed by other alleles of
eat-6, some of which have stronger effects on pharyngeal
pumping (Davis et al. 1995).

eat-6 mutants have been described as having several phe-
notypes, including defects in pharyngeal pumping, and al-
tered sensitivities to aldicarb, levamisole, nicotine, and
serotonin (Avery 1993; Davis et al. 1995; Doi and Iwasaki
2008; Govorunova et al. 2010). Different alleles of eat-6
have different constellations of phenotypes, suggesting that
they do not fall into a simple allelic series representing an
increasing degree of loss of function; instead different alleles
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have different strengths of effect on a variety of different
neuromuscular phenotypes, to which we have added the
development of tolerance to EHC (Table S3). The eg200
and ad601 mutations are both weak alleles for effects on
starvation, and both produce hypersensitivity to levamisole,
but they differ in the time course for their effect on the
development of tolerance to EHC. The ad467 and ad997
mutations have strong effects on pharyngeal pumping and
feeding, but have no detectable effect on EHC. All alleles
show hypersensitivity to aldicarb-induced paralysis in our as-
say but eg200 shows the greatest level of hypersensitivity.
These observations combine to suggest that the eat-6 mutation
is unusual in comparison with other isolated eat-6 mutations.

An alternative model to explain the effect of the eg200
mutation is that tolerance to the EHC effect may require
regulation of Na*/K*-ATPase function, and the ¢g200 mu-
tation specifically affects the ability of the Na*t/K*-ATPase
to make such changes. The eg200 mutation is predicted to
result in glycine to glutamic acid substitution at residue 77.
The role of the equivalent conserved amino acid, Gly94, in
the rat Na*/K*-ATPase has been investigated (Einholm
et al. 2005). Substitution of Gly94 by Ala94 in the M1 trans-
membrane region interferes with binding of both Na* and
K* by the enzyme. The results were particularly striking for
the E.P conformational state of the enzyme, which had
a ninefold reduced affinity for the K* cation, resulting in
a dysfunctional transporter (Einholm et al. 2005). The im-
portance of that specific amino acid in enzyme function,
particularly in certain conformations, may be significant in
the development of tolerance to EHC.

One other possibility for the role of EAT-6 in altering
cholinergic signaling and the sensitivity to, or recovery from,
EHC is that EAT-6 has been found to act in an allele-specific
and pump-independent manner to regulate nAChR localiza-
tion at the postsynaptic membrane of the NMJ (Doi and
Iwasaki 2008). The ad601 mutation was found to have the
strongest effect on nAChR localization (Doi and Iwasaki
2008); we found that when exposed to ethanol, ad601
had a delayed return to a hypercontracted state following
an initial wild-type-like recovery. The possibility that the
number of UNC-63-containing receptors could be increased
postsynaptically in eat-6(eg200) mutant animals might also
account for a prolonged EHC effect, particularly if the reg-
ulation of the localization of those receptors was abnormal.
The observation of increased levamisole and aldicarb sensi-
tivity in the eat-6(eg200) mutant would also be consistent
with eg200 acting in a similar manner to ad601 for its effects
on the levamisole-sensitive receptor at the NMJ. The impact
of eat-6(eg200) on the unknown ethanol-sensitive receptor(s)
containing UNC-63 is worthy of future examination.

Conclusion

We identified an excitatory effect of ethanol that we have
termed EHC in the model organism C. elegans and developed
a novel software-assisted assay method to aid in data analy-
sis. We used both genetic and pharmacological approaches to
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determine the molecular mechanisms involved in this ethanol-
induced effect. With this in vivo model we found that the
excitatory phenotype is cholinergic and functions through
the UNC-63 «-nAChR subunit, which is orthologous to
the mammalian «2, a3, a4, and a6 nAChR subunits. This
excitation effect of ethanol characterizes a property of an
unidentified receptor type because known receptors that in-
clude the UNC-63 subunit were not required for this effect.
Furthermore, we show that levels of GABA release alter the
degree of EHC; however, the mechanism involved does not
appear to involve the well-characterized C. elegans GABA4 or
GABAg receptors. In addition to the acute effect of ethanol
on excitation, we show that acute functional tolerance
develops rapidly to the effect. We identify a missense muta-
tion of eat-6 that alters a conserved amino acid in the Na*/
K*-ATPase as having the effect of eliminating the develop-
ment of tolerance to the ethanol effect, causing a prolonged
hypercontracted phenotype. This suggests that the Na*/K*-
ATPase plays a role in the development of tolerance to this
ethanol effect. Genes previously shown to affect acute sen-
sitivity and the development of acute functional tolerance to
the depressive effect of ethanol on locomotion speed, slo-1
and npr-1, respectively, are not involved in the excitatory
mechanism. Our data indicate that the mechanisms of ethanol-
induced excitation and depression and the mechanisms of
tolerance to these effects are different from each other.
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FILE S1

SUPPLEMENTAL MATERIALS AND METHODS

RNAI induction: Knock-down of function using RNAi was performed as previously described
(Ahringer, 2006; Choe and Strange, 2007; Alaimo et al., 2012). Worms were fed E. coli that transcribe
and generate double stranded RNA (dsRNA). E. coli strains containing the control empty vector
plasmid (L4440) and the wnk-1 dsRNA-expressing plasmid were obtained from the Ahringer library
developed at the University of Cambridge (Geneservice, Cambridge, UK). NGM plates made with
1mM isopropyl B—D-1-thiogalactopyranoside (IPTG) and 25ug/mL ampicillin were seeded with the
bacteria, which was allowed to grow at room temperature for 24 hrs. Six adult eri-1(mg363) were
allowed to lay eggs on the plates for 36—40 hours and adults from this first generation were moved to a
second RNA. bacteria-containing plate and allowed to lay eggs for 2 hours. Adult worms from the

second generation were used for experiments.

Hypertonic Stress: The assay was performed as previously described (Choe and Strange, 2007).
Hypertonic stress was achieved by adding NaCl (349 mM) to RNAI plates. RNAI plates without added
NaCl were used as control plates. Hypertonic stress-induced hypercontraction was assessed at the
following time points -1, 1, 30, 60, 120, 180, 240 and 300 minutes as described for ethanol-induced
hypercontraction.

Vapor pressure: The nematodes and plates were prepared as described for the hypercontraction assay.
The assay was performed in a sealed container with a volume of 1.6 L as previously described (Davies
et al., 2012). A picture at the -1 untreated time point was taken before the worms were moved to the
testing plate. A 100 ml beaker was placed into the chamber containing no solution, 60 ml of deionized
water, or 60 ml of 400 mM ethanol in water. For the positive control, a 400 mM ethanol plate was
prepared as described for the hypercontraction assay. The testing plates were placed in the chamber for
each testing condition, without a plate lid, and the chamber was sealed for the duration of the
experiment. Pictures were taken and analyzed as described for the hypercontraction assay.

Pharyngeal pumping: Pharyngeal pumping was measured as previously described (Raizen et al.,
1995). Ten young adult hermaphrodites were transferred to a plate containing OP50 (grown for 16
hours at room temperature). For all strains, videos were taken using a Leica MZFLIII dissecting
microscope (Leica Microsystems, Buffalo Grove, IL, USA) with a 10X objective and 10X
magnification and a QImaging Retiga 4000R camera (Qlmaging, Surrey, BC, Canada) and analyzed
using ImagePro Plus Version 6 (Media Cybernetics, Bethesda, MD, USA). Movies were played at 1 /5

speed in order to clearly count a backward movement of the grinder. Data represented as mean £ SEM.
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Table M1 Deficiency mapping primers

Nucleotide
PCR Matching positions Forward (F) and reverse (R) primers
product cosmid covered
[ C44H9 12,835,742- F:5-TTTTTCCACCATCAGAACCC-3’
12,836,025 R:5-TTTTCGGTTGTAGGTGTGCT-3’
i T16G1 12935045~ F:5-ATCTGAAAGCGACAAATGGC-3’
12,935,280 R: 5’-CAGGGAAAACTAATCCTTTATACCC-3’
ii FA2E8  13051,106- F:5-TGCAAGTGCAGAGGCAATAC-3’
13,051,268 R: 5’-CCATCAGGTTGTAAGCCGTT-3’
iv B0365  13120,346- F:5-GGATTTTTGACGGAATCGTG-3’
13,120,584 R: 5’-GGAGATGTGAACGAAGGGAA-3’
v C26E1  13.203639- F:5-TTTGGGCTGATGTTAAACCC-3’
13,293,889 R: 5’-AATGGCTTCGAGGCTAGTGA-3’
vi C50B6  13311219- F:5-TCTTCGACACCCTCCATCTC-3’
13,311,453 R: 5’-AAGACGAGCGAGCTGAAATC-3’
vii M04G12 13370458- F:5-AGTGCAGCTTTGAACGGTTT-3’
13,370,703 R: 5’-GTTGCATGCCCCTAACATCT-3’
viii F53F4 13628573 F:5-GAAGCTGGTTTCGCATTGA-3'T
13,628,781 R: 5’-TCGCTTTCATCATTGATTCG-3’
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Table M2 eat-6 sequencing primers

Forward (F) and Reverse (R)

*eat-6-F1
eat-6-F2
eat-6-F3
eat-6-F4
eat-6-F5
eat-6-F6
eat-6-F7
eat-6-F8
eat-6-R1
eat-6-R2
eat-6-R3
eat-6-R4
eat-6-R5
eat-6-R6
eat-6-R7
eat-6-R8

*eat-6-R9

5’-GTATAGGACGGGACTTTCTGTCGACTTG-3’

5’-CGACGACAGAAAGTAGCATCAC-3’
5’-GGTCTTGGAGATGATCAAATC-3’
5’-GTTCCGAGATCGATACAAAG-3’
5’-GATGATCTCGGCAAGCTGATC-3’
5’-CTTCGCGAAGTTTGTCACTAAG-3’
5'-GGTTTGAGTTTCGGTGGTATC-3’
5'-CGGTGTTATCTCCAGTGTAAATG-3’
5’-CCAACAGAAAGATCCTCGAATAC-3’
S’-TCTCTCCATTCTTGACCTAC-3’
5’-TTCCAGTCGAAGAAGTCAAC-3’
5’-ATGAAGGGTGCTCCAGAAAG-3’
5’-GGAACTCTCACCCAAAACAG-3’
5’-CCCGTAACATCGCTTTCTTC-3’
5'-GGATTTGCCATGCTTCTTTG-3’
5'-CCGCTGTGCATGTATCTTTAC-3’
5’-GGCAGGCAACACGAACAATCTTTTG-3’

* Primers used to generate fragment for sequencing

E. G. Hawkins et al.
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Table S1 Ethanol dose response for effects on perimeter length

Ethanol  Untreated perimeter % of untreated % of untreated
(mM) length (um) 10 min 30 min
0 2308.6 + 25.6 101.2+£05 100.0+£ 0.6
100 2368.2 +13.4 98.5+0.7 98.4+1.0
200 2339.1+42.3 98.3+0.7 99.3+0.7
300 2274.4 +32.0 96.4 £ 0.8* 99.3+0.7
400 2282.1+19.1 93.3 £ 0.7*** 97.3+£0.7
500 2386.0 + 38.0 89.5 £ 0.9*** 96.4+0.8
600° 2361.2 +20.2 88.6 £0.7 955+ 0.7
700" 2361.1 +26.2 86.6 £0.3 925+0.2

* p <0.05, *** p < 0.001 compared with 0 mM

% Statistics were not performed because worms coiled at these ethanol concentrations resulting in only

20-50% of worms being measured.
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Table S2 Mutant alleles tested for ethanol-induced hypercontraction

Gene (allele)

Untreated perimeter (um)

Perimeter (% of untreated)

N2 (WT) Mutant WT 10' Mutant 10' WT 40' Mutant 40'
cha-1(p1152) 235254197  1477.6+105 89.4+07 957+0.7***  0968+09 98.4+0.7
unc-17(e245) 23665+9.2 1616408 917+0.8 98.807**  97.0+12 1053 +0.8%**
unc-17(e113) 23704+90  19491%143 905406 95407* 954307 1019 +0.8%**
acr-16(ok789) 2273.4+185  2191.3+235 925+07 92.6+12 96.5+09 97.4+08
acr-2(ok1887) 228324463  22934+152 909+08 885%10 97.2+0.7 96.7+05
unc-38(e264) 22604409  19200+42.9 913+09 941%07 97.1+11 98710
unc-29 (€193) 231224205  20188+17.5 924+07 937207 96.8+06 98.8+0.6
lev-1(e211) 219674219  2106.0+238 926+06 93.1+06 95.9+0.8 97.1£0.7
unc-63(x13)* 227314170  2133.7+433 89.4+06 943+09*** 95008 972410
unc-63(gk234)? 227314170  2049.9+229 89.4+06 952+0.8** 950+0.8 98.7+0.9
unc-25(e156)" 2209.8+20.3  17163+160 920+0.8 961+1.0*** 963+05 972406
unc-25(sa94)” 2209.8+20.3  2012.5+200 920+0.8 953+0.6*  963+05 97.7+03
unc-25(n2569)° 2209.8+20.3  18941%250 920+0.8 958+0.6*** 963+05 97.9+05
unc-49(e407) 2289.0+27.8  2081.0+343 914+06 92.4%10 96.9+05 97.8+0.7
unc-30(e191)° 215234233  1853.1+126 91.9+05 91.2+05 96.5+03 98.1£05
unc-30(e381)° 215234233  1883.3+11.9 91.9+05 90.5+10 96.5+03 96811
unc-47(gk192)° 218224211  18043+122 914+05 945+ 0.4* 98.1+0.8 98.1+10
unc-47(e307)° 218224211  18438+40 914+05 93.7+09 98.1+0.8 96510
gbb-1(tm1406)° 21605+16.7  2113.7+300 929+10 912407 98.0+06 97.1£0.7
gbb-2(tm1165)° 21605+16.7  21556+27.1 929+10 91.0+07 98.0+06 958+0.9
egl-3(n150) 227671409 2330.7+19.1 907+03 91.8+10 97.2+0.7 95406
unc-31(e928) 22683+49.2  22683+49.2 926+10 92.4%06 97.2+06 98.1£0.3
nlp-12(ok335) 2201.1+441  21063+50.0 90.7+0.6 91.2+10 95.8+09 97.3+05
trp-4(sy695) 22054 +237  22544+430 89.0+15 90.5+0.4 944+11 95904
eat-6(eg200)" 23263+164  2087.0+187 90.0+0.7 86.7%07 95.6+02  9L.1+1.2%*
eat-6(ad601)’ 23263+164  21559+245 90.0+0.7 87.2+09 95.6+02 96.4+0.7
eat-6(eg200)? 22033+29.1  2087.0+187 922+07 888206 96.9+0.6 912+ 0.7%**
eat-6(ad467)° 22033+29.1  16347+583 92.15+0.7 94.0%1.69 96.9+06 98.6+04
eat-6(ad997)° 22033+29.1  1582.1+288 922407 9371+108  969+06 99114
eat-6(eg200)" 22107100  1987.0£321 922410 89.41+051  97.3+05  90.6 + 0.6%**
eat-6(ad601)" 22107 +100  21559+245 922+10 88.69+0.78% 97.3+05 98209
eat-6(eg200/ad601)" 22107 +10.0  1989.2+26.1 922+1.0 88.19+0.83** 97.3+05 954+18
slo-1(eg142) 228294287  1970.5+165 90.8+0.7 89.05+037 96711 942009
npr-1(ky13) 2266.4+151  2079.8+7.4  925+07 92.59+05 96.1+04 975+04
* P <0.05; **, P <0.01; ***, P <0.001, compared with N2 (WT).
ab.cdefohndicates these strains were tested on the same plates
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Table S3 Strength of eat-6 mutant phenotypes

Starved Phara_ngeal Adult perimeter EHC Speed off Aldl_cgrp
Genotype appearance function (um) sensitivity  food (um/s) sensitivity
PP (pumps/10s) H Y H (1 mM)
N2 No 40.2+1.3 2203.3+29.1 wild-type 190.2+6.9 wild-type
eat-6(eg200) No 30.7+1.3 2087.0 £ 18.7 MMA 100.1+4.0 MMA
eat-6(ad601) No 32.7+05 2155.9 +24.5 ) 1495+ 34 N
eat-6(ad467) Yes 21.8+0.9 1634.7 £ 58.3 wild-type 1625+4.1 N
eat-6(ad997) Yes 228+15 1582.1 + 28.8 wild-type 189.6 +7.0 N

- A

Indicates level of increased sensitivity

E. G. Hawkins et al.
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Figure S1 Hypersensitivity to hypertonic environments does not affect EHC responses and increased
vapor pressure does not alter contraction state. (A) Maximum shrinkage to a hypertonic challenge (349
mM NaCl) occurred in 30 minutes in eri-1(control RNAI) with recovery over four hours. RNAI
knockdown of wnk-1 in the eri-1 background decreased the rate of recovery significantly compared to
the control animals (*, p < 0.05; **, p < 0.01; n = 6). (B) The EHC response to 400 mM ethanol in eri-
1(control RNAI) and eri-1(wnk-1 RNAI) animals were not significantly different (p > 0.05; n = 6). (C)
Increasing vapor pressure with water or 400 mM ethanol did not elicit a hypercontraction phenotype (p

> 0.05, n = 6), in contrast to worms directly exposed to 400 mM ethanol in the NGM agar (***, p <
0.001; n =6).
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Figure S2 Mutants of unc-25, unc-49, and unc-47 can contract beyond that induced by ethanol. (A)
Three alleles of unc-25, €156, sa94, and n2569, contracted to 80% of their untreated size after three
hours on 1.0 mM aldicarb. (B) unc-49(e407) contracted to 75% of their untreated size after three hours
on 0.5 mM aldicarb. (C) Two alleles of unc-47, e307 and gk192, contracted to 80% of their untreated
size after 3 hours on 1 mM aldicarb.
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Figure S3 nlp-12, trp-4, slo-1 and npr-1 are not involved in EHC (A) nlp-12(0k335) mutant animals
have wild-type sensitivity to EHC (p > 0.05; n = 6). (B) trp-4(sy695) mutant animals are not
significantly different from N2 (wild type) (p > 0.05; n = 6). (C) The slo-1(eg142) mutant, which is
resistant to the depressive effects of ethanol on rates of locomotion, is not significantly different from
wild-type animals for EHC (p > 0.05, n = 6). (D) The npr-1(ky13) mutant, which has increased rates of
development of acute functional tolerance to the effects of ethanol on rates of locomotion, was not
significantly different from N2 (wild type) for EHC (p > 0.05; n = 6).
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Figure S4 The eg200 mutation is an unusual eat-6 allele. (A) eat-6(ad601) fails to complement eat-
6(eg200) for the ethanol-induced hypercontraction phenotype (eg200/ad601: », p < 0.05; eg200: ***, p
<0.001; n =9). (B) Strong loss-of-function alleles of eat-6, ad467 and ad997, are not different from
wild-type animals for the EHC phenotype. Significant differences between eat-6(eg200) and N2 are
described here (time =5, 20", 307,40, 60,90, 150,180 ; , p<0.05; ", p<0.01; , p<0.001,
n =6). (C) eat-6(eg200) was significantly more sensitive to paralysis induced by 1 mM aldicarb
compared with each of the other tested eat-6 alleles at the 30- and 60-minute time points (***, p <
0.001; n = 3). All eat-6 mutants were more sensitive to the paralytic effects of aldicarb compared with
the wild-type animals (eg200: *, 10, 150 min.; ***, 30, 60, 90, 120, 150 min.; ad601: *, 30, 150 min.;
*** 60, 90, 120 min.; ad467: ***, 60, 90, 120 min.; ad997: *, 150 min.; ***, 60, 90, 120 min.; * p <
0.05; *** p < 0.001; n = 3).
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