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ABSTRACT

The severity of withdrawal from chronic ethanol is a driving force for relapse in
alcohol dependence. Thus, uncovering molecular changes that can be targeted to
lessen withdrawal symptoms is key to breaking the cycle of dependence. Using
the model nematode Caenorhabditis elegans, we tested whether one highly
conserved ethanol target, the BK potassium channel, may play a major role in
alcohol withdrawal. Consistent with a previous report, we found that C. elegans
displays behavioral impairment during withdrawal from chronic ethanol that can be
reduced by low-dose ethanol. We discovered that the degree of impairment is
exacerbated in worms lacking the BK channel, SLO-1, and is alleviated by
selective rescue of the BK channel in the nervous system. Conversely, behavioral
impairment during withdrawal was dramatically lower in worms with BK channel
function enhanced via gain-of-function mutation or overexpression. Consistent
with these results, we found that chronic ethanol exposure decreased BK channel
expression in a subset of neurons. In addition, we found that a distinct, conserved
large-conductance potassium channel, SLO-2, showed the inverse functional
relationship, influencing withdrawal behavior via a SLO-1 channel-dependent
mechanism. Our findings demonstrate that withdrawal symptoms in C. elegans are
mechanistically explained in part by a functional imbalance in the nervous system
associated with a reduction in SLO-1 channel expression. Therefore, selective
modulation of Slo family ion channel activity may represent a novel therapeutic

approach to explore for normalizing behaviors during alcohol withdrawal.
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ARTICLE SUMMARY

People addicted to alcohol maintain maladaptive drinking patterns in part to avoid
the terrible symptoms of withdrawal. It is unclear whether any single molecule may
be genetically modified to alleviate withdrawal symptoms. Here, we discover that
for the nematode C. elegans, upregulating function of the conserved BK potassium
channel SLO-1 prevents alcohol withdrawal symptoms. Conversely,
downregulating SLO-1 channel function makes withdrawal worse. Moreover, we
identify an inverse relation between SLO-1 and a second type of BK channel
named SLO-2 in the severity of withdrawal. The BK channel thus represents an

attractive molecular target to consider for alleviating alcohol withdrawal symptoms.

Statement on data and reagent availability

Strains are available upon request or through the Caenorhabditis Genetics Center.
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INTRODUCTION

Neural adaptation during persistent exposure to ethanol underlies many of the
symptoms of withdrawal from chronic alcohol consumption (Koob et al. 1998;
Koob 2013). These symptoms include life-threatening conditions such as
seizures and rapid heart rate as well as psychological conditions such as anxiety
and confusion (Finn and Crabbe 1997). The severity of symptoms, particularly
the degree of negative affect, following withdrawal from chronic ethanol is a
driving force for relapse (Winward et al. 2014). Uncovering targets that modulate
the neural state in withdrawal to more closely match the naive state is important
for developing pharmacological agents that will ameliorate withdrawal symptoms
and thus reduce relapse (Becker and Mulholland 2014). While many cellular
proteins are implicated as mediators of the effects of ethanol in vivo, a single
target has not yet been found to dominate control over withdrawal behavior in
any species.

The large-conductance, calcium- and voltage-activated BK potassium
channel (Slol) is a well-conserved target of ethanol across species as diverse as
worm, fly, mouse and man (Mulholland et al. 2009; Treistman and Martin 2009;
Bettinger and Davies 2014). Clinically relevant concentrations (10-100 mM) of
ethanol are sufficient to alter Slo1 gating in in vitro preparations (Chu and
Treistman 1997; Jakab et al. 1997; Dopico et al. 1998, 2003; Walters et al. 2000;
Brodie et al. 2007). Impairing Slo1 function in vivo influences ethanol behaviors,
such as acute intoxication and tolerance (Davies et al. 2003; Cowmeadow et al.

2005, 2006; Martin et al. 2008; Kreifeldt et al. 2013). Prolonged ethanol exposure
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further changes the expression of Slol channels, suppressing overall levels and
replacing channels with ethanol-insensitive isoforms (Pietrzykowski et al. 2008;
Veldzquez-Marrero et al. 2011; Li et al. 2013; N'Gouemo and Morad, 2014). This
responsiveness to ethanol has generated interest in the Slol channel as a
potential target for influencing the severity of withdrawal from ethanol (Ghezzi et
al. 2012; N'Gouemo and Morad 2014). Recent experiments with mouse
knockouts of proteins that modulate Slo1 function (that is, non-essential auxiliary
subunits) suggest this channel alters escalation of drinking in a withdrawal
paradigm (Kreifeldt et al. 2013). However, testing a direct role of these channels
in withdrawal has been precluded by the behavioral and physiological deficits
exhibited by Slo1 knock out mice (e.g. Thorneloe et al. 2005; Meredith et al.
2006; Pyott et al. 2006; Typlt et al. 2013; Lai et al. 2014).

To surmount these pleitrophic deficits of the Slol KO mouse and directly
probe whether Slol function contributes to behavioral deficits during alcohol
withdrawal, we used the tiny nematode, Caenorhabditis elegans. Previously,
unbiased forward genetic screens demonstrated the importance of neuronal
expression of the worm ortholog of the Slo1 channel, called SLO-1, for acute
ethanol intoxication in naive worms (Davies et al. 2003). Ethanol activated the
native worm SLO-1 channel in neurons at the same concentration (20-100 mM)
as previously shown for human Slol channels (Davies et al. 2003). Loss-of-
function mutations in slo-1 rendered worms resistant to intoxication, while gain-
of-function mutations in slo-1 caused worms to appear intoxicated in the absence

of alcohol (Davies et al. 2003). Here we show that SLO-1 function has the
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opposite relation for alcohol withdrawal. Chronic alcohol appears to lower SLO-1
function which contributes to behavioral impairments during alcohol withdrawal.
The extent of withdrawal-induced impairments is worse in the absence of SLO-1,
while increasing activity or overexpression of SLO-1 improves withdrawal
behaviors. Consistent with previous findings in mammalian cells in vitro
(Pietrzykowski et al. 2008; Ponomarev et al. 2012; N'Gouemo and Morad 2014),
SLO-1 expression declined in some neurons during chronic ethanol exposure in
vivo. Another member of the large conductance potassium-channel family,
SLO-2, which is gated by intracellular calcium and/or chloride (Yuan et al. 2000;
Zhang et al. 2013), showed a relationship to alcohol withdrawal that was inverse
to that of the SLO-1 channel; behavioral impairment during withdrawal was
stemmed by null mutations in the slo-2 gene. Together, our results suggest that
Slo channels are part of the neural adaptation to chronic ethanol exposure in

C. elegans, and that increasing SLO-1 channel activity, either directly or

indirectly, rebalances neural circuits underlying these behaviors.

Materials and Methods

Animals

C. elegans strains were grown at 20 °C and fed OP50 strain bacteria seeded on
Nematode Growth Media (NGM) agar plates as described previously (Brenner
1974). Worms cultured on plates contaminated with fungi or other bacteria were
excluded. The reference wild-type (WT) strain was N2 Bristol. The background

for the slo-1(null) rescue strains was NM1968, harboring the previously
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