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Exposure to alcohol causes deficits in long-term memory formation across species.

Using a long-term habituation memory assay in Caenorhabditis elegans, the effects of

ethanol on long-termmemory (> 24 h) for habituation were investigated. An impairment in

long-term memory was observed when animals were trained in the presence of ethanol.

Cues of internal state or training context during testing did not restore memory. Ethanol

exposure during training also interfered with the downregulation of AMPA/KA-type

glutamate receptor subunit (GLR-1) punctal expression previously associated with

long-term memory for habituation in C. elegans. Interestingly, ethanol exposure alone

had the opposite effect, increasing GLR-1::GFP punctal expression. Worms with a

mutation in the C. elegans ortholog of vertebrate neuroligins (nlg-1) were resistant to the

effects of ethanol on memory, as they displayed both GLR-1::GFP downregulation and

long-termmemory for habituation after training in the presence of ethanol. These findings

provide insights into the molecular mechanisms through which alcohol consumption

impacts memory.
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INTRODUCTION

The consequences of alcohol consumption in humans include deficits in decision-making,
problem-solving, and in learning and memory (Leckliter and Matarazzo, 1989; Selby and Azrin,
1998). Alcohol intoxicated individuals show impaired performance on tasks such as learning
word lists (Grant, 1987), short- and long-term logical memory (Selby and Azrin, 1998), and
general working memory (Ambrose et al., 2001). Further, people who have experienced alcohol-
induced blackouts continue to show impaired recall the next day when sober (Jackson et al.,
2021). At the neuron level, cellular correlates of memory (primarily long-term potentiation and
depression) are both attenuated by ethanol exposure (White et al., 2000; Chandler, 2003; Izumi
et al., 2005; Avchalumov and Mandyam, 2020; Mira et al., 2020). Further, chronic alcohol exposure
reportedly causes significant changes in expression of the overall brain transcriptome in prefrontal
cortex neurons of mice (Liu et al., 2022). Although many studies have identified neural effects
of alcohol consumption, the mechanism(s) by which alcohol affects learning and memory still
requires investigation.
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Ethanol has been found to interact with several
neurotransmitter systems. The role of GABA in mediating
the intoxication effect of ethanol are well-established (see Kumar
et al., 2009; Chandler et al., 2017). Glutamate has also been
shown to be affected by ethanol (see Chastain, 2006; Rao et al.,
2015). A number of correlations have been reported between
ethanol-induced changes in glutamate receptor activity and the
behavioral effects of ethanol (i.e., Harris et al., 1998; Chandler,
2003; see Valenzuela, 1997, or Woodward Hopf and Mangieri,
2018). Gioia and McCool (2017) reported an inhibitory effect
of ethanol on neurons of the basolateral amygdala in mice, an
area involved in fear conditioning. Gioia et al. (2017) found that
ethanol had a negative effect on vesicle recycling proteins at
glutamatergic synapses in part due to an α-amino-3-hydroxy-
5-methyl-4-isooxazole (AMPA) receptor-mediated form of
post-synaptic facilitation. As well, Salling et al. (2016) showed
that animals that consumed ethanol showed increased AMPA
receptor expression in the central amygdala suggesting some of
the effects of ethanol on learning and memory may be mediated
by modulation of glutamate signaling.

Ethanol affects behaviors across a variety of species and may
do so through orthologous gene pathways (Crabbe et al., 1994).
Given the effects of ethanol on memory and on glutamate
signaling reported in mammalian brains, the current study
investigated the effects of ethanol on long-term habituation,
a glutamate-dependent form of long-term memory in the C.
elegans model system (Rose et al., 2002, 2003). Habituation is a
non-associative form of learning that is observed as a decrease
in response to repeated stimulation. Long-term memory (>24 h)
for habituation is seen following a spaced training protocol (Rose
and Rankin, 2001). This long-term memory for habituation is
glutamate-dependent and is correlated with decreased punctal
expression of GLR-1, an AMPA/KA-type glutamate receptor
subunit (Rose et al., 2003). The current study examined whether
ethanol exposure during training would impair long-term
memory and block the decrease in GLR-1 punctal expression
levels after training. A surprising discovery that GLR-1 punctal
expression is increased in untrained animals exposed to ethanol
led to investigation of a possible role of the postsynaptic
cell adhesion protein neuroligin (NLG-1). Results indicate that
ethanol exposure during training disrupts the formation of long-
term memory, and that NLG-1-mediated regulation of GLR-1
levels may underlie the memory deficits observed.

METHODS

Animals
Worms were maintained on nematode growth medium
(NGM) agar plates seeded with Escherichia coli (OP50) and
maintained at 20◦C. C. elegans wild-type N2 Bristol and
nlg-1(ok259) strains were obtained from the Caenorhabditis
Genetics Center (University of Minnesota, Minneapolis, MN).
KP1580 pglr-1::GLR-1::GFP was provided by J. Kaplan (Harvard
University, Boston, MA). RM3389 nlg-1(ok259); pnlg-1::NLG-
1::YFP was provided by J. Rand (Oklahoma Medical Research
Foundation, OK).

Ethanol Plate Preparation
To ensure consistent agar conditions across days, single plates
were weighed on training day. The appropriate amount of
ethanol (100%) was added to the agar for each plate to the desired
concentration (0.2M, 0.4M, or 0.6M), then plates were wrapped
in parafilm for 1–2 h to allow equilibration of ethanol into
the agar. Previous work using gas chromatography found that
0.5M ethanol exposure in C. elegans corresponds to a clinically
relevant concentration of approximately 0.3–0.4% blood alcohol
concentration (Alaimo et al., 2012). Ethanol concentrations at
this level remain low enough to effectively measure behavior
without producing immobility (Davies et al., 2003; Alaimo et al.,
2012). Testing plates were seeded with E. coli 1 day prior
to testing.

Behavior Testing and Analysis
Behavioral observations of small groups of worms were made
using a Wild Leitz stereomicroscope (Zeiss, Canada). Petri plates
containing 15–20 worms received a tap (∼1.5N force) delivered
to the side of the Petri plate via a copper rod connected
to a 6-V electromagnetic relay. This “tapper” was activated
with a Grass S88 (Quincy, MA) stimulator set to deliver a
single tap stimulus. Worm locomotor responses were video
recorded for analysis. The reversal response magnitude (i.e., the
distance the worm crawled backwards in response to the tap
stimulus) was scored using stop-frame video analysis. Response
tracings were quantified in NIH Image (version 1.63). Two-
way mixed ANOVAs with Fisher’s protected least significant
difference (PLSD) post-hoc tests were used to test for statistical
significance. If only two groups were analyzed, then student
t-tests were employed.

Long-Term Habituation Training and
Testing
Four-day-old worms (∼90–96 h after eggs were laid at 20◦C)
were transferred to either ethanol-containing plates or ethanol-
free training plates (∼20 worms/plate) and allowed 1 h to
recover from transfer and to absorb ethanol. To deliver uniform
mechanosensory stimuli to a large number of training plates
simultaneously, training plates were placed in a Tupperware
container and dropped from a height of ∼5 cm onto a
tabletop. Training consisted of four blocks (20 drops given at
a 60 s interstimulus interval, ISI) with training blocks separated
by 1-h rest periods. Untrained groups were dropped once
immediately at the end of the trained groups to control for any
potential influence of pseudoconditioning due to responding to
novelty. One hour after training, all worms were transferred to
ethanol-free plates containing a small amount of OP50 E. coli
(50–100 µL). For conditions where worms were exposed to
ethanol for seven hours after training, both trained and untrained
worms were transferred to fresh ethanol plates 1 h after training
and to ethanol-free plates at the end of the ethanol exposure time.

To test retention, 24 h after habituation training 15–20 worms
(5-days-old from egg-laying) were transferred to either a plain
agar plate (normal long-term retention) or a plate containing
ethanol (0.4M to test for state conditioning and 0.05M for
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context conditioning) and given 1 h to acclimate. After a 6-
min pretest period, worms were given five tap stimuli at a
60 s ISI and the responses were recorded. Prior to each tap
stimulus, plates were repositioned on the microscope stage to
maximize the number of worms in the field of view meaning that
responses were captured as a population measure, randomized
across worms.

Testing Short-Term Habituation
Four-day-old worms were transferred to a test plate containing
0.0M, 0.2M or 0.4M ethanol. A tap stimulus was delivered
to the side of the plate either at a 10 s ISI or a 60 s ISI and
worm locomotor responses were video recorded and analyzed
(see Behavior Testing and Analysis).

Confocal Fluorescence Imaging
To quantify levels of GLR-1::GFP punctal expression, worms
were paralyzed in 12 µL of 50mM sodium azide solution on
a sterile glass microscope slide. Worms were then placed on a
2% agar pad and covered with a 1.5 thickness glass coverslip
for imaging. Images of GLR-1::GFP clusters along the ventral
nerve cord were collected with an Olympus FV1000 confocal
microscope (Leica SP8 for the experiments examining effects of
ethanol only on GLR-1 expression and Supplementary Figure 1)
with optical sections collected at 0.5µm intervals using a 63×
oil immersion lens and consistent confocal microscope settings:
gain = ∼1.0; PMT = 600 (+/−50), laser = ∼1.0%. FIJI and
ImageJ v1.33 were used to measure area of fluorescence punctal
expression from Z-projected image stacks.

RNA Isolation and Quantification
C. elegans RNA was isolated using Trizol extraction (two
biological replicates at three dilutions performed in triplicate
for each group). RNA was reverse transcribed with SuperScript
III First-Strand Synthesis System for RT-PCR with oligo(dT)
primers according to the manufacturer’s protocol (Invitrogen,
Carlsbad, CA). The 11CT method of quantification was
performed on an ABI 7000 (Applied Biosystems, Foster City,
CA) using SYBR GREEN. For glr-1 and act-1 (reference gene) the
following primers were employed: forward GGAGAGGTTCTG
GTT TTGATT GA and reverse TCG AGT ACG AAG ATG TCT
CCA AAG for glr-1; forward TTG CCC CAT CAACCA TGA A
and reverse CTC CGA TCC AGA CGG AGT ACT T for act-1
(Ebrahimi and Rankin, 2007).

RESULTS

Ethanol Exposure During Training Blocks
Long-Term Memory
To investigate whether long-term memory for habituation could
be disrupted by ethanol in a dose-dependent manner, wild-type
worms were trained on agar plates infused with 0.2M, 0.4M
or 0.6M ethanol (as previously described in Davies et al., 2003)
and tested for memory 24 h later (Figure 1A). Overall, there was
a significant interaction between training and ethanol exposure
(F7,332 = 2.603, p < 0.05). Wild-type worms not exposed to
ethanol showed long-term memory as evidenced by significantly
smaller reversal responses to the five test taps delivered 24 h

after training. Although naïve worms exposed to 0.2M or 0.4M
ethanol showed a small decrease in reversal magnitude compared
to naïve worms not exposed to ethanol, only the worms trained
on 0.2M ethanol showed significant long-termmemory 24 h after
training (p < 0.05). Worms that were trained at higher ethanol
concentrations (0.4M and 0.6M) showed no evidence ofmemory
for the training (p > 0.10). This memory deficit at higher ethanol
concentrations was not the result of differences in food quality
(ethanol can act as a bactericide for the C. elegans OP50 bacterial
food source at higher concentrations) as worms tested either “on”
or “off” food still showed a significant effect of training (F3,154 =
8.840, p < 0.001; Supplementary Figure 2).

To test whether the effects of alcohol on memory are specific
to exposure during training rather than a generalized memory
impairment, worms were first trained in the absence of ethanol,
then 1 h after training were exposed to 0.4M ethanol for a 7-h
period (corresponding to the duration of ethanol exposure in the
previous experiment). Worms were then tested 24 h after the end
of the ethanol exposure (Figure 1B). In this condition, worms
exposed to ethanol after training showed a decrement in response
to the test taps compared to untrained groups (F3,204 = 3.201,
p < 0.05; Figure 1B) suggesting that alcohol-induced memory
impairment is specific to ethanol exposure during training.

Worms were tested in two cued conditions (context and
state conditioning) to determine whether the memory-impairing
effect of alcohol during training is the result of a retrieval deficit.
Previous research from our lab showed that context conditioning
enhances retention of habituation when worms are trained and
tested in the presence of the same chemosensory cue (Rankin,
2000; Lau et al., 2013). We tested whether a contextual cue
could restore memory for training delivered in the presence
of ethanol by testing in the presence of a subtle ethanol cue
(0.05M ethanol; a dose strong enough for the worms to detect
the ethanol, but not strong enough to induce an intoxicated
state; Bettinger and McIntire, 2004). Alternatively, memory for
sensory adaptation training in C. elegans that occurred in the
presence of ethanol could also be state-dependent (Bettinger
and McIntire, 2004). In a Drosophila chronic alcohol exposure
paradigm, flies only remembered tomove away from an attractive
odor previously paired with heat shock if they were given a high
dose of alcohol again (Robinson et al., 2012). To test whether
an inebriated state would cue recall and restore memory, worms
were re-exposed to the same ethanol concentration (0.4M)
delivered at training during testing. Memory was only observed
in the untreated group in worms that were not exposed to
ethanol during testing (F5,378 = 2.813, p < 0.05; Figure 1C).
Thus, neither the contextual cue nor state-dependent recall was
sufficient to restore memory for training that occurred in the
presence of ethanol, suggesting that the memory deficit seen
with ethanol exposure during training was due to impairments
on encoding.

Short-Term Habituation Affected by
Alcohol When Stimuli Presented at Long
Interstimulus Intervals
It is possible that the effects of alcohol onmemory for habituation
were due to a short-term memory and/or habituation learning
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FIGURE 1 | Effects of ethanol exposure during training on long-term memory for habituation. Each graph includes an illustration of corresponding training and ethanol

exposure protocols where gray boxes indicate time of ethanol exposure while black boxes indicate training periods denoted by “T” and test periods denoted by “t.”

White squares indicate rest periods denoted by “R.” (A) Mean reversal response magnitude (± SEM) measured at testing 24 h after exposure to 0.0, 0.2, 0.4 or 0.6M

ethanol exposure compared between trained (black bars) and untrained groups (white bars). (B) Mean reversal response magnitude (± SEM) compared between

trained (black bars) and untrained groups (white bars) with 7-h ethanol exposure delivered 1-h after training completed. (C) Mean reversal response magnitude (±

SEM) measured after 0.4M ethanol exposure during training and re-exposed to either 0.05M (context cue) or 0.4M (internal state cue) at testing compared to an

unexposed conditioned group. * = p < 0.05.

impairment. To assess this, worms were given 30 tap stimuli at
either a 10 s or a 60 s ISI and the reversal response magnitude was
measured for each stimulus presentation to test whether short-
term habituation was affected by alcohol. When stimuli were
delivered at a 10 s ISI, exposure to 0.4M ethanol resulted in no
significant difference between the untreated control group and

the ethanol-treated group in the rate of habituation or the final
asymptotic habituated response level (Figure 2A; F9,36 = 0.537,

p > 0.10).
However, when stimuli were delivered at a longer 60 s ISI,

there were significant decreases in habituation between the

untreated group and both the 0.2M and the 0.4M ethanol
treated groups (p < 0.05 and p < 0.01, respectively). At
this longer 60 s ISI the two-way ANOVA revealed a small
but significant effect of ethanol exposure (F18,378 = 1.947, p

< 0.05; Figure 2B). Interestingly, there was only a significant

difference between the untreated and 0.4M ethanol treated

groups for asymptotic level of response magnitude (p < 0.05),
and not between the untreated control and the 0.2M ethanol

treated group. Taken together this data indicates that alcohol

exposure does not affect short-term habituation at 10 ISI, but
decreases habituation levels at a longer 60 s ISI in both the

0.2M and 0.4M ethanol conditions. Despite decreasing 60 s ISI
tap habituation levels at 0.2M, the previous long-term memory

experiment (Figure 1A) showed that animals trained in 0.2M

ethanol still exhibited long-term memory. This suggests that
the mild impairment effects of alcohol exposure on short-term

60 s ISI habituation does not impede the formation of long-
term memory.

Ethanol During Training Interferes With
Decreased Glutamate Receptor
Expression Seen With Long-Term Memory
for Habituation
The long-term memory for habituation training protocol used
here has been shown to lead to decreased punctal expression
of GLR-1, an AMPA/Kainate type glutamate receptor subunit
homologous to mammalian GluRs (Rose et al., 2003; Rose and
Rankin, 2006). In C. elegans, GLR-1::GFP transgene expression
in the ventral nerve cord is generally seen as bright puncta
representing mostly synapses (Hart et al., 1995). To determine
whether alcohol would alter this training-dependent decrease in
GLR-1, punctal expression levels of GLR-1::GFP were measured
24 h after training on 0.0M or 0.4M ethanol (Figure 3A). Indeed,
there was a significant difference in punctal expression levels
between ethanol exposure groups (F3,64 = 5.179, p < 0.01;
Figure 3B). GLR-1::GFP levels for the no-ethanol group were
consistent with previous findings: worms trained 24 h earlier
without ethanol (0.0M group) showed a significant decrease
in total area of GLR-1::GFP punctal expression in the ventral
cord compared to untrained worms (p < 0.05). By comparison,
when exposed to 0.4M ethanol during training, GLR-1::GFP
punctal expression levels for the untrained and trained groups
were not significantly different (p > 0.10), consistent with
observations from our behavioral studies that there is a deficit
in long-term memory for training in these animals. Interestingly,
although GLR-1::GFP punctal expression levels from worms
trained on 0.4M ethanol did not show a training-dependent
decrease in GLR-1::GFP punctal expression level, the untrained
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FIGURE 2 | Short-term habituation during ethanol exposure. (A) Mean reversal magnitude (±SEM) to 30 tap stimuli delivered at a 10 s interstimulus interval and

averaged in bins of three stimuli for control (black circle) vs. worms exposed to 0.4M ethanol (white circle). (B) Mean reversal magnitude (±SEM) to 30 tap stimuli

delivered at a 60 s ISI averaged in bins of three stimuli for control (black circle), 0.2M ethanol exposed worms (gray circle) and 0.4M ethanol exposed worms (white

square).

FIGURE 3 | Expression of GLR-1 receptors 24 h after long-term memory training. (A) Behavioral protocol whereby long-term memory training is delivered in four

blocks (black squares with “T”) separated by 1-h rest periods (white square with “R”). Gray shaded area corresponded to timing of ethanol exposure. Examples of

confocal images of GLR-1::GFP expression captured from worms exposed to 0.4M ethanol, comparing punctal expression levels between trained and untrained.

(B) GLR-1::GFP punctal expression measured as Mean Total GFP expressing area/worm (±SEM) with measures normalized by distance measured along the ventral

nerve cord. Measures captured between control (n = 15) and trained worms (0.0M ethanol; n = 18) as well as control (n = 17) and trained (n = 18) worms on 0.4M

ethanol with comparisons between trained (black bars) and untrained groups (white bars). * = p < 0.05.

ethanol exposure group showed a significant increase in GLR-
1::GFP punctal expression compared to the 0.0M control group
(p < 0.05).

Alcohol-Induced Long-Term Memory
Impairment Requires NLGN1
In mammals, AMPA receptor trafficking and recruitment
involves a postsynaptic cell adhesion protein, neuroligin-1
(NLGN1; Heine et al., 2008; Mondin et al., 2011). NLGN1 has
been shown to be involved in stabilizing AMPA receptors
at synapses, and this process can occur within 2–8 h

(Zeidan and Ziv, 2012). NLGN1 also binds to the post-synaptic
density complex PSD-95 to interact with it and other proteins,
and has been shown to play an integral role in controlling the
function of excitatory synapses through AMPAR regulation
(Nam and Chen, 2005). Interestingly, ethanol has also been
shown to influence post-synaptic density of glutamatergic
receptors (Chandler, 2003; Burnett et al., 2016). Based on these
observations, we hypothesized that neuroligin might play a
role in mediating the effects of ethanol on long term memory
for habituation.

The C. elegans gene nlg-1 encodes the worm ortholog
of NLGN1 (Hunter et al., 2010). To test whether C.
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elegans neuroligin played a role in the effects of ethanol on
long-term memory for habituation in C. elegans, we first
measured reversal responses of nlg-1(ok259) loss of function
deletion worms, 24 h after they were given long-term habituation
training either on or off 0.4M ethanol (Figure 4A). As expected,
wild-type worms showed memory when trained in the absence

of ethanol, but not when trained on 0.4M ethanol (Figure 4B).
Interestingly, nlg-1(ok259) worms that had received training had
significantly smaller reversal responses to test taps compared to
untrained worms when trained either on or off of 0.4M ethanol
(F7,529 = 6.622, p < 0.01; Figure 4C) suggesting that alcohol did
not disrupt memory in the absence of a functional nlg-1 gene.

FIGURE 4 | Effects of ethanol exposure during training on long-term memory in nlg-1 mutant worms. (A) Long-term habituation memory training protocol with four

training blocks (black squares marked by “T”) separated by 1-h rest period (white squares marked by “R”). 5 test-tap trial indicated by black square marked with “t” or

GFP “imaging” was performed 24 h after training. Gray shaded area indicates period of ethanol exposure. (B) Mean reversal response magnitude (± SEM) to 5 test

taps for trained groups (black bars) compared to untrained groups (white bars) for wild-type worms either on (0.4M) or off (0.0M) ethanol. (C) Mean reversal response

magnitude (± SEM) across 5 taps of nlg-1 mutants or nlg-1 mutant worms expressing an NLG-1 rescue transgene. (D) Examples of confocal images of GLR-1::GFP

punctal expression captured from nlg-1 background worms exposed to 0.4M ethanol, comparing expression levels between trained and untrained. (E) GLR-1::GFP

punctal expression measured as Mean Total GFP expressing area/worm (±SEM) with measures normalized by distance measured along the ventral nerve cord.

Measures captured between control (0.0M) and 0.4M ethanol exposure groups with comparisons between trained (black bars) and untrained groups (white bars).

* = p < 0.05 ** = p < 0.01.
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This result was not due to a difference in ethanol sensitivity
between wild-type and nlg-1(ok259) worms as locomotor
speed, an indicator of drug tolerance in C. elegans (Davies
et al., 2004), showed no difference in the presence of ethanol
(Supplementary Figure 3).

To confirm that nlg-1 expression was necessary for the
ethanol-induced disruption of memory, a nlg-1 rescue strain
was also tested in which an integrated wild-type copy of nlg-1
fused with YFP driven by the nlg-1 endogenous promoter was
expressed in the nlg-1mutant strain (nlg-1(ok259); pnlg-1::NLG-
1::YFP). nlg-1 rescue worms trained without ethanol showed
significantly smaller responses to test taps indicative of memory
similar to wild-type worms (p < 0.05), and nlg-1 rescue worms
trained on ethanol did not show long-term memory (p > 0.10;
Figure 4C).

To support the behavioral findings, GLR-1::GFP punctal
expression in nlg-1 mutant worms was imaged 24 h after long-
term habituation training and analyzed (Figure 4D). In these
conditions, nlg-1 worms showed a restored decrement in GLR-
1::GFP punctal expression when trained in the presence of
ethanol (p < 0.01), similar to GLR-1::GFP punctal expression
in trained WT worms (p < 0.01; Figure 4E). This result
indicates that the nlg-1(ok259) mutation seems to preserve the
learning-induced decrease in GLR-1::GFP punctal expression, a
decrease that appeared to be inhibited by ethanol (Figure 3B).
Furthermore, there was no statistical difference in GLR-1::GFP
punctal expression levels between untrained nlg-1 or WT
background worms in the presence of ethanol (p > 0.15). These
data confirm an important role for NLG-1 in mediating the
negative effects of ethanol on long-term memory for habituation
and the corresponding decrease in GLR-1 punctal expression in
C. elegans.

Neuroligin (NLG-1) Is Necessary for the
Alcohol-Induced Increase in Glutamate
Receptor Expression
Because we found that in wild-type worms exposure to ethanol
led to an increase in GLR-1::GFP 24 h following exposure to
ethanol (Figure 3), we further investigated the characteristics
of this increase by measuring GLR-1::GFP punctal expression
in WT and nlg-1 mutant worms 1 h after a 7-h exposure to
0.4M ethanol (corresponding to the duration of ethanol exposure
during long-termmemory training in earlier experiments). GLR-
1::GFP punctal expression in the nlg-1 mutant worms appeared
as bright puncta in the ventral nerve cord similar to that seen in
wild-type worms (Figure 5A).

We found that 1 h after a 7-h 0.4M ethanol exposure
GLR-1::GFP punctal expression increased significantly compared
to 0.0M exposure in wild-type worms (F1,43 = 4.941,
p < 0.05; Figure 5B); this increase persisted for at least
24 h (Supplementary Figure 1). Interestingly, there were no
significant differences in GLR-1::GFP punctal expression levels
of nlg-1 mutant worms between the 0.0M and the 0.4M ethanol
groups (t24 = −0.022, p = N.S.; Figure 5B). In contrast, in nlg-
1 worms there were no significant differences between 0.0 and
0.4M ethanol exposure groups in GLR-1::GFP punctal expression

FIGURE 5 | Expression of GLR-1 receptors in either a wild-type or nlg-1

mutant worm background after 7 h ethanol exposure. (A) Protocol for 0.4M

ethanol exposure (gray rectangle) followed by confocal imaging and sample

images captured from GLR-1::GFP worms that are either WT (for nlg-1) or

carry a mutation in nlg-1 exposed to either 0.0 or 0.4M ethanol. (B) Mean

Total GLR-1::GFP area (± SEM) for WT vs. nlg-1 mutant worms exposed to

either 0.0 or 0.4M ethanol following 7-h exposure period. (C) glr-1 mRNA

levels relative to actin (act-1) expression (± SD) in control worms (0.0M

ethanol) compared to treatment (0.4M ethanol) following 7-h exposure period.

* = p < 0.05.

levels 7 or 24 h after ethanol exposure. These data suggest that
functional neuroligin plays an important role in the ethanol-
induced increase in GLR-1 expression seen in wild-type worms.
The increase in GLR-1::GFP expression in wild-type worms after
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the 7-h ethanol exposure was confirmed with qRT-PCR which
showed that glr-1 mRNA expression was 1.4 fold higher in 0.4M
ethanol treated worms than in untreated controls (p < 0.05;
Figure 5C).

DISCUSSION

Our findings indicate that ethanol exposure during training
interferes with long- term memory for that training. Consistent
with alcohol-induced memory impairments in a number of
other species including humans, we found that the effect of
alcohol on memory was dose-dependent as exposure to higher
concentrations of ethanol during training effectively blocked
memory 24 h later (Figure 1A). Worms on a 0.4M ethanol
plate for an hour prior to training would reach the equivalent
of ∼0.3 percent blood alcohol concentration (BAC) estimated
from internal concentration (Alaimo et al., 2012). In humans
this concentration would be equivalent to consuming 6–8
drinks of alcohol, and would cause severe physical and sensory
impairment. Interestingly, laboratory studies with humans on the
effect of acute alcohol consumption on alcohol-induced memory
blackouts by Goodwin et al. (1970) found that average peak
blood alcohol concentration of individuals who showed memory
disruption for events that occurred while drinking was ∼0.28
percent. Therefore, the higher ethanol concentration reported
here (0.4M) should produce a sufficient level of intoxication
similar to humans.

In C. elegans the ethanol-induced memory impairment was
specific for events that occurred during ethanol exposure
as ethanol given after training had no effect on memory
(Figure 1B). Finally, the current study found that neither context
nor internal state cues present during testing could restore
memory (Figure 1C), suggesting a deficit in memory encoding.
Taken together, these behavioral data further establish C. elegans
as a valid model in which to study ethanol-induced impairments
in long-term memory formation.

Although long-term memory was significantly affected by
ethanol exposure during training, the effects of ethanol exposure
on short-term memory for habituation were mixed. Ethanol
did not affect short-term memory for habituation to stimuli
presented at a short ISI (10 s) but there was mild alteration in
habituation to stimuli presented at a long ISI (60 s; Figure 2B). It
important to note that despite the modest change in habituation
at a long ISI reported, ethanol-exposed worms still showed
a significant decrement in response over time that reached
an asymptotic response level that was significantly lower than
naïve animals. In addition, although both 0.2M and 0.4M
ethanol concentrations altered short-term habituation for stimuli
presented at a long ISI to a similar degree, only training at 0.4M
blocked the formation of long-term memory. Thus, the effects of
ethanol on long-term memory were unlikely due to a decrease
in short-term habituation during training, and the mechanisms
by which alcohol blocks formation of long-term memory may
be distinct from those involved in impairment of short-term
habituation. We earlier reported that in glr-1 mutant worms we

saw normal short-term habituation and impairment of long-term
memory for habituation (Rose et al., 2003).

Previous research from our lab showed that the activation
of GLR-1 glutamate receptors during training is required for
the behavioral expression of long-term memory for habituation
that is correlated with a significant decrease in the punctal
expression of GLR-1::GFP 24 h after training (Rose et al., 2003).
In the current study, we found that ethanol exposure during
training blocked both long-term memory for habituation as well
as the decrease in GLR-1 subunit punctal expression. These
results parallel previous studies that have shown experimental
manipulations that block the training-induced down-regulation
of GLR-1::GFP (i.e., protein synthesis inhibition between training
blocks or after cue presentation) similarly block the behavioral
indicators of long-term memory (Rose et al., 2003; Rose and
Rankin, 2006). We hypothesized that the presence of ethanol
somehow inhibited the training-induced decrease in GLR-1.

The unexpected increase in punctal GLR-1::GFP expression in
the ethanol-exposed untrained condition (Figure 3B) suggested
that ethanol alone increases GLR-1 expression and could
potentially compete with, or counteract, any training-induced
decrease in GLR-1. At a systems level, ethanol inhibits
nervous system activity and as a compensatory mechanism,
excitatory glutamatergic neurotransmission may be upregulated
(Carpenter-Hyland et al., 2004; McCool et al., 2010; Zorumski
et al., 2014). Ary et al. (2012) showed that ethanol increased
GluR1 AMPA receptor subunit expression in the rodent nucleus
accumbens. Work in mammalian cortical cultures found that
ethanol increased expression of AMPA and NMDA receptor
subunits (e.g., Hu et al., 1996; Chandler et al., 1999; Chandler,
2003), and increased GluR1 AMPA receptor subunits in the
dopaminergic ventral tegmental area, specifically (Ortiz et al.,
1995; Carlezon and Nestler, 2002). Thus, consistent with research
in other model systems, the effects of ethanol on glutamate
signaling may be the means by which ethanol affects memory.

The finding that ethanol increased the baseline level of
GLR-1::GFP and impaired the training-mediated decrease in
GLR-1::GFP led us to investigate the nlg-1 gene as potentially
important in mediating the effects of ethanol on memory
in C. elegans. Neuroligins are a family of postsynaptic cell
adhesion proteins that link to other synaptic proteins, including
postsynaptic transmitter receptors (see Bemben et al., 2015 for
review). Neuroligins are known to function in synaptogenesis
(Scheiffele et al., 2000; Graf et al., 2004), synapse maturation and
differentiation (Song et al., 1999; Levinson et al., 2005; Heine
et al., 2008), and some forms of plasticity (Futai et al., 2007;
Kim et al., 2008; Shipman and Nicoll, 2012). Because functional
NLG-1 seemed to be necessary for the ethanol-induced increase
in GLR-1::GFP, we tested whether nlg-1 mutants would show a
return of long-termmemory and decreased GLR-1::GFP receptor
expression despite ethanol exposure during training. When
tested 24 h after training with ethanol, nlg-1 mutant worms did
form long-term memory for habituation (Figure 4C) and the
memory-associated decrease in GLR-1::GFP punctal expression
(Figure 4E). Memory was not seen in a transgenic NLG-1 rescue
strain that expressed NLG-1 with its endogenous promoter.
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Thus, functional neuroligin plays a role in alcohol-mediated
impairment of memory mechanisms.

Previous mammalian studies suggest that neuroligin is
required to preserve neuronal activity-dependent changes in
AMPA receptor expression levels (Zeidan and Ziv, 2012).
In C. elegans, the single nlg-1 gene encodes orthologs of
vertebrate neuroligin isoforms (Hunter et al., 2010) and nlg-
1 mutant phenotypes in C. elegans can be rescued by either
human or rat neuroligin orthologs (Calahorro and Ruiz-
Rubio, 2012), demonstrating that worm neuroligin has high
functional homology with mammalian neuroligins. When we
tested the effects of ethanol on GLR-1::GFP punctal expression
in nlg-1 mutant worms we found no difference in expression
levels (Figures 4E, 5B), thus confirming that functional NLG-
1 protein plays an important role in the ethanol-induced
increase in GLR-1::GFP. One possibility may be disruption of
neuroligin-neurexin neuron-glial connections thus interfering
with decreased glutamate transmission and neuron excitability
by glial glutamate transporter GLT-1 (Aida et al., 2015; Katz et al.,
2019; Walker et al., 2020). Alternatively, given the known roles of
neuroligin (Südhof, 2008) it is possible that in C. elegans ethanol
acts through some as yet unknown mechanism to increase glr-1
expression levels, which perhaps require NLG-1 for stabilization.
More research is needed to determine the exact mechanism by
which ethanol andNLG-1 increase GLR-1::GFP expression levels.

The current study provides evidence that GLR-1 expression
is increased by ethanol exposure, an effect that required
the cell adhesion protein NLG-1. There is some evidence
from mammalian neuron culture studies that suggest Nlgn1
mutations can reduce long-term potentiation (LTP; cellular
correlate of memory; Shipman and Nicoll, 2012; Jedlicka
et al., 2015); however, evidence is lacking with regards to
neuroligins recruiting new AMPA receptors to synapses (a
hallmark feature of LTP; Shipman and Nicoll, 2012; Bemben
et al., 2015). Ethanol has been shown to either inhibit or
reverse LTP (Izumi et al., 2005; Yin et al., 2007; Mishra
et al., 2012; Avchalumov and Mandyam, 2020). Thus, Nlgn1
function may oppose the effects of ethanol with regards to
LTP. It is difficult to test the role of NLG-1 in a glr-1
mutant in C. elegans as long-term memory for habituation is
glutamate-dependent and completely absent in glr-1 mutant
worms (Rose et al., 2003). Additional studies are needed to
characterize the role of NLG-1 in ethanol-induced alterations in
glutamate signaling.

Researchers that use simple model systems have identified
shared sites of action for ethanol and have directly linked these
findings to distinct behavioral effects. In Drosophila, Moore
et al. (1998) identified a mutant with increased sensitivity to
ethanol; this mutation disrupted the amnesiac gene, a gene
originally identified in a screen for learning and memory deficits.
From the current study it appears that, although habituation
was modestly impacted by ethanol, the more significant deficit
was seen with long-term memory. Our evidence suggests that
memorymechanisms are perhaps not directly targeted by ethanol
per se, but rather, that ethanol-induced memory impairment

may result from disrupting or co-opting memory mechanisms
(i.e., decreased GLR-1 expression in the case of habituation)
perhaps to compensate for the depressive effects of ethanol on
the nervous system.

The finding that neuroligin is involved in the effects of ethanol
on AMPA receptor trafficking in several species reinforces
the efficacy of how model systems can be useful to identify
pathways affected by ethanol. Recent research in Drosophila by
Petruccelli et al. (2018) demonstrated that alcohol can affect
associative memories for reward through the conserved Notch
molecule, another postsynaptic cell adhesion protein. In zebrafish
(Danio rerio), Bertoncello et al. (2019) reported that ethanol
acutely impaired memory consolidation for inhibitory avoidance
learning; this work will hopefully lead to identification of genes
critical for this effect. Taken together these data indicate that the
detrimental effects of alcohol on learning and memory are highly
conserved and often affect orthologous genes critical for human
brain development and function.
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