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Abstract

Alcohol has a wide variety of effects on physiology and behavior. One of the most well-recognized behavioral effects is
disinhibition, where behaviors that are normally suppressed are displayed following intoxication. A large body of evidence
has shown that alcohol-induced disinhibition in humans affects attention, verbal, sexual, and locomotor behaviors. Similar
behavioral disinhibition is also seen in many animal models of ethanol response, from invertebrates to mammals and
primates. Here we describe several examples of disinhibition in the nematode C. elegans. The nematode displays distinct
behavioral states associated with locomotion (crawling on land and swimming in water) that are mediated by dopamine. On
land, animals crawl and feed freely, but these behaviors are inhibited in water. We found that additional behaviors,
including a variety of escape responses are also inhibited in water. Whereas alcohol non-specifically impaired locomotion,
feeding, and escape responses in worms on land, alcohol specifically disinhibited these behaviors in worms immersed in
water. Loss of dopamine signaling relieved disinhibition of feeding behavior, while loss of the D1-like dopamine receptor
DOP-4 impaired the ethanol-induced disinhibition of crawling. The powerful genetics and simple nervous system of C.
elegans may help uncover conserved molecular mechanisms that underlie alcohol-induced disinhibition of behaviors in
higher animals.
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Introduction

Ethanol (EtOH) is the most commonly abused drug, in part
because of its culturally condoned role in disinhibiting behaviors
that are suppressed during states of anxiety. This disinhibiting
effect of EtOH results in a euphoric feeling of release, further
reinforcing EtOH drinking habits. A variety of behaviors are
disinhibited with EtOH consumption. For example, it is known to
reduce anxiety [1,2]. Previous work has found that acute EtOH
intoxication decreases motor latency in simple ‘‘go/no go’’ trials
[3,4,5]. EtOH also disinhibits behaviors critical for social
interaction. Studies have shown that intoxication increases verbal
expression and social bonding [6,7]. There is also a wealth of
research on the interaction between EtOH and sexual behaviors,
with intoxicated individuals reporting higher sexual arousal and an
increase in risky sexual behaviors [8,9]. Disinhibition is a common,
sometimes desired, effect of EtOH consumption in humans.

While the phenomenon of disinhibition by EtOH in humans
has been known for some time, studying the neural mechanisms
underlying these behaviors relied upon the development of
appropriate animal models. To this end, researchers have
established a variety of animal models that display disinhibition
in response to EtOH. In rodent models, EtOH disinhibits
locomotor patterns, often measured through the transient increase
in total movement during acute intoxication as well as grooming
[10–12]. Stress has also been shown to potentiate disinhibiting
effects of EtOH, with stressed animals displaying an increase in
EtOH-induced locomotion [12]. Several rodent studies reported

relief of stress-induced behavioral inhibition via EtOH. In mice
and rats, EtOH relieves stress-induced inhibition of a number of
behaviors. Animals exposed to isolation stress displayed anxiety
behaviors, assessed as reduced entries and time spent in the open
arm in an elevated plus-maze test, which were partially relived by
EtOH intoxication [13,14]. Exposure to EtOH also relieves the
impairment of social investigation, social preference, and spatial
memory, induced by chronic restraint stress [12,15]. Animals bred
to prefer EtOH show a high baseline level of anxiety in the
elevated plus-maze test, which is reversed by EtOH administration
[16,17]. In addition to mammalian models, evidence of EtOH-
induced disinhibition has also been noted in the invertebrate
model Drosophila. EtOH was shown to disinhibit sexual and
locomotor behaviors in flies [18]. In this study, it was shown that
repeated EtOH exposure disinhibited male-male courtship, a
behavior unseen in normal flies. Thus, disinhibition is a common
feature of EtOH intoxication across many different species.

Efforts to uncover the neuromolecular basis of EtOH-induced
disinhibition have focused on the dopaminergic pathway. The
dopaminergic system has been shown to be a key component of
EtOH-induced disinhibition in mammalian and invertebrate
models. Two decades ago, EtOH intoxication was shown to
increase dopamine levels, measured via microdialysis, in the
nucleus accumbens [19,20]. It was later shown that this increase
was due to excess dopamine release from the ventral tegmental
area [21,22]. Microinjection of dopamine receptor antagonists,
including those that target D1 dopamine receptors, into the
nucleus accumbens reduced responses to EtOH-paired stimuli,
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suggesting a role for these receptors in reward [23–25]. Dopamine
release in the nucleus accumbens is also associated with locomotor
disinhibition [26]. Pretreatment with dopamine reuptake inhibi-
tors or D1 receptor agonists has been shown to sensitize animals to
locomotor disinhibition, though this has not been consistently
shown [27–29]. A recent study in flies, however, showed a similar
role for D1 receptors in locomotor disinhibition [30]. Likewise,
dopamine signaling was also shown to be involved in EtOH-
induced disinhibition of male-male courtship in Drosophila [19].

In the present study, we examined whether EtOH induces
disinhibition in the model nematode Caenorhabditis elegans and if the
dopaminergic system was similarly implicated in these effects.
Many studies have demonstrated the utility of the nematode C.
elegans as a simple model to examine conserved molecular bases for
behavioral responses to EtOH. While C. elegans cannot effectively
model the full complexities of alcohol addiction in humans, the
nematode has been used to model important aspects of EtOH
abuse. During acute intoxication, worms exposed to EtOH display
a gradual, dose-dependent decline in locomotor activity, similar to
the depressive effects of EtOH seen in other animals [31,32].
Importantly, the internal dose of EtOH that elicits this behavioral
change is equivalent to that in humans as well as in rodent models
of intoxication, suggesting that the underlying molecular targets
may be the same. C. elegans also displays acute tolerance to EtOH,
as evidenced by a recovery of locomotor behaviors after 30
minutes of intoxication [33]. Withdrawal from EtOH alters a
number of behaviors. An increase in a social behavior, apparent as
animals clumping together, has been observed during withdrawal
[34]. Mitchell et al., (2010) catalogued a number of locomotor
defects upon withdrawal, including altered posture and an
impaired ability to navigate towards food [34]. Thus, C. elegans
has been shown to display many aspects of EtOH responses.

For this study, we chose a liquid immersion assay because C.
elegans displays distinct subsets of behaviors on land, which are
controlled by dopamine and are inhibited in aquatic environments
[35,36]. On land, the worm displays the crawling locomotor gait
that is characterized by tight, low frequency bends, as well as a
number of associated feeding behaviors. In water, the worm
switches to a distinct swimming gait characterized by shallow and
high frequency bends, and cessation of crawl-associated feeding
behaviors [35,36]. Initiation of crawling is dependent on the D1-
like dopamine receptors DOP-1 and DOP-4, as evident by
cessation of forward movement following immersion from water in
mutant animals that lack these receptors [35]. Likewise, crawl-
associated behaviors can be induced during immersion in water in
wild-type animals by external application of dopamine or
photostimulation of dopamine neurons with optogenetics
[35,36]. In the present study, we found that additional crawl-
associated behaviors are also inhibited during immersion in water.
Application of EtOH to worms in water resulted in disinhibition of
crawling and associated behaviors. Disinhibition of several of these
behaviors was reliant on dopamine signaling.

Results

Immersion in liquid inhibits a subset of behaviors in C.
elegans

Before investigating the potential effects of EtOH on disinhib-
iting behaviors in C. elegans, we quantified a collection of behaviors
that the worm displays on semi-moist agar plates (hereafter called
the ‘‘on land’’ condition for simplicity) versus when immersed in
water.

First, we measured the incidence of a behavior called ‘‘foraging’’
that is associated with feeding. Foraging consists of the worm

wiggling the anterior-most tip of its head, which contains the
sensory organs and mouth, at about 10 Hz [37]. Foraging bends
occur in three dimensions and independently from the dorsoven-
tral full-body bends described above for crawling and swimming.
Foraging has been proposed to represent a food-seeking behavior,
because it occurs most frequently in the presence of food (bacteria)
[37]. As in previous reports, we found that worms displayed
foraging and pharyngeal pumping on land, but not in water
[35,36] (Figure 1 a).

Second, we tested whether the incidence of locomotor behaviors
related to dispersion and escape were distinct on land and in
water. Many animals, including humans, rodents, flies, and C.
elegans, display alternating bouts of extended migration and
spontaneous reorienting sharp turns that influence efficiency of
local search and rates of dispersion. The primary means of
reorienting in C. elegans is by temporarily moving backwards for 5–
10 seconds in a so-called ‘‘reversal’’. As in our previous study [36],
we found that worms displayed three spontaneous reversals per
minute on land, but rarely exhibited reversals in water (Figure 1 b).
C. elegans will also perform a reversal in response to mechanical
stimuli [38,39]. Animals touched near the midbody with a
platinum wire reversed away from the stimulus. We found that
on land, this effect was seen in over 90% of animals, while
immersion in water reduced this behavior drastically (Figure 1 c).
Blue light is another noxious stimulus to worms (,470 nm
wavelength) [40]. Animals exposed to blue light rapidly acceler-
ated away from light, increasing their frequency of bending on
land, but not in water (Figure 1 d).

Third, we quantified kinematic aspects of forward locomotion
that distinguish the crawling and swimming gaits. During
crawling, the worm lies on its left or right side while bending its
head dorsoventrally at ,0.5 Hz (Figure 1 e). These bends
propagate backwards along the body, causing the worm to form
a traveling S-shaped posture during crawling (Figure 1 f). By
contrast, during swimming, the worm bends its head dorsoven-
trally at ,1.6 Hz (Figure 1 e). Swimming is also distinguished
from crawling by bends that are synchronized to form a C-shaped
body posture twice per locomotor cycle – a posture that is never
displayed on land during crawling (Figure 1 f).

Ethanol induces disinhibition of specific behaviors in C.
elegans

After quantitatively characterizing the inhibition of different
worm behaviors by immersion in water, we next examined
whether EtOH disinhibited any of these behaviors. We compared
the responses of wild-type worms immersed in liquid to those
immersed in EtOH. Previous work has shown that C. elegans
exposed to an exogenous concentration of 500-mM EtOH on land
displays a gradual decline in locomotion, feeding, and egg-laying
behaviors, and eventually becomes immobile over 30 minutes
[31]. Intoxication in liquid at the same concentration was found to
result in a steady decrease in locomotion over 6 minutes, after
which locomotor rate remained constant [41]. While 500-mM
EtOH is well above physiologically relevant levels, Alaimo et al
(2012) demonstrated that this high exogenous dose resulted in an
internal EtOH concentration relevant to human consumption and
disinhibition in rodents models [1,4–7,18,30,32,41].

We found that animals exposed to EtOH during immersion in
liquid displayed disinhibition of several behaviors that are never
(or rarely) observed in water. These included foraging, spontane-
ous reversal, touch response, and blue light response (Figure 2 a–
d). To test whether this effect of EtOH on worms in water was
distinct from a generic decline in locomotion performance,
animals were treated with 1-mM sodium azide. This compound
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inhibits cellular respiration, resulting in a gradual decline of
cellular activity [42,43]. Animals treated with sodium azide
displayed locomotor decline soon after application. After 7
minutes, head-bend frequencies of sodium azide-treated worms
were similar to those of EtOH-treated animals (Figure 2 e).
However, despite their lower locomotion rate, these animals did
not display significant disinhibition of spontaneous reversals,
foraging, touch response, or light response (Figure 2 a–d). In
addition, these animals displayed mostly C-shaped body postures
characteristic of swim, while animals exposed to EtOH showed
significantly fewer C-shaped postures characteristic of swimming
(Figure 2 f) and more crawl-like S-shaped postures.

Disinhibition of Foraging is Partially Dependent on D1-
like Dopamine Signaling

Our previous work has shown that transition from swimming to
crawling is initiated by dopamine release and D1-like dopamine
receptor signaling [35]. To investigate the role of the dopaminer-
gic system in the EtOH-induced disinhibition of behaviors,
animals deficient in dopamine signaling were evaluated [44–47].

We found that disruption of dopamine synthesis by deletion of the
worm tyrosine hydroxylase gene, cat-2, partly, but significantly,
reduced EtOH-induced disinhibition of foraging behavior (Figure 3
a). Likewise, deletion of D1-like dopamine receptor genes dop-1 or
dop-4 also reduced disinhibition of foraging (Figure 3 a). We
observed the same result for two deletion alleles of dop-4, raising
the likelihood that this phenotype corresponded with loss of
function of the dop-4 gene. By contrast, deletion of the D2-like
receptor genes dop-2 and dop-3 in combination had no effect versus
WT on disinhibition of foraging (Figure 3 a). Post-hoc statistical
analysis of this strain revealed minor differences from WT and
similarity to the dop-1 mutant. As dopamine has been previously
shown to activate foraging in water [35], this may point to a partial
role for D1-like dopamine signaling in the response to EtOH.
Likewise, just as in our previous study [35], more salient effects
were found for loss of the DOP-4 receptor versus loss of DOP-1
receptor.

Intriguingly, disruption of dopamine signaling via mutation
generally did not alter the level of EtOH-induced disinhibition for
other crawl-associated behaviors. This included spontaneous
reversals, touch-induced reversals, and acceleration in response

Figure 1. Crawl Behaviors Are Inhibited in Water. Immersion in liquid results in inhibition of many behaviors in wild-type C. elegans. Notably,
the feeding behavior foraging (A), spontaneous reversals (B), touch response (C), and light response (D) are all inhibited. To assess disinhibition of
crawl during immersion in water, headbend frequency (E) and percent body bends with C-shape (F) were assessed. In liquid, worms exhibited only a
fast, C-shaped swim. Statistical analyses comparing behaviors on land vs. water were performed using planned unpaired two-tailed t-test. Asterisks
indicate P,0.001, n$4 assays, $10 worms per assay for all experiments A–C, n$15 for D–F. Error bars represent standard error of the mean.
doi:10.1371/journal.pone.0092965.g001
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to blue light (Figure 3 b–d). Post-hoc statistical analysis revealed a
slightly lower response to touch for the dop-4 mutant allele ok1321
(Figure 3c); however, the other dop-4 allele tm1392 did not share
this phenotype, suggesting it may not be attributed to loss of the
dop-4 gene. Taken together, these data suggest that a pathway
other than dopamine influences these additional aspects of EtOH-
induced disinhibition.

One possible pathway for EtOH-induced disinhibition is via the
BK potassium channel. Two previous genetic screens revealed that
the BK channel SLO-1 was a direct target of EtOH and the major
modulator of acute depressive responses to EtOH for crawling and
egg laying behaviors in C. elegans [32]. This channel is widely
expressed in the neurons and muscles, and loss of SLO-1 enhances
neurotransmitter release [48]. Thus, it is possible that EtOH-
induced disinhibition acts through SLO-1, and its loss would
decrease the observed EtOH sensitivity. We found, however, that

slo-1 mutant animals displayed a wild-type level of disinhibition for
all quantified behaviors (Figure 3 a–d; raw data for % light-
induced acceleration found in Table S1). This strongly indicates
that disinhibition is not the result of generalized action of EtOH
across the nervous system via this central target of intoxication.

Disinhibition of crawling is dependent on the D1-like
dopamine receptor DOP-4

We also investigated whether disinhibition of the crawling
locomotor gait depended on dopamine and/or BK channel
pathways. When immersed in EtOH, animals lacking the DOP-1
receptor exhibited a slightly lower head bending frequency than
wild-type animals (Figure 4 a). In addition, we noticed that many
EtOH-treated animals only propagated bends partially down the
body or would abnormally move their anterior and posterior
halves asynchronously. To quantitatively characterize this unco-

Figure 2. Ethanol Exposure during Immersion in Liquid Results in Disinhibition of Crawl Behaviors. Foraging (A), spontaneous reversals
(B), touch response (C), and light response (D), as well as crawling kinematics (E,F) were disinhibited by EtOH. To ensure that such disinhibition was
not the result of a decline in cellular function, worms treated with sodium azide were also assessed. No disinhibition was observed in these animals.
EtOH treatment resulted in a reduction of bending frequency and a loss of C-shaped body posture. Animals treated with sodium azide experienced a
similar decline in bending frequency, but no reduction in C-shape body posture. Statistical analyses comparing EtOH-, azide-, and untreated worms
were performed using one-way ANOVA and Tukey’s HSD post-hoc test or Kruskal-Wallis and Steel-Dwass-Critchlow-Fligner post-hoc test. Asterisks
indicate significance in relation to untreated controls with P,0.001, n$4 assays, $10 worms per assay for all experiments A–C, n$15 for D–F. Error
bars represent standard error of the mean.
doi:10.1371/journal.pone.0092965.g002
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ordinated motion, the percent of bends that fully propagated along
the animal body was calculated. This revealed that the majority of
head bends were not propagated during EtOH exposure, even in
mutant animals lacking SLO-1 (Figure 4 b). This effect was most
prominent in mutant strains lacking dop-4, which both propagated
significantly fewer bends than wild type (Figure 4 b). The
phenotype is most likely due to mutation of the dop-4 gene
because an identical phenotype was found in independent alleles
of dop-4 (Figure 4 b). We previously observed a similar failure of
the dop-4 mutant to propagate bends when attempting to transition
to crawling following swimming [35]. Thus, the significantly
reduced bending observed in dop-4 mutants may be due to an
inability of these animals to transition from swimming to EtOH-
induced crawling.

When considering the subset of locomotor cycles with bends
that fully propagated down the body, we noticed that only animals
lacking dop-4 displayed significantly more C-shaped posture
(Figure 4 c). These data, along with the lower bending propagation
seen in dop-4 mutant animals suggest that DOP-4 is involved in the
disinhibition of crawling gait during intoxication. We conclude
that dop-4 mutant animals are unable to engage in EtOH-induced
crawling, and thus become either more uncoordinated or display
slower C-shaped swim bends when exposed to EtOH. Interest-
ingly, cat-2 mutant animals, which lack dopamine did not show a
similar reduction in crawl disinhibition. Thus, EtOH in worms

may act more directly through DOP-4 itself or a downstream
pathway for this aspect of EtOH-induced disinhibition.

Discussion

Acute exposure to EtOH is known to disinhibit many behaviors.
In humans, this includes social, sexual, and locomotor behaviors
[1–5,8,9]. Such disinhibition has also been demonstrated in fly and
rodent models [10–12,18,30]. This disinhibition was shown to be
reliant on the D1 class of dopamine receptors in flies and rodents.
Our present study demonstrated a similar effect in C. elegans. First,
we have developed a novel paradigm to study EtOH-induced
disinhibition of behavior in C. elegans. Second, we have shown that
some disinhibitory effects are dependent in part on dopamine
signaling. Third, we found evidence that EtOH may act directly
on a D1-like dopamine receptor or downstream pathway.
Together, these findings provide an excellent model to study
disinhibition and provide evidence for a role of dopamine in the
response to EtOH in C. elegans.

C. elegans as a model for EtOH-induced disinhibition of
behavior

C. elegans has previously been shown to display many behavioral
effects of EtOH seen in other model animals. It was previously
described that C. elegans displays acute intoxication, acute
tolerance, EtOH preference, and withdrawal [31–34,49]. Our

Figure 3. Disinhibition of Foraging Involves Dopamine Signaling. Loss of dopamine synthesis or D1-like dopamine signaling significantly
reduced disinhibition of foraging (A). No significant reduction in disinhibition of spontaneous reversals or touch response was observed in animals
lacking SLO-1, dopamine synthesis, or dopamine receptors (B,C) except for dop-4(ok1321). Although slightly varied, responses to light did not differ
significantly among strains as determined by post-hoc analyses (D). Statistical analyses comparing EtOH-treated mutants to EtOH-treated WT controls
were performed using one-way ANOVA and Tukey’s HSD post-hoc test or Kruskal-Wallis and Steel-Dwass-Critchlow-Fligner post-hoc test. Letters
indicate distinct groupings based on post-hoc statistical comparison among strains. Asterisks indicate significance in relation to WT controls (EtOH-
treated or untreated, accordingly) with P,0.001, n$4 assays, $10 worms per assay for all experiments. Error bars represent standard error of the
mean.
doi:10.1371/journal.pone.0092965.g003
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study now adds an important fifth EtOH-induced behavior to this
list: disinhibition. This worm model offers many benefits to
traditional models of disinhibition, as C. elegans quickly matures to
genetically identical adults, offers fast generation of transgenic
animals, and has a completely described nervous system. In
addition, the effects of EtOH on C. elegans are robust and easily
quantifiable.

Previous studies have shown that several behaviors, including
foraging, spontaneous reversal, and crawl are inhibited in water.
We further demonstrate that escape responses to blue light and
touch are also inhibited in liquid. Upon exposure to EtOH while
immersed in liquid, all of these behaviors are disinhibited. This
disinhibition was not a result of generalized locomotor or
behavioral decline, as disinhibition was not observed in the
animals treated with sodium azide. A straight-forward inhibition of
swimming would be expected to cause a non-specific decline in
locomotor patterns. Instead, we observed that EtOH induced
bouts of crawling and a subset of crawl-associated behaviors (e.g.
foraging and reversals) that all require coordinated motion. From
these results, we conclude that EtOH should be viewed as
specifically disinhibiting crawl behaviors rather than inhibiting
swimming.

Dopamine is required for disinhibition of foraging in C.
elegans

Dopamine has been shown to be a key component of acute
EtOH intoxication. In mammals, a large body of evidence has
demonstrated that dopamine and D1-like dopamine receptors play
an important role in EtOH-induced disinhibition of locomotion.
The increase in dopamine release following EtOH intoxication is
correlated with locomotor disinhibition in rodents [26]. Several
studies have shown a sensitization to the disinhibitory effects of
EtOH following pretreatment with dopamine reuptake inhibitors
or D1 receptor agonists, though this effect is not consistent
amongst all rodent models [27–29]. However, recent work in
Drosophila has also demonstrated a role for dopamine and the D1
dopamine receptors in EtOH-induced disinhibition. Loss of
dopamine signaling reduced EtOH disinhibition of male-male
courtship [18], while loss of D1 dopamine receptors reduced
EtOH disinhibition of locomotion [30].

Previously, the only known interaction between dopamine and
EtOH in C. elegans was the requirement for dopamine in EtOH
preference [50]. We found that EtOH showed potent disinhibition
of crawling, spontaneous reversals, and touch and light response in
worms immersed in liquid. Disinhibition was not modulated by the
SLO-1 potassium channel, the major target of EtOH in C. elegans
[31], indicating disinhibition is distinct from SLO-1-mediated

Figure 4. Loss of D1-like Dopamine Receptor DOP-4 Reduces Disinhibition of Crawl. Loss of the D1-like receptor DOP-1 resulted in a
slightly lower bending frequency versus WT with EtOH treatment (A). EtOH treatment also caused uncoordination, with significantly fewer bends
propagated down the animal. This phenotype was exacerbated in dop-4 mutant animals (B). Of body bends propagated down the animal,
approximately half were C-shaped in most intoxicated animals, indicating disinhibition of crawl. Only animals lacking dop-4 demonstrated resistance
to this effect. Statistical analyses comparing EtOH-treated mutants to EtOH-treated WT controls were performed using one-way ANOVA and Tukey’s
HSD post-hoc test or Kruskal-Wallis and Steel-Dwass-Critchlow-Fligner post-hoc test. Asterisks indicate significance in relation to WT controls (EtOH-
treated or untreated, accordingly) with P,0.001, n$10 worms for all experiments. Letters indicate distinct groupings based on post-hoc statistical
comparison among strains. Error bars represent standard error of the mean.
doi:10.1371/journal.pone.0092965.g004
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acute intoxication and is instead mediated by other targets.
Interestingly, dopamine signaling did not appear to play a role in
disinhibition of spontaneous reversals or response to touch and
light. Thus, these behaviors may not be induced by the same
dopamine signal as the transition to crawl. As EtOH affects a wide
variety of targets, including nicotinic and glutamate receptors, this
result is not surprising [50,51]. In addition, a major neuron
responsible for harsh touch transduction, PVD, expresses both
such receptor subtypes [52–55]. We found that dopamine
signaling is important in the induction of foraging in immersed
C. elegans. Previously, it was shown that both dopamine and D1-
like receptors are required for initiation of crawling [35], and
foraging can be induced in animals immersed in liquid through
application of dopamine [36]. Complementing this result, we
found that animals lacking dopamine synthesis or D1-like
dopamine receptors display significantly less disinhibition of
foraging. This points toward a potentially conserved mechanism
for disinhibition in C. elegans and higher animals.

Ethanol may act directly on a D1-like dopamine receptor
pathway

Unexpectedly, we found evidence that EtOH may act directly
on the D1-like dopamine receptor DOP-4 or through its
downstream signaling. Disinhibition of crawling, as assessed by
presence of C-shaped posture, was only seen in animals lacking
DOP-4 and not in animals lacking dopamine or SLO-1. Previous
research in mice found extensive evidence for a role of D1-like
dopamine receptors in locomotor disinhibition via EtOH. While
there are many links between D1-like dopamine receptors and
EtOH-induced disinhibition, these have been attributed to the
increase in dopamine observed following acute intoxication. Many
papers have pointed towards a role for D1-like receptors in the
disinhibition of locomotion and EtOH-seeking behaviors [23–
25,27–29]. We are not aware of any papers demonstrating any
direct interaction of EtOH on dopamine receptors. Thus, this
work demonstrates a potential novel effect of EtOH on D1-like
receptors that is independent of dopamine release.

Experimental Procedures

Animals
C. elegans were grown on nematode growth media (NGM) agar

plates seeded with OP50 bacteria at 20uC as previously described
[56]. Mutant strains were obtained from the Caenorhabditis
Genetic Center and the C. elegans Gene Knockout Consortium.
The following strains were used: WT N2, cat-2(e112)II, dop-
1(vs101)X, dop-1(vs100)X, dop-4(ok1321)X, dop-4(tm1392)X, dop-
2(vs105)V;dop-3(vs106)X, and slo-1(js118)V.

Pharmacological Assays
Each EtOH assay was conducted on 10–15, never-starved,

young adult worms. Worms were cleaned of bacteria by allowing
them to crawl on an empty plate for 2 minutes before each
experiment. Assays were performed on plates containing 500-mM
EtOH in the agar medium. 10–15 animals were picked into a 6-mL
drop of 500-mM EtOH (200 proof; Sigma-Aldrich, St. Louis MO).
EtOH solution was prepared by adding 200-proof EtOH to
standard nematode growth medium (NGM). As osmolarity is
known to affect intoxication, NGM was tested prior to experi-
ments to ensure a constant 180 mOsm. Worm behavior was
recorded for 30 minutes continuously. Additional 6-mL drops of
500-mM EtOH were added every 2–3 minutes, when the
boundary of the drop began to recede. Worms maintain
swimming and suppress crawling behaviors as long as the depth

of the drop is greater than the width of the worm [35]. Control
assays were performed in the same manner, except EtOH was not
added to NGM media. Previously reported internal EtOH
concentrations after 10 minutes of 500-mM EtOH exposure
ranged from 17.5–67.5 mM for animals on land [41]. This
correlates well to disinhibiting doses seen in rodent and human
disinhibition studies [4–7,18,30]. Internal EtOH concentration
may be lower than those previously reported given that immersion
in water inhibits ingestion by pharyngeal pumping [35]. Movie
recordings were made at 30 frames/s, 344 pixels/mm using a
Flea2 camera (Point Grey Research, Richmond, Canada) and
StreamPix software (NorPix, Montreal, Canada). Sodium azide
assays were performed by placing a 6-mL drop of 1-mM sodium
azide (Sigma-Aldrich) onto a thin pad of agarose. 10–12 worms
were then placed inside the drop and their activity was recorded
for 30 minutes. Additional 6-mL drops of 1-mM sodium azide were
added as needed.

To quantify different behaviors, groups of animals were
analyzed for a 1-minute time window after 7 minutes of EtOH
exposure at the beginning of the 30-minute recording. Foraging:
Foraging was assessed by presence of ,5–10 Hz bending of the tip
of the nose for each worm. Percent animals foraging was
quantified by number of animals in a group displaying foraging
behavior over one minute divided by total number of animals.
Bending frequency: Head-bend duration was defined as the time
the head traveled from its maximal dorsal flexure to maximal
ventral flexure and vice versa. Head bends that did not change
from ventral to dorsal flexure (or vice versa) were not counted, nor
were bends that did not propagate down the body. Bend
Propagation: Bending propagation was quantified by dividing
number of bends initiated at the head of an animal divided by
bends propagated to the tail. Posture: To characterize body
posture, at the apex of each bend a line was drawn from nose to
tail. If this line did not intersect the body at any point, then the
animal was considered C-shaped. Only bends propagated down
the body were analyzed for posture. Reversals: Reversals were
defined as a backward movement spanning a distance greater than
the pharynx of the animal. Touch Response: Touch response
assays were also performed after 7 minutes of intoxication in a 6-
mL drop of EtOH. The head of each animal was gently prodded
with a platinum wire and a touch response was considered positive
if the animal initiated a reversal after prodding. Light Response:
To assay blue light response, animal behavior was recorded for 1
minute. The animal was then exposed to 1.6 mW/mm2 420-nM
wavelength blue light from a Prior Lumen200 fluorescent light
system for 30 seconds. Head-bending frequencies were counted
before and after illumination and the percent increase for each
animal was determined.

Statistical Analyses
Statistical analyses were performed using JMP 11.0.0 SAS

Software (SAS Institute, Cary, NC, USA). Results are presented as
the mean 6 standard error. Crawl behavior inhibition in water
(Figure 1) was tested by unpaired two-tailed t-test. The statistical
significance of differences between EtOH-, azide-treated, and
untreated worms (Figure 2), ethanol-treated mutant populations
vs. ethanol-treated wild-type worms, and untreated mutant
populations vs. untreated wild-type worms (Figures 3 and 4) was
demonstrated by a one-way analysis of variance (ANOVA), with
Tukey’s honest significant difference (HSD) multiple comparison
post-hoc tests. If the data did not meet the assumptions for
ANOVA test, data were analyzed using a Kruskal-Wallis test
followed by a Steel-Dwass-Critchlow-Fligner multiple comparison
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test between each group. All differences were considered
significant at P,0.001 (see Figures 1, 2, 3, 4).

Supporting Information

Table S1 Raw data broken into groups of genotype and
treatment used to calculate percentage acceleration in response
to blue light for Figure 3D. Paired values represent number of
head bends observed in two 60 second time windows before and
after blue light for different individual worms. Each worm was
recorded and exposed to blue light only once.
(PDF)
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