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Drug use poses a serious threat to health systems throughout the world. The number 
of consumers rises every year being alcohol the drug of abuse most consumed causing 
3 million deaths (5.3% of all deaths) worldwide and 132.6 million disability-adjusted 
life years. In this review, we present an up-to-date summary about what is known 
regarding the global impact of binge alcohol drinking on brains and how it affects 
the development of cognitive functions, as well as the various preclinical models 
used to probe its effects on the neurobiology of the brain. This will be followed by a 
detailed report on the state of our current knowledge of the molecular and cellular 
mechanisms underlying the effects of binge drinking on neuronal excitability and 
synaptic plasticity, with an emphasis on brain regions of the meso-cortico limbic 
neurocircuitry.
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1. Introduction

Traces of alcohol, an organic compound that results from the fermentation of grain, fruit juice 
and honey, have been identified in early 7,000 BC settlements in China (McGovern et al., 2004) and 
in jars from the Middle East and Egyptian settlements dating back to 3,000 BC (Cavalieri et al., 2003; 
Gately, 2008). These archeological findings arguably place alcohol as one of the first, if not the first, 
drug used by humans. Today, it is the most widely used and abused legal drug, becoming a major 
global health problem as the United Nations Office on Drugs and Crime admits. Worldwide, 57% 
of the global population aged 15 years and over consumed alcohol in the previous 12 months 
producing 3 million deaths (5.3% of all deaths) worldwide and 132.6 million disability-adjusted life 
years. In the U.S. alone, excessive alcohol consumption is responsible for 13% and 20% of total deaths 
among adults 20 to 64 and 20 to 49 years old, respectively (Esser et al., 2022). Alcohol is consumed 
in a variety of methods, from light social drinking to more abusive forms. Early enquiries focused 
primarily on the development of tolerance and dependence resulting from prolonged and repeated 
heavy drinking. Over the past decade, binge alcohol drinking has received increased attention in 
part due to the recognition that it is the preferred mode of consumption of adolescents and young 
adults. As school surveys show alcohol use starts before the age of 15 and the prevalence of alcohol 
use can be in the range of 50%–70% with no remarkable differences between sexes (Substance Abuse 
and Mental Health Services Administration, 2019). Moreover, the prevalence of heavy episodic 
drinking using binge alcohol drinking is 18.2% with a peak in young adults, an age group particularly 
susceptible to the drug effects owing to the biological vulnerability of their still developing brains 
(Kwan et al., 2020). In the present review we tried to discuss all the relevant bibliography for the 
topic discussed. In order to do so we used Pubmed as a main resource for publications using 
keywords such as “alcohol,” “EtOH,” “Ethanol,” “Drinking in the dark” or the name of other relevant 
models along with keywords related to each topic discussed (Neuronal excitability, potassium 
channels, sodium, channels, ion channels, neuronal firing, synaptic transmission, plasticity, 
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glutamate, GABA, glutamate receptors, gaba receptors, AMPA, NMDA 
or synaptic gating).

1.1. Consequences of binge alcohol drinking 
on behavior

As originally described by Tomsovic (1974), binge alcohol drinking 
is defined as repeated periods of heavy drinking, followed by periods of 
abstinence. Although the number of drinks consumed during a 2-h 
period was initially considered as the main marker, a recent attempt to 
standardize studies led to an updated definition stipulating that binge 
drinking must elevate blood alcohol levels to 80 mg/dl or above. This 
typically corresponds to consuming five or more drinks (male), or four 
or more drinks (female), in approximately 2 h (NIAAA, 2004). Such 
drinking pattern has been primarily studied in young adults (e.g., college 
students) as they represent by far the largest group affected by this 
behavior (Naimi et al., 2003), although this drinking pattern is also 
increasingly common in adolescents as young as 12 (Sun et al., 2008; 
SAMHSA, 2014). Furthermore, this pattern of drinking may 
be  exacerbated in adolescents and young adults during the 2020 
COVID-19 lockdown as a means to cope with social isolation (Skrzynski 
and Creswell, 2020).

Regarding the brain areas affected by binge alcohol drinking, there 
is strong cumulative evidence that the frontal lobes, which mature later 
compared to the rest of the brain (Giedd et al., 1999) and play a major 
role in controlling inhibitory responses, are particularly susceptible to 
this pattern of consumption. Accordingly, just one episode of binge 
drinking during 3 months produces thinner and lower volumes of the 
prefrontal cortex (PFC) and cerebellar regions, and attenuated white 
matter development (Cservenka and Brumback, 2017). These changes 
translate into alterations in a number of cognitive tasks such as self-
control, working memory, decision making and social and emotional 
processing. Thus, Scaife and Duka (2009) showed specific impairments 
in the dorsolateral PFC of females, and the temporal lobes of males and 
females in binge drinkers compared to non-drinkers. Not only does 
heavy binge alcohol drinking potentially lead to destructive behaviors 
such as suicide, drunk driving (Wechsler et al., 1994), and cognitive 
deficits (Duka et  al., 2004), but it is also recognized as being the 
precursor to long-term alcohol-related problems like sleep disorders, 
stroke, and social anxiety (Townshend and Duka, 2002; Weissenborn 
and Duka, 2003; Hartley et  al., 2004). Importantly, binge drinkers, 
contrary to light drinkers, typically display a stronger response to early 
euphoric effects but are less sensitive to the sedative effects of alcohol, 
indicative of a predisposition for the development of alcohol addiction 
(Schuckit, 1994; Schuckit et  al., 2008). While the PFC appears 
particularly vulnerable (Moorman, 2018), probing the effects of binge 
drinking showed ethanol widespread reach to other brain regions, as 
we  will describe below, including those associated with the 
neurocircuitry of drug addiction.

Over the past two decades, spurred by the need to work with 
animals whose blood alcohol levels could be rapidly raised to 80 mg/dL 
or higher, a level that is generally considered to be  intoxicating and 
representative of excessive drinking (Bell et  al., 2006), a number of 
models were developed, ranging from alcohol consumption without 
access to water, to gavage, two-bottle choice, and alcohol liquid diet 
(Crabbe et al., 2011). Two additional protocols seemed to have gathered 
a general agreement regarding their usefulness. Indeed, most of the data 
discussed here have mostly been obtained with these two models, the 

Drinking-in-the-dark (DID) and the chronic intermittent alcohol vapor 
exposure (CIE) paradigms. DID protocol, originally described by 
Rhodes et al. (2005), consists in substituting the free access to water to 
free access to EtOH during 2 h the first 3 days and 4 h during the last day. 
Ethanol is offered at a concentration of 20% in tap water and the mice 
drink voluntarily (Thiele and Navarro, 2014). CIE is an EtOH 
dependence and relapse drinking model described by Becker and Lopez 
which via repeated cycles of chronic intermittent exposure to EtOH 
vapors in inhalation chambers and periods of withdrawal generate an 
escalation in voluntary EtOH consumption simulating the transition to 
EtOH dependence in mice (Becker and Lopez, 2004) and rats (Gilpin 
et al., 2008). The chief advantages of the DID model are its simplicity, its 
short duration, as well as its ability to quickly drive blood alcohol 
concentrations to levels associated with robust intoxication (Ryabinin 
et al., 2003; Rhodes et al., 2005; Sharpe et al., 2005). Although more 
complex and costly in its implementation, CIE also promotes a rapid 
escalation and large EtOH intake (O’Dell et  al., 2004). The chief 
advantage of the DID strategy is that mice can reach intoxication levels 
at a faster rate relative to that of the CIE model (the mice only need 
4 days of consumption using DID protocol; Thiele and Navarro, 2014). 
Furthermore, the DID is a cost-effective strategy do not require the 
delivery of vapors or any type of injections (e.g., CIE protocols usually 
requires the use of Pyrazole and EtOH i.p). On the other hand, the CIE 
model, unlike DID, produces symptoms in mice compatible with 
dependence (Becker and Lopez, 2004).

2. Regulation of neuronal excitability by 
binge drinking

In contrast to its deleterious effects on the liver, heart, blood, and 
pancreas that typically appear following prolonged and repeated heavy 
consumption (Rehm et al., 2009; Mostofsky et al., 2016), alcohol affects 
brain functions as early as the first experience and at lower 
concentrations (Mukherjee, 2013). With the principal consequences of 
binge drinking being behavioral alterations, it is imperative to identify 
the origins of these effects. Considering that the primary function of 
neurons is to transport information from one part of the brain to 
another, early research sought to identify the cellular mechanisms 
underlying alcohol effects on neuronal excitability. The ability of nerve 
cells to fire action potentials, the electrical signals that support cell-to-
cell communication, results from a subtle balance between neuronal 
intrinsic and extrinsic (i.e., synaptic) homeostatic states (Franklin et al., 
1992; Turrigiano et al., 1994). While intrinsic excitability is controlled 
by a variety of sodium, potassium and calcium channels, synaptic 
transmission results from the interplay between the release of 
neurotransmitters, the availability of their endogenous receptors and 
their biophysical and pharmacological properties defined by their 
subunit composition (Citri and Malenka, 2008). Additionally, these 
features are tightly controlled by a number of neuromodulators such as 
Neuropeptide Y (van den Pol, 2012) Corticotropin Releasing Factor 
(Joshi et al., 2020) or dopamine (Tritsch and Sabatini, 2012). We will 
review the state of our current knowledge about the various mechanisms 
that binge drinking employs to alter behaviors through its effects on 
neuronal excitability. Although, for clarity, we have classically divided 
the molecular targets of binge drinking in broad categories, it should not 
be construed that they are strictly independent and compartmentalized. 
Instead, their activation is carefully orchestrated as exemplified with 
voltage-gated sodium and calcium channels that amplify synaptic 

https://doi.org/10.3389/fnmol.2023.1098211
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Gimenez-Gomez et al. 10.3389/fnmol.2023.1098211

Frontiers in Molecular Neuroscience 03 frontiersin.org

potentials in dendrites of hippocampal CA1 pyramidal neurons (Magee 
and Johnston, 1995) while hyperpolarization-activated cyclic nucleotide-
gated cation channels (HCN) inhibit EPSPs the same neurons (George 
et al., 2009).

3. Binge drinking regulation of ion 
channel properties and neuronal 
excitability

3.1. Potassium channels

In addition to shaping neuronal excitability, voltage-gated K+ 
channels regulate synaptic transmission and plasticity as they are 
recruited during depolarization induced by synaptic events (Frick et al., 
2004; Truchet et al., 2012).

Therefore, changes in their expression and biophysical properties in 
the presence of alcohol may directly affect the excitability of neurons and 
their ability to integrate and process synaptic events. As pharmacological 
tools and electrophysiological techniques improved, so did the isolation 
of many ion channels that had previously been inaccessible. However, 
given the staggering diversity of these channels, compounded by the 
existence of a number of splice variants for some of these genes, and the 
sheer difficulty for some to be fully isolated from other ionic currents, 
only a few have been thoroughly characterized.

It is worth noting that the sensitivity of K+ channels to 
physiologically relevant concentrations of acute EtOH (i.e., ≤50 mM) 
is generally weak. While, in Xenopus oocytes, Kv4 (mShall) and Kv1 
(Shaker) channels are insensitive to ethanol, Kv3 (Shaw2) potassium 
currents are inhibited at only very high concentrations (i.e., ≥100 mM; 
Covarrubias and Rubin, 1993), confirming an earlier study where none 
of the 10 different voltage-gated K+ channels expressed in oocytes 
were sensitive to EtOH (Anantharam et  al., 1992). Similarly, in 
invertebrates, A-currents (IA) are marginally inhibited by very high 
EtOH concentrations (Alekseev et al., 1997), and the activity of the 
G-protein-activated inwardly rectifying potassium channels (GIRKs), 
in both homomeric and heteromeric forms, is significantly enhanced 
only at highly intoxicating concentrations of alcohol, an effect believed 
to depend on the interactions of EtOH with a short sequence of 43 
amino acids in the carboxyl terminus (Kobayashi et al., 1999; Lewohl 
et al., 1999). However, exceptions to this seeming rule exist. One is the 
calcium- and voltage-sensitive potassium channel (KCNM, mSlo) or 
BK channel. This channel, that strongly repolarizes membrane 
potential when activated due to its uniquely large conductance (i.e., 
~200 pS and higher), is found in all brain regions of the addiction 
circuitry. It is potentiated by acute EtOH concentrations as low as 
10 mM (Dopico et al., 1996, 1999; Martin et al., 2004). The other is the 
KCNQ channel which drives the sustained M-current to prevent 
excessive depolarization by mediating persistent outward K+ currents 
at depolarized potentials. Like the BK channels, KCNQ channels are 
highly expressed in the cortex, hippocampus and nucleus accumbens 
(NAc), and are inhibited by low (~10 mM) acute EtOH concentrations 
in drosophila (Cavaliere et al., 2012).

The molecular site of action of ethanol has been a long-standing 
question in the field of alcohol research (see Abrahao et al., 2017 for a 
thorough review). Ethanol was initially thought to solely alter channel 
properties by interacting with the protein lipid environment, a 
mechanism that is experimentally supported (Crowley et al., 2003; 
Yuan et al., 2004; Crowley et al., 2005) albeit at high concentrations of 

EtOH (Ingólfsson and Andersen, 2011). More recently, an elegant 
study by Bukiya et al. (2014) identified a distinct pocket as the EtOH-
recognition site that is placed between the calcium-sensors and gate of 
the channel α subunit, supporting a direct interaction between EtOH 
and the BK channel. Although it is unclear whether a similar 
interaction exists for other ion channels, this is likely because no 
dedicated EtOH receptors have so far been identified. This observation 
followed that of Aryal et al. (2009) who identified the cytoplasmic 
hydrophobic alcohol-binding pocket in GIRK channels. Recent 
observations also indicate that ligand-gated ion channels are similarly 
equipped with an EtOH-binding site (see for review Trudell et al., 
2014). These EtOH-protein and EtOH–lipid interactions, which 
probably coexist, provide alcohol with a wealth of options to modulate 
channel function. Although a low sensitivity to acute EtOH may 
seemingly disqualify most K+ channels as contributing to the effects of 
binge drinking, it may not be so. Other factors like channel subunit 
expression may be equally, if not more important. Indeed, subunit 
composition is instrumental in regulating the properties of ion 
channels (Torres et al., 2007), and by extension their influence on 
neuronal excitability (Brenner et al., 2005). A recent in-depth analysis 
of the genes encoding various K+ channels in the NAc and PFC 
revealed a significant correlation between K+ channel transcripts and 
voluntary drinking in the naïve BXD strain of mouse (Rinker et al., 
2017). This study also reported that the expression of genes encoding 
a K+ delayed rectifier, the A-current, and G protein-gated inwardly 
rectifying K+ channels (GIRKs) was significantly altered following 
intermittent alcohol exposure in both the PFC and NAc. Using a 
two-bottle choice drinking model, McGuier et  al. (2016) recently 
reported that genes that encode Kv7 channels (i.e., KCNQ2/3) are 
related to alcohol consumption and preference in rodent NAc, 
confirming previous findings showing differential expression of 
KCNQ2  in the NAc of mice selectively bred for high alcohol 
consumption (Metten et al., 2014). Similarly, You et al. (2019) showed 
that ethanol increases VTA neurons excitability in part by inhibiting 
KCNK13, a two-pore potassium channel that also contribute to 
excessive alcohol consumption in binge drinking mice, further 
underscoring the potential role of voltage-gated potassium channels 
in mediating alcohol effects on neuronal excitability. These results 
demonstrate that the lack of sensitivity of some K+ channels to acute 
EtOH is not a reliable criterion to define their contribution to neuronal 
adaptation in binge drinking animals. Interestingly, ethanol 
metabolites, such as acetaldehyde and acetic acid, may also contribute 
to modulating potassium channels function as shown in GH3 cells 
where acetic acid activates BK channels, leading to membrane 
hyperpolarization, cessation of Ca2+ oscillations and decrease of 
growth hormone release (Ghatta et al., 2007; Shaidullov et al., 2021).

3.2. Sodium channels

Their importance cannot be overstated given their role not only in 
helping propagate information to downstream neurons, but also in 
informing the dendritic arborization on the level of excitability reached 
by the soma. This retrograde propagation into the dendritic 
compartment controls the induction of synaptic plasticity by interacting 
in a precise time-dependent fashion with excitatory postsynaptic 
potentials in a number of neuronal populations such as pyramidal 
neurons in the cortex and hippocampus (Caporale and Dan, 2008; 
Sjostrom et al., 2008) as well as in medium spiny neurons (MSNs) of the 
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dorsal (Fino and Venance, 2010) and ventral striatum (Ji and Martin, 
2012; Bosch-Bouju et  al., 2016). These channels are formed by the 
association of a large pore-forming α subunit with accessory proteins or 
β subunits (Catterall, 2000). Although a single α subunit forms the core 
of the channel and is functional on its own (Barchi, 1988), each of the 
various β subunits (β1 to β4) modulates α subunit gating properties in 
unique ways (Brackenbury and Isom, 2011).

Of particular interest is the β4 subunit, encoded by the Scn4b gene, 
as it prevents normal inactivation, thus conferring channels the ability 
to evoke a resurgent current upon repolarization (Grieco et al., 2005; 
Aman et al., 2009; Bant and Raman, 2010). While all brain regions 
express one or more variants of the gene encoding the Na+ channel α 
subunit (Goldin et al., 2000; Goldin, 2001), those expressing Scn4b are 
restricted to discreet brain regions particularly the dorsal striatum and 
the NAc (Oyama et al., 2006; Miyazaki et al., 2014), where this subunit 
selectively controls long-term depression (Ji et al., 2017a). Although this 
channel is insensitive to acute EtOH (Wu and Kendig, 1998), chronic 
EtOH exposure markedly altered expression of mRNA encoding the 
Scn4b subunit in alcohol-preferring mice and rats (Mulligan et al., 2006; 
Tabakoff et al., 2008), and more recently in populations of alcoholics 
(Farris et al., 2014). While Scn4b subunit may not be directly implicated 
in regulating alcohol consumption in mice, some evidence suggest that 
nucleus accumbens sodium leak currents may be responsible for EtOH’s 
acute hypnotic effects (Blednov et al., 2019) and for alterating alcohol-
mediated locomotor sensitization (Wu et al., 2021).

3.3. Effects of binge drinking on neuronal 
firing

In light of these findings, it is reasonable to expect that changes in 
neuronal intrinsic excitability reflect the high sensitivity of these ion 
channels to binge alcohol drinking.

No significant difference in the baseline firing rate of VTA DA 
neurons in slices from alcohol drinking mice compared to EtOH-naïve 
control mice was reported (Avegno et al., 2016). Doyon et al. (2021) 
showed that a gradual infusion of ethanol significantly altered VTA DA 
neurons firing rate in a concentration-dependent manner providing. 
However, those findings may mask the effects of lower alcohol 
concentrations. Thus, in the same brain region, Juarez et  al. (2017) 
recently reported higher bursting and firing activity in dopamine 
neurons, a phenomenon absent in mice consuming higher level of 
alcohol. In contrast, in the NAc core region, prolonged withdrawal from 
CIE treatment induces a sharp increase of the inward rectification 
caused by larger Kir currents (Marty and Spigelman, 2012), these 
channels are the major determinants of the input resistance and the 
hyperpolarized resting membrane potential of MSNs during the down-
state (Nisenbaum and Wilson, 1995). This effect was associated with a 
lower input resistance, faster action potentials (APs), and larger fast 
afterhyperpolarizations (fAHPs) compared to MSNs from control 
animals. Interestingly, EtOH drinking modulates the expression of 
mRNAs encoding the Kir channel subunits in the NAc of alcohol-
preferring rats (Mulholland et al., 2011). The same study also reported 
that CIE enhanced IA current amplitudes. Surprisingly, they found no 
change in the firing rate of MSNs. Using a different consumption 
protocol, Hopf et  al. (2010) showed that a protracted withdrawal 
following a fixed ratio EtOH self-administration protocol increases the 
firing of core NAc MSNs, an effect they attributed to the inhibition of 
SK channels. In the orbitofrontal cortex, chronic intermittent ethanol 

exposure increased firing in large regular-spiking cells, an effect 
attributed to a decrease of functional activity of SK channels (Nimitvilai 
et al., 2016). In the inferior colliculus dorsal cortex, intragastric ethanol 
also increased intrinsic excitability by lowering the action potential 
threshold while leaving the resting membrane potential unaffected 
(Evans et al., 2000). In the central nucleus of the amygdala (CeA), and 
the ventral bed nucleus of the stria terminalis, binge drinking followed 
by a 3-day withdrawal period induced a net inhibition and 
hyperexcitability, respectively (Pleil et al., 2015).

Taken together, these studies underscore the complex interactions 
of EtOH with neurons of the cortico-limbic circuitry, and highlight the 
notion that binge drinking impacts neuronal excitability in ways that 
likely reflect the idiosyncratic expression of a variety of ion channels 
unique to each brain region and neuronal population. This is well 
illustrated by the BK channels that controls neuronal repolarization 
following action potential firing. BK channels present a complex of 
subunits that include the pore forming α subunit and four regulatory 
β1-4 subunits, products of four distinct genes. Whereas the BK α 
subunit is ubiquitously expressed in the brain (Chang et al., 1997), 
among the β(1–4) subunits, only the β1 and β4 have been reported in 
the central nervous system (Behrens et al., 2000; Brenner et al., 2000). 
In rat NAc MSNs, the expression of the β1 and β4 subunits is 
compartment-specific, with the former expressed in the dendritic 
arborization while the latter is found mostly in the soma (Martin et al., 
2004). To further muddle the picture, their expression patterns is likely 
reversed in mouse MSNs, illustrating the perils of drawing broad 
conclusions based on data from one species. Moreover, the sensitivity 
of BK channels to EtOH is markedly different depending upon the 
subunit composition of the channels, with the αβ1 subtype being 
totally insensitive, while the αβ4 subtype is enhanced by the drug 
(Martin et al., 2004). Although it is unknown whether a comparable 
differential expression pattern between soma and dendrites apply to 
other ion channels, these data nevertheless underscore the necessity 
to break down ion channel expression at the subcompartment level to 
obtain a comprehensive view of their influence on neuronal excitability 
and how binge drinking might affect dendritic and somatic excitability 
independently. Finally, it is important to underscore the idea that an 
ion channel insensitivity to acute EtOH does not necessarily disqualify 
it as a potentially important alcohol target. Indeed, as noted above, 
acute EtOH fails to alter IA (Kv4) potassium channel properties. Yet, 
prolonged exposure to the drug reduces expression of IA channels 
(Mulholland et  al., 2015), an effect associated with increased 
backpropagating action potential-evoked Ca2+ transients in the distal 
apical dendrites of CA1 pyramidal neurons that may profoundly alter 
synaptic integration.

4. Binge drinking modulation of 
synaptic transmission and plasticity

In addition to modulating intrinsic neuronal excitability, binge 
drinking alters the strength of synaptic transmission mediated by a 
number of neurotransmitters. Glutamate- and GABA-mediated 
synaptic transmission have been the major focus of past research 
owing to their central role in the nervous system as the primary 
excitatory and inhibitory neurotransmitters, respectively, as well as to 
their sensitivity to acute EtOH being an area beneficiated by the 
impulse in transgenic and gene “knockout” development (Hoffman 
et al., 2001). Unlike most voltage-gated K+ channels, both glutamate 
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and GABA receptors are highly sensitive to low acute EtOH 
concentrations. While physiologically relevant concentrations of acute 
EtOH (i.e., 5–50 mM) inhibited NMDA receptor-mediated 
transmission in the hippocampus (Lovinger et  al., 1990), the PFC 
(Weitlauf and Woodward, 2008), the amygdala (Roberto et al., 2004), 
and the NAc (Nie et al., 1994), they consistently enhanced GABAA 
receptor in expression systems (Harris et al., 1995; Dildy-Mayfield 
et al., 1996), neuronal cell culture, and in fresh slices of tissue from the 
cortex and the amygdala (Celentano et al., 1988; Deitrich et al., 1989; 
Aguayo and Pancetti, 1994; Mehta and Ticku, 1994) as well as the NAc 
(Nie et al., 2000). As with BK channels, interactions between EtOH 
and NMDA/GABAA receptors (Blednov et al., 2011; den Hartog et al., 
2013) likely result from the effect of EtOH on the channel itself since 
it is limited by the size of its carboxyl chain (Lobo and Harris, 2008).

4.1. Binge drinking and glutamate-mediated 
synaptic transmission

Receptors for the amino acid L-glutamate that contribute to 
excitatory synaptic transmission are expressed throughout the brain and 
spinal cord. Beginning in the late 1970s, glutamate receptors in the 
vertebrate central nervous system (CNS) were classified into three 
families on the basis of pharmacological tools such as the agonists 
α-amino-3-hydroxy-methylisoxazolepropionic acid (AMPA), kainic 
acid, and N-methyl-D-aspartic acid (NMDA), and the antagonists such 
as 2- amino-5-phosphonopentanoic acid (AP5), also referred to as APV, 
and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Watkins and Evans, 
1981). Subsequently, it was shown that while the majority of the first-
recognized glutamate receptors were ligand-gated ion channels, a large 
number of G protein-coupled (i.e., metabotropic) glutamate receptors 
are also expressed throughout the CNS (Nakanishi, 1992). For the 
purpose of this review, we will limit the discussion to AMPA and NMDA 
receptors because of their central role in both synaptic transmission and 
plasticity. Further description of the glutamate transmission in the CNS 
can be found in Zhou and Danbolt (2014).

NAc can be divided into two anatomically and functionally distinct 
subregions: The sell and the core. While the core is involved in motor 
functions related to reward among other behaviors, the shell is involved 
in the cognitive processing of reward (Malenka et al., 2009). In the core, 
but not the shell, two subdivisions of the nucleus accumbens that present 
different functional and anatomical properties (Salgado and Kaplitt, 
2015), binge drinking increases the expression of the gene encoding the 
NMDA receptors NR2B subunit but not the NR2A subunit, two NMDA 
receptor auxiliary subunits that are components of the heteromultimeric 
NMDA receptors. In primary cultured cortical neurons, the surface 
expression of both NR1 and NR2B subunits increased after CIE 
treatment (Qiang et al., 2007), a finding that mirrors a similar increase 
of NR2A and NR2B membrane expression in CA1 hippocampal 
neurons following 7 days of withdrawal from CIE treatment, a 
phenomenon that was accompanied by a significant enhancement of 
NMDA receptor-mediated synaptic response (Nelson et  al., 2005). 
However, in the orbitofrontal cortex, CIE led to an increase of the 
AMPA/NMDA ratio in part through a decrease of NMDA NR2B 
subunit expression (Nimitvilai et al., 2016). Interestingly, changes of 
NMDA receptor subunit expression do not appear to occur in all 
addiction-related brain regions. Thus, in the CeA, a liquid diet treatment 
showed no effects on NMDA NR1 and NR2B subunit expression (Lack 
et al., 2005). Although the mechanisms leading to changes in genes 

expression remain poorly understood, there is growing evidence that 
histone demethylation at H3K9 and H3K36 in PFC and hippocampus 
may be implicated (Qiang et al., 2014; Finegersh et al., 2015; Simon-
O’Brien et  al., 2015; Sakharkar et  al., 2016; Ponomarev et  al., 2017; 
Wolstenholme et  al., 2017). Functionally, a similar treatment in 
adolescent rats leads to an increase of electrically-evoked NMDA 
currents in CA1 hippocampal pyramidal neurons (Swartzwelder et al., 
2017). The opposite finding was reported in the medial PFC area where 
CIE reduced the amplitude of electrically evoked NMDA currents, 
possibly through the downregulation of the NMDA NR1 subunit 
expression (Holmes et al., 2012). As with EtOH’s effects on neuronal 
firing, these findings underscore again the complex, and sometime 
seemingly contradictory interactions between alcohol and NMDA 
receptors, likely reflecting brain regions, alcohol treatments, and 
neuronal subtypes heterogeneity.

Regarding AMPA receptors, intermittent access to alcohol in 
young rats induces an increase in basal glutamate in the NAc core that 
is accompanied by a decrease in the frequency of spontaneous AMPA 
events (Pati et al., 2016), confirming data from an earlier study in the 
same region (Griffin et al., 2014). Surprisingly, using western blotting, 
the authors also detected a marked increase in surface expression of 
the AMPA GluA1 subunit, a result that seems inconsistent with a lack 
of change in the amplitude of spontaneous EPSCs events A possible 
explanation for this apparent discrepancy between electrophysiological 
and western blotting data is that newly formed AMPA receptors were 
extrasynaptic. This could provide MSNs with a pool of readily 
available AMPA receptors for further rapid insertion of AMPA 
receptors at synapses. Combining new biosensors with high resolution 
microscopy may help resolve this issue (Choquet et al., 2021). At 
thalamic inputs to CeA neurons, CIE enhanced glutamate release 
probability, as shown by a reduction of paired-pulse facilitation 
(Christian et al., 2013). The relationship between AMPA and NMDA 
receptor subunits and binge drinking has been tested using a number 
of knock out mouse models. Surprisingly, in a 2-bottle choice 
drinking model, Cowen et al. (2003) found no significant differences 
between the wild-type and AMPA GluR1 KO mice in the acquisition 
of voluntary ethanol consumption (Cowen et al., 2003). A similar lack 
of EtOH consumption was reported in AMPA GluR3 KO mice 
compared to wild-type littermates (Sanchis-Segura et  al., 2006). 
Regarding NMDA receptors, the absence of the NR2A subunit has no 
effect on EtOH consumption (Boyce-Rustay and Holmes, 2006). 
Taken together these data show that knocking down particular genes 
associated with AMPA and NMDA synaptic transmission has overall 
little impact on alcohol consumption, a somewhat surprising result 
considering the large body of research supporting a link between 
NMDA receptor pharmacology and alcohol dependence in humans 
(Krystal et al., 2003).

Although it might be  tempting to dismiss the role of these ion 
channels in mediating alcohol effects on behavior, some explanation can 
be proposed to account for such apparent negative results (i) although 
some early studies showed no apparent compensatory mechanisms in 
the hippocampus in AMPA GluR1 using KO mice (Sakimura et al., 
1995; Jia et al., 1996), it remains that this question has been examined in 
too few brain regions to draw broad conclusions as to the existence (or 
lack thereof) of such mechanisms in other regions associated with 
alcohol addiction, (ii) A more focused approach using conditional 
knockout techniques (e.g., the Cre-lox recombination system) might 
prove useful by enabling the removal of specific genes in specific 
neuronal populations.

https://doi.org/10.3389/fnmol.2023.1098211
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Gimenez-Gomez et al. 10.3389/fnmol.2023.1098211

Frontiers in Molecular Neuroscience 06 frontiersin.org

4.2. Binge drinking and glutamate-mediated 
synaptic plasticity

There is agreement that at the heart of alcohol’s persistent effects on 
behavior lays its ability to modulate “Long-term potentiation” (LTP), 
and long-term depression or LTD (Lovinger et al., 2003; Zorumski et al., 
2014). Although the tetanic stimulation originally described by Bliss and 
Lømo (1973) remains the stimulation paradigm of choice in the majority 
of brain regions studied, another induction protocol called spike-timing 
dependent plasticity (STDP) is now being used in the NAc (Ji and 
Martin, 2012) where classic tetanic stimulations fail to reliably induce 
LTP (Kombian and Malenka, 1994; Robbe et al., 2002; Schramm et al., 
2002), and in the cortex (Kroener et al., 2012). STDP is based on the 
timing (typically within a critical time window of 10–20 ms) and the 
pairing order between pre-and postsynaptic action potentials at low 
frequency (i.e., ~ 1 Hz; Sjostrom et al., 2008). There are little doubts that 
the AMPA and NMDA receptors, which control the initial rise of 
intracellular calcium that triggers phosphorylation of calcium kinases, 
are essential for the induction of LTP. Regarding LTD, the situation is 
somewhat more complex. While NMDA receptors do play an important 
role in some brain regions and under some experimental conditions, 
they are not necessary in others. Our understanding of synaptic 
plasticity is further complicated in the NAc where several forms of LTD 
have been recorded. Those include the NMDA-, mGluR- (see for review 
Winder et  al., 2002) and action potential-dependent LTDs (Ji and 
Martin, 2012), a situation that contrasts with that of the dorsal striatum 
where both LTD and LTP are NMDAR-dependent (Partridge 
et al., 2000).

Several groups have explored the changes in LTP and LTD in 
models of binge alcohol drinking (Roberto et al., 2002, 2003; Stephens 
et al., 2005; Bernier et al., 2011; Kroener et al., 2012; Agoglia et al., 
2015; Risher et al., 2015; Gruol et al., 2021). Field potential recordings 
in CA1 hippocampus display a larger LTP at the lowest stimulus 
intensity tested in CIE Sprague–Dawley rats, a difference that was 
abolished when stronger intensities were tested (Risher et al., 2015). 
This result contrasts with earlier studies in the same brain region 
where the post-tetanic field potentials were totally inhibited by CIE 
treatment (Roberto et al., 2002), an effect the authors later attributed 
in part to inhibition of the MAP kinase pathway (Roberto et al., 2003), 
a family of intracellular signaling molecules that regulate synaptic 
plasticity and learning (Thomas and Huganir, 2004), and whose 
inhibition decreases binge drinking (Agoglia et al., 2015). These data 
were subsequently replicated, also in the CA1 hippocampus, in a 
different rat strain (Stephens et al., 2005). Interestingly, regarding LTD, 
only two consecutive binges of EtOH (9 h apart) were sufficient to fully 
inhibit it in the same region, an effect that was reversed 8 days 
following the last EtOH exposure (Silvestre de Ferron et al., 2015). In 
both the VTA and PFC, the amplitude of tetanic stimulation- and 
STDP-mediated LTPs is enhanced (Bernier et al., 2011; Kroener et al., 
2012). Although how EtOH alters LTP is not fully understood, a key 
role for IL-6 has been proposed (Gruol et al., 2021). In the NAc, the 
situation is somewhat more complex owing to different stimulation 
protocols (i.e., tetanic vs. STDP) and to the existence of MSNs 
expressing either dopamine D1 or D2 receptors. While D1-MSNs 
project to the VTA and to some extend to the ventral pallidum, 
D2-MSNs project exclusively to the ventral pallidum (Gerfen, 1984; 
Kupchik et al., 2015). Importantly, D1-MSN activation is related to 
positive rewarding events, inducing persistent reinforcement, whereas 
D2-MSN signaling is thought to mediate aversion (Hikida et al., 2010; 

Lobo et al., 2010; Kravitz et al., 2012), although this dichotomy might 
be more complex than initially thought (Soares-Cunha et al., 2020). 
Yet, despite many limitations, some commonalities have emerged 
among all these studies. In the NAc shell, LTD was inhibited by CIE 
exposure in MSNs, an effect that dissipated 72 h following the last 
treatment (Jeanes et  al., 2011). Following up on their initial 
observations, the same group demonstrated a remarkable complexity 
in basic synaptic plasticity properties in MSNs expressing D1 and D2 
receptors, but also a remarkable divergence in their respective 
responses to binge drinking. Thus, in transgenic Drd1-eGFP naïve 
mice, they could evoke LTD in D1R- but not in putative D2R-expressing 
MSNs. Interestingly, four consecutive days of CIE treatment totally 
blocked LTD in the former, while they observed LTD in the latter 
MSNs population, an effect that took 2 weeks to reverse (Jeanes et al., 
2014). Comparison between the shell and core subregions revealed 
that CIE-mediated inhibition of LTD in D1R-MSNs was circumscribed 
to the shell while the core region seemed unaffected by the treatment 
(Renteria et al., 2018). These data provide critical evidence that binge 
drinking differentially modulates synaptic plasticity in D1R- and 
D2R-expressing MSNs. The same group shows that CIE-induced 
escalation of EtOH consumption produces NMDAr-dependent LTD 
in D1R (Renteria et  al., 2018). In the NAc core, the same STDP 
stimulation paradigm evoked both tLTP and tLTD. While LTP was 
conventionally NMDAR-dependent, tLTD was controlled entirely by 
backpropagating action potentials (Ji and Martin, 2012). In another 
study, our group showed that tLTD and tLTP were primarily found in 
D1R- and D2R-expressing MSNs, respectively (Ji et al., 2017b). Two 
weeks of binge drinking led plasticity to switch from tLTD to tLTP in 
D1R-expressing MSNs, mirroring the findings by the Morrisett group, 
while tLTP in D2R-expressing MSNs was only mildly and not 
significantly attenuated. Interestingly, alterations of plasticity by binge 
drinking were not accompanied by changes in AMPA or NMDA 
current properties at PFC, hippocampal or amygdala synapses; only 
significant changes of the AMPA/NMDA ratio, a widely accepted 
index of plasticity, were reported (Ji et al., 2017b).

As noted above, because spike-timing-dependent LTD is controlled 
by backpropagating action potentials, it is possible that the tLTD-to-
tLTP switch reflects a weakening of these electrical events as they invade 
the dendritic tree retrogradely, a phenomenon that does not exclude 
insertion of AMPA receptors vs. changes in their subunit composition 
as seen in other brain regions. The strengthening of glutamate synaptic 
transmission in D1R-expressing MSNs seems to be  supported by 
findings in the dorsal striatum of mice trained to consume alcohol using 
an intermittent-access two-bottle-choice drinking paradigm. In this 
study, Cheng et al. (2017) demonstrated a similar increase in the AMPA/
NMDA ratio, increase found in D1R- but not in D2R-expressing MSNs. 
Using a chemogenetic approach, the study also reported that the 
excitation of D1R-expressing MSNs promoted alcohol drinking, 
establishing a strong correlation between the enhance excitation in these 
neurons and drinking. Much remains to be  understood about the 
molecular underpinnings responsible for the differential effects of binge 
drinking on the glutamatergic synaptic transmission of striatal D1R- and 
D2R-expressing MSNs, and the increase of the AMPA/NMDA ratio. In 
light of NMDA receptor subunit expression sensitivity to alcohol, as 
seen in the previous section, binge drinking may trigger the expression 
of different NMDA receptor subunits with higher unitary conductance. 
Our group measured the deactivation rates of optogenetically-driven 
NMDA currents, a feature controlled by the receptor subunit 
composition (Monyer et al., 1992). Surprisingly, we showed that NMDA 
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current decay kinetics remained unchanged after binge EtOH, seemingly 
ruling out this possibility (Ji et al., 2017b). Irrespective of the specifics 
of the alterations of the glutamate synaptic transmission in MSNs, binge 
drinking effects on NAc direct pathway (D1R) point to a remarkable 
degree of specificity that mirrors what has been reported with cocaine 
in the same brain region (Bock et al., 2013; Heinsbroek et al., 2017) and 
engages with the stablished dichotomy that shows that D1 is involved in 
reinforcement and reward and D2 has been associated with punishment 
and aversion (Soares-Cunha et al., 2016). It is likely that this specificity 
is functionally relevant as striatal D1R- and D2R-expressing MSNs 
project to different brain regions (Gerfen and Surmeier, 2011), even 
though new data are now challenging the strict anatomical segregation 
of these projections in mice NAc (Kupchik et al., 2015).

Importantly, alterations of the AMPA/NMDA synaptic 
transmission in the striatum may merely reflect alcohol-glutamate 
receptors interactions occurring simultaneously at multiple levels in the 
local circuitry. Indeed, glutamate synaptic transmission and plasticity 
in striatal MSNs are under the control of dopamine (Shen et al., 2008; 
Ji et  al., 2017b), whose release is regulated in part by cholinergic 
interneurons (ACh INs). The putative role of these interneurons is 
particularly intriguing. Despite their rarity as they represent between 1 
and 2% of the total neuronal population of the rat striatum (Lim et al., 
2014), ACh INs are critical players in regulating the output of this 
region due to their direct connection to MSNs (Hsu et  al., 1996; 
Galarraga et al., 1999; Shen et al., 2005), as well as through the control 
of dopamine (Threlfell et al., 2010; Cachope et al., 2012), GABA (Witten 
et al., 2010), and glutamate (Bonsi et al., 2011; de Kloet et al., 2015; 
Silberberg and Bolam, 2015) release from terminals that synapse on 
MSNs. Alterations of the properties of ACh INs have been associated 
with neurological disorders such as depression and emotional control 
(Warner-Schmidt et al., 2012; Atallah et al., 2014). They have also been 
implicated in a number of neurological disorders in task attention, 
memory, and aversive behavior (Aosaki et al., 1994; Ravel et al., 1999; 
Anagnostaras et al., 2003; Furey et al., 2008). With respect to drugs of 
reward and addiction, their spontaneous firing is influenced by event 
context and by cocaine reward-related cues in vivo preparations 
(Apicella et al., 1997; Williams and Adinoff, 2008; Witten et al., 2010; 
Schmidt et al., 2011; Tuesta et al., 2011; Atallah et al., 2014). There is 
also evidence that acetylcholine mediates EtOH’s effects by modulating 
the release of dopamine from terminals originating in the VTA 
(Adamantidis et al., 2011; Abrahao et al., 2012; Bahi and Dreyer, 2012; 
Engel and Jerlhag, 2014). Binge alcohol drinking in adolescents 
profoundly reduces both the expression of 11 of the 14 genes encoding 
nicotinic acetylcholine receptors (Colbert et al., 1997), and the density 
of ACh INs in the NAc of human alcoholics (Vetreno et al., 2014) as 
well as in an adolescent intermittent alcohol drinking model in rats 
(Hauser et al., 2019). Similarly, chronic alcohol consumption reduces 
the number of striatal cholinergic varicosities (Pereira et al., 2014). 
There is also evidence that ACh INs spontaneous firing is inhibited by 
EtOH (Blomeley et al., 2011). In a recent study, Kolpakova et al. (2022) 
detailed the complex cellular mechanisms underlying ACh 
INs-mediated inhibition of glutamate release in D1 and D2 MSNs. 
Thus, NAc ChIs decreased MSN synaptic excitability through different 
mechanisms in D1- vs. D2-MSNs. While decrease of ChI-mediated 
sEPSCs frequency in D1-MSNs was mediated by dopamine, the same 
effect in D2-MSNs resulted from a direct control of glutamate release 
by ChIs. Interestingly, after 2 weeks of binge alcohol drinking, 
optogenetic stimulation of ChIs enhanced glutamate release in 
D1-MSNs, while its effect on D2-MSNs remained unchanged 

(Kolpakova et  al., 2022). Taken together, these studies suggest that 
binge drinking may initiate a carefully orchestrated cascade of events, 
starting with ACh INs through their control of dopamine release, that 
ultimately favors synaptic transmission and plasticity of MSNs 
belonging to the direct pathway. Also, restoring the balance between 
the NAc direct and indirect pathways in favor of the latter, possibly 
through manipulations of ACh INs excitability, may help protect 
individuals against the long-term consequences of alcohol consumption.

4.3. Synaptic gating as a model of synaptic 
adaptation to binge alcohol drinking

The nucleus accumbens receives glutamatergic afferents primarily 
from the prefrontal cortex, hippocampus, basolateral amygdala (BLA), 
and hippocampus (Ikemoto, 2007; Humphries and Prescott, 2010; Li 
et  al., 2018), allowing integration of emotional, contextual, and 
cognitive information. There is evidence that these inputs do not 
behave independently of each other. Thus, early in vivo recordings by 
O’Donnell and Grace (1995) revealed that hippocampal inputs facilitate 
the transmission of information originating in the prefrontal cortex in 
NAc MSNs, a mechanism called synaptic gating (O’Donnell and Grace, 
1995; Katz, 2003). In 2005, based in part on earlier observations in 
human subjects (Bechara et al., 1995), Bechara proposed that the loss 
of control over alcohol consumption in adolescents was be caused by 
an imbalance between the reflective and impulsive systems that are, 
respectively, associated with the prefrontal cortex (PFC) and the 
basolateral amygdala (BLA), respectively (Bechara, 2005). While the 
PFC is responsible for planning, evaluating long-term consequences 
and is instrumental in retrieving drug-associated memories (Dalley 
et al., 2004; Zhang et al., 2019), the BLA encodes emotions that shape 
impulsive behavior and the response to associative learning (Gallagher 
and Chiba, 1996; Cardinal et  al., 2002; Lalumiere, 2014). More 
specifically, Bechara hypothesized that the impulsive system could 
override the reflective system upon repeated drugs of abuse 
consumption. To identify the molecular basis of a putative disruption 
of synaptic integration between cortical and amygdala inputs, 
Kolpakova et  al. (2021) used a double optogenetics approach (i.e., 
Channelrhodopsin and ChrimsonR) to independently stimulate the 
PFC and BLA afferents, respectively, to elucidate how executive and 
emotional information is processed by MSNs in alcohol-naïve and 
binge alcohol drinking mice (Kolpakova et al., 2021). This approach 
revealed that PFC and BLA inputs synapse onto the same MSNs where 
they reciprocally inhibit each other presynaptically in a strict time-
dependent manner. In alcohol-naïve mice, this temporal gating of 
BLA-inputs by PFC afferents is stronger than the reverse, revealing that 
MSNs prioritize high-order executive processes information from the 
PFC. Importantly, binge alcohol drinking alters this reciprocal 
inhibition by unilaterally strengthening BLA inhibition of PFC inputs. 
In line with this observation, we demonstrate that in vivo optogenetic 
stimulation of the BLA, but not PFC, blocks binge alcohol drinking 
escalation in mice (Kolpakova et al., 2021). Overall, this study identified 
a new mechanism through which NAc MSNs integrate executive and 
emotional information and showed that this integration is dysregulated 
during binge alcohol drinking. It also highlights the idea to fully 
understand the effects of alcohol on synaptic transmission and neuronal 
excitability in the NAc and elsewhere it is important to consider the 
network in its globality and diversity, and the dynamic interplay 
between various inputs (Kolpakova et al., 2021).
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4.4. CIE and GABA- and glycine-mediated 
synaptic transmission

GABAA receptors are formed by the association of 5 subunits (α1-6, 
β1-3, γ1-3, δ1, ε, Θ, and π) asymmetrically arranged around the central 
chloride anion conduction pore. Although their stoichiometry and 
composition vary with cell types and brain regions, most neurons 
express a combination of αβγ subunits (Sigel and Steinmann, 2012). Of 
all these subunits, the α subunits seems to be particularly sensitive to 
binge drinking.

Thus, the examination of subunit expression in the hippocampus 
revealed a decrease of mRNA encoding the α1 and an increase in α4 
subunit mRNA expression in CIE rats (Cagetti et al., 2003). In the 
dentate gyrus, protein levels for the α4-GABAA receptor subunits were 
significantly reduced, but mRNA levels were increased, 26 days after 
the last intermittent alcohol exposure in mice (Centanni et al., 2014). 
Interestingly, in the same publication, Cagetti et al. (2003) found no 
effect on expression of any of these subunits following CIE exposure 
during adulthood, underscoring the idea of adolescence as a time 
window particularly sensitive to the effect of EtOH. While a two-day 
withdrawal following CIE treatment leads to a significant increase in 
the α4 subunit mRNA levels in the dentate gyrus, the CA3, and the 
CA1 regions, no significant change in the α5 subunit expression was 
observed in the same regions. There is also evidence of a reorganization 
of the α4 synaptic and extrasynaptic GABAA receptor subunit in CA1 
pyramidal neurons (Liang et al., 2006). A similar reorganization of 
GABAA receptor subunit composition in the hippocampus of CIE 
animals appears to be supported by mIPSCs with markedly different 
activation/deactivation kinetics, an effect that was associated with 
upregulation of the α2, and not the α4, subunit, an effect the authors 
associated with the anxiolytic response to EtOH exposure (Lindemeyer 
et al., 2017). Interestingly, a point mutation that renders the α2 subunit 
insensitive to benzodiazepine blunted alcohol intake in mice with an 
intermittent access to EtOH, suggesting that neurosteroid action on 
α2-containing receptors may be necessary for escalation of chronic 
EtOH intake (Newman et al., 2016). The role of the α2 subunit appears 
to be supported by data showing that a point mutation from histidine 
at 270 to alanine decreased alcohol consumed and reduced preference 
for ethanol (Blednov et  al., 2011). Also in the hippocampal CA1 
pyramidal neurons, intermittent ethanol exposure modulated 
GABAAR δ but not α4 subunit expression (Follesa et  al., 2015). 
Regarding the δ-GABAA receptors, a significant reduction in its 
protein levels was observed in the dentate gyrus, in the absence of any 
changes in mRNA levels, at 48 h and 26 days after the last ethanol CIE 
exposure (Centanni et al., 2014). Possibly related to changes in subunit 
expression, in hippocampal dentate granule cells, alcohol exposure 
during adolescence decreased the tonic noise driven by extrasynaptic 
GABAA receptors, in CIE animals compared to untreated animals, 
suggesting a weaker baseline inhibition (Fleming et al., 2012). In CIE 
rats, GABAA receptor-mediated synaptic transmission was depressed 
in CA1 hippocampus as suggested by a decrease in agonist-evoked 
36Cl− efflux, of the paired-pulse inhibition in the CA1 area, and 
alterations of GABAA receptor subunit expression. Taken together, 
these studies seem to point to the hippocampal α2 and α4 subunits as 
being particularly sensitive to binge drinking.

In other brain regions, similar adaptations of GABA receptor 
subunit expression were observed, with again the α subunits playing a 
central role. Thus, in rat cerebellum, an increase of GABAA α6 subunit 
expression was detected following CIE treatment (Petrie et al., 2001). In 

the PFC, CIE decreased the levels of α1 and α2 subunits, and increased 
the level of α4 (Sheela Rani and Ticku, 2006), while it reduced the 
amplitude of tonic GABA currents in layer V pyramidal neurons, 
perhaps reflecting an attenuation of currents mediated by δ-subunit 
containing receptors (Centanni et  al., 2017). Finally, a recent study 
shows that in these regions, withdrawal impairs α1subunit affecting 
synaptic neurotransmission (Hughes et  al., 2019). In the NAc, CIE 
decreased the frequency of fast-rising miniature IPSCs (Liang et al., 
2014a), mirroring reports in dorsal striatum MSNs (Wilcox et al., 2014), 
an effect that the authors interpreted as consistent with a possible 
decrease in somatic GABAergic synapses in MSNs from CIE rats. In a 
separate study, the same group reported that dopamine, at concentrations 
consistent with those measured in vivo (0.01–1 μM), modulated 
extrasynaptic GABAA receptors of NAc MSNs, without affecting the 
postsynaptic kinetics of miniature inhibitory postsynaptic currents 
(mIPSCs), highlighting the differential sensitivity of synaptic and 
extrasynaptic GABA receptors to CIE treatment (Liang et al., 2014b). 
Interestingly, RNA sequencing demonstrated that the expression of most 
(6 of 8) GABAA receptor subunit genes decreased in the periacqueductal 
gray (McClintick et  al., 2016) and increased in the dorsal raphe 
(McClintick et al., 2015) following CIE treatment. Because these brain 
regions are not believed to play a direct role in addiction but rather are 
central in processing pain and anxiety, it seems somewhat surprising to 
see GABAA receptor subunit expression change in response to 
intermittent EtOH exposure. However, this effect may be  related to 
finding by Fu et al. (2015) who showed that CIE induces hyperalgesia in 
rats and to the well-known anxiogenic effects of repeated EtOH 
consumption associated with withdrawal (Hamilton et al., 2013). Finally, 
in the CeA region, CIE effects on tonic GABA-mediated synaptic 
transmission is complex due in part to the presence of different neuronal 
populations (i.e., low-threshold bursting [LTB], regular spiking and late 
spiking neurons), a mosaic further complicated by the expression (or 
not) of the corticotropin releasing factor receptors (CRF1). While the 
frequency of spontaneous events (i.e., phasic GABA response) was 
markedly reduced in CeA neurons expressing the CRF1 receptor, it was 
enhanced in CRF1-negative late spiking cells (Herman et al., 2016). 
Additionally, the study reported a loss of the tonic GABA current in 
CRF1 but not in CRF1-negative neurons, an effect that persisted 
into withdrawal.

These data highlight two key facts. First, the expression of GABAR 
α subunits seems to be  particularly sensitive to repeated alcohol 
exposure. Second, they underscore the idea that GABA-EtOH 
interactions are complex and cannot be strictly described in terms of 
inhibitory or excitatory effects. These seemingly disparate outcomes 
may reflect the unique expression pattern of the GABA receptor 
subunits in different neuronal populations and their response to binge 
drinking. Equally important is that the overall effects of CIE on 
neuronal excitability through GABAA synaptic transmission depend 
on the specific electrical characteristics of the neurons studied and 
particularly on their resting membrane potentials (RMPs). Thus, 
considering that the reversal potential for chloride (ECl

−) typically 
ranges between −70 and −75 mV in nerve cells (Deisz and Prince, 
1989), neurons presenting more depolarized RMPs will display 
increased excitability upon a decrease of inhibitory activity, due to 
weakening of the ability of GABAA receptors to prevent the cells from 
further depolarizing. In contrast, in neurons whose RMP is much 
more hyperpolarized (i.e., ~ − 85 mV) such as NAc MSNs, GABAA 
receptors likely mediate depolarization at rest. As such, a weakening 
of the GABA transmission will further dampen MSNs neuronal 
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excitability. Regarding CIE effects on GABA tonic currents, in neurons 
with resting potentials close to ECl

−, this tonic current is likely to shunt 
the membrane, which would primarily negatively impact neuronal 
cable properties and the propagation of synaptic events from their 
point of inception in spines to the soma by attenuating the amplitude 
of these events and slowing their kinetics. Therefore, associating 
changes of GABA synaptic transmission with an overall inhibitory or 
excitatory effect should be  carefully weighted in light of the basic 
electrical properties of the neurons considered.

Less is known about interactions between alcohol and the GABAB 
receptor, a metabotropic receptor that inhibits neuronal excitability 
through its action on g-protein-coupled inward rectifying potassium 
(GIRK) channels (Padgett and Slesinger, 2010). In BLA neurons, 
GABAB receptors appear to be  responsible for tolerance to acute 
ethanol-mediated increase in the frequency of spontaneous GABAergic 
synaptic currents (Zhu and Lovinger, 2006). Interestingly, in the 
hippocampus, inhibition of GABAB receptor function enhances 
ethanol-mediated potentiation of distal GABAA IPSCs (Proctor et al., 
2006), bolstering the idea that they may counter the effects of EtOH 
on GABAA receptors. In a two-bottle choice alcohol drinking model, 
Herman et al. (2015) showed that constitutive deletion of GIRK3, one 
of the three GIRK subunits, selectively increased ethanol binge-like 
drinking. Additionally, they reported that GIRK3 is responsible for 
EtOH-mediated increase of VTA DA neurons firing and EtOH-
mediated DA release in the NAc.

Glycine, alongside GABA, is the other fast inhibitory 
neurotransmitter in the central nervous system. Like GABA receptors, 
activation of glycine receptors opens an anionic conductance that 
hyperpolarizes the membrane potential. Although it was initially 
believed that glycine receptors were almost exclusively found in the 
spinal cord and brainstem of adult rats (Rajendra et al., 1997), their 
expression was subsequently reported in forebrain structures 
associated with the addiction neurocircuitry (Yoon et  al., 1998; 
McCool and Botting, 2000; McCool and Farroni, 2001; Martin and 
Siggins, 2002; Mori et al., 2002). As with GABA receptors, acute EtOH 
generally enhances glycine currents in a number of preparations 
(Celentano et al., 1988; Aguayo and Pancetti, 1994; Mascia et al., 1996; 
Ye et al., 2001) even though inhibition of glycine currents was also 
reported in the ventral tegmental area (Tao and Ye, 2002). Interestingly, 
in the lateral orbital frontal cortex, acute EtOH enhances glycine 
currents without affecting GABA currents (Badanich et  al., 2013). 
Unfortunately, there is currently little information as to how these 
receptors adapt to binge drinking. On the model of GABA receptors 
and other ionotropic receptors, the GlyR is a pentameric receptor 
constituted as either α-homomers or α-β heteromers. In the amygdala 
and NAc, GlyR α2 and α3 subunits show equal or greater expression 
compared with α1 (Jonsson et al., 2009; Delaney et al., 2010). In light 
of the sensitivity of the expression of the various subunits forming 
GABA and AMPA/NMDARs, it is tempting to speculate that GlyRs 
may similarly respond to binge drinking by altering their subunit 
composition, an adaptation that would not only influence their 
intrinsic channel properties (Grudzinska et al., 2005) but also their 
location (Laube et  al., 2002). A study by McClintick et  al. (2016) 
showed a reduced expression of 4 glycine receptor-related genes in the 
periacqueductal gray of DID rats. Recently the field has been expanded 
to acknowledge the role that other glycine receptor agonists, such as 
Taurine, can play in alcohol dependence, in this sense has been 
demonstrated that alcohol dependence disrupts the taurine-mediated 
inhibition of the GABAergic tone in the amygdala (Kirson et al., 2020).

Behaviorally, microinjections of glycine into the VTA decreased 
EtOH intake, but not sucrose or water, in rats chronically exposed to 
ethanol under the intermittent-access protocol (Li et  al., 2012). 
Regarding GABA receptors, their role has been examined using both 
the two-bottle choice and the DID models in knockout mouse. While 
all GABAR subunits do not have the same influence on binge 
drinking, those that do alter the behavior consistently decrease 
drinking. Thus, alcohol consumption of α1, α5 and δ knockout mice 
was lower than that of wild-type littermates (Mihalek et al., 2001; 
Blednov et al., 2003; Boehm et al., 2004; June et al., 2007). In contrast, 
α2 and β2 knockout mice had no effects on alcohol consumption 
(Blednov et al., 2003; Boehm et al., 2004). Although limited in scope, 
these studies appear to indicate that alterations of GABA and 
Glycine-mediated inhibitory synaptic transmission attenuate 
alcohol drinking.

5. What is the role of ion channels on 
neuronal excitability in binge alcohol 
drinking animals?

Data presented here offer a strong rationale for some voltage- and 
ligand-gated ion channels as potential direct candidates that mediate the 
effects of binge alcohol drinking on neuronal excitability and 
communication. Indeed, for good reasons, glutamate has long held a 
central role in various models of addiction (Berke and Hyman, 2000; 
Kauer and Malenka, 2007; Kalivas, 2009; Kalivas et al., 2009). However, 
to fully appreciate the role of glutamate in binge alcohol drinking and 
how precisely it exerts its effects, it is critical to understand not only how 
individually it affects neuronal excitability and how AMPA/NMDA 
receptors properties are influenced by alcohol, but also how they work 
in the broader context of the constantly changing and dynamic neuronal 
excitability. As already alluded to in this review, voltage- and ligand-
gated channels do not work separately and independently. For example, 
there is a wealth of evidence that membrane depolarization following 
the release of glutamate recruits a number of voltage-gated calcium and 
potassium channels that contribute to modulating the kinetics of 
synaptic potentials (Cai et al., 2004; Kim et al., 2007; Lin et al., 2008) and 
by extension how synaptic events temporally and spatially aggregate to 
trigger action potentials and how they may in some situations modulate 
neurotransmitter release (Debanne et  al., 2013). This is probably a 
phenomenon more exacerbated in dendritic spines than in synapses on 
the dendritic shaft and cell body since spines are a fairly well isolated 
electrical compartment. Thus, when considering the modulation of LTP 
by binge drinking, one may want to go beyond the generally accepted 
and critical role of AMPA and NMDA receptors to include a direct 
participation of voltage-gated ion channels. For example, Ia, SK and BK 
channels are widely expressed in both dendritic spines where they 
control glutamate-mediated depolarization and calcium influx (Isaacson 
and Murphy, 2001; Faber et al., 2005; Wang et al., 2014). By altering their 
subunit composition or by undergoing endocytosis in response to binge 
drinking, they may contribute to changing the long-lasting strength of 
synaptic transmission independently of the effects of alcohol on AMPA/
NMDA receptors. Thus, in the NAc, binge drinking promotes LTP in 
D1R-MSNs, an effect that is not accompanied by a corresponding 
increase of AMPA/NMDA ratio, a classic measure of AMPA receptor 
insertion, at hippocampal glutamatergic synaptic inputs compared to 
cortical and amygdala synapses (Ji et al., 2017b). This suggests that the 
mechanisms underlying synaptic plasticity may differ in the same 
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neuronal population based on the origin of the afferents. While 
interacting with ligand-gated channels in dendrites, the same ion 
channels will concomitantly shape action potentials generated at their 
point of inception in the initial segment near the soma. By the same 
token, when expressed in the membrane of the dendritic shaft, they will 
not only modulate the strength of back-propagating action potentials 
but also the degree of filtering to which synaptic events reaching the 
soma are subjected based on the cable theory proposed by W. Rall more 
than 50 years ago (RALL, 1959). This shows that to fully capture the 
complexity of the contribution of ion channels to neuronal excitability 
necessitates integration of various dimensions of all ion channels in a 
unifying model, a goal that we have not reached yet, in part due to the 
challenges of probing hard-to-reach neuronal compartments such as 
dendritic spines.

6. Future perspectives

The present survey of the literature is a testimony to the progress 
accomplished over the recent decades toward understanding how 
neurons of the central nervous system adapt to repeated alcohol 
consumption. To some measure, the origin of each advance can 
be traced back to specific technological breakthroughs. Thus, following 
the widespread adoption of the voltage-clamp technique that enabled 
whole-cell and single-channel recordings of specific ion channels in 
the 80s, the 90s capitalized on the advancement of cloning techniques 
to identify the many subunits of a host of ligand- and voltage-gated ion 
channels, to determine their influence on biological and 
pharmacological properties of these channels, and to establish their 
influence on interactions with alcohol. The turn of the century 
witnessed dramatic progress in genome wide sequencing analysis that 
led to a better appreciation of the expression patterns of these targets 
as well as many others, in binge drinking animals, and the regulation 
of their expression by non-coding RNA and epigenetic mechanisms. 
More recently, opto- and chemogenetic approaches have been 
instrumental in helping to disentangle the complex neuronal circuitry 
by enabling the targeting of specific pathways or neuronal populations, 
a goal that was for the most part unattainable with more conventional 
pharmacological and electrical approaches. Yet, despite this wealth of 
information, it remains difficult to ascribe EtOH a simple excitatory 
or inhibitory value. As highlighted here, EtOH’s influence on ion 
channel physiology and more broadly on neuronal excitability depends 
on a number of variables such as the ion channel subunit composition, 
their sensitivity to the drug and their site of expression (e.g., soma vs. 
dendrites). Also, when studying the effects of binge drinking on a 
particular ion channel, we tend to draw conclusions through the prism 
of this channel while ignoring all other interactions. All these factors 
combined often lead to a truncated interpretation of the influence of 
binge drinking on brain function. Interestingly, during the last years a 
vast body of evidence regarding the role that the epigenetic changes 
plays in alcohol consumption is growing and shows clearly that the 
adaptations produced by the epigenetic landscape and their interlinked 
pathways plays a key role in the development of AUD (see for review 
Egervari et al., 2021). Finally, a emboldened body of evidence shows 
that the immune system and stress can also modulate the effect of 
alcohol in the brain in different stages of consumption (i. e. binge 
drinking, tolerance, dependence) being a promising area of study (de 
Guglielmo et al., 2019; Blednov et al., 2021).

The contribution of these bottom-up approaches do not mask the 
fact that a broad narrative of the effects of binge drinking on brain 
function remains elusive, and poses the question of the best way forward 
in decades to come. It could be argued that a renewed focus on top-down 
approaches, typically represented by in vivo simultaneous recordings of 
multiple neurons, may prove beneficial for the field assuming that recent 
technological progress are harnessed. As successful as such an approach 
has proved in the past in providing a general sense of the overall 
neuronal excitability in any given brain region, it has been limited in its 
ability to concomitantly pinpoint specific neurons or their inputs. 
Fortunately, such limitations are fading as new techniques become 
available. One exciting recent development is the miniaturized 
fluorescence microscopy system that simultaneously monitor calcium 
transients (a proxy for neuronal excitability) in a large number of 
visually identified individual neurons in freely moving mice and rats 
(Kitamura et al., 2017). Through this approach, it is now possible to 
study the concept of the engram (i.e., a collection of neurons 
simultaneously activated) and to identify the location and physical basis 
of “memory traces” left in the brain by repeated binge drinking. 
Although miniaturized fluorescence microscopy remains the purview 
of few laboratories due to its cost and complexity, its dissemination in 
years to come will undoubtedly be instrumental in advancing the field 
of alcohol research.

Interestingly, a number of laboratories are now leveraging the 
power of sophisticated transgenic mice models (e.g., fos/arc-TRAP2, 
TetTag, and fos-TVA mice) initially developed to identify and 
characterize neurons encoding fear retrieval memories (Liu et al., 
2012; Sakurai et  al., 2016; DeNardo et  al., 2019), with various 
approaches like viral delivery technique, opto- and chemogenetics to 
establish a causal relationship between engram excitability and 
alcohol consumption and to elucidate what makes these neurons 
unique at the molecular (i.e., transcript profile) and functional 
(electrophysiological properties) levels. This approach may offer a 
unique opportunity to develop therapeutics that would selectively 
target neurons recruited by alcohol, such as the neuronal ensemble 
described in the amygdala that plays a key role in alcohol dependence 
(de Guglielmo et al., 2016) potentially resulting in higher efficacy and 
fewer side effects unlike what is reported with currently available 
drugs (Litten et al., 2016).

Author contributions

GM wrote the manuscript with inputs from PG-G and TL. All 
authors contributed to the article and approved the submitted version.

Funding

This work was supported by the National Institute on Alcohol Abuse 
and Alcoholism, grant nos. AA027807 and AA020501.

Conflict of interest

The authors declare that the research was conducted in the absence 
of any commercial or financial relationships that could be construed as 
a potential conflict of interest.

https://doi.org/10.3389/fnmol.2023.1098211
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Gimenez-Gomez et al. 10.3389/fnmol.2023.1098211

Frontiers in Molecular Neuroscience 11 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
Abrahao, K. P., Quadros, I. M., Andrade, A. L., and Souza-Formigoni, M. L. (2012). 

Accumbal dopamine D2 receptor function is associated with individual variability in 
ethanol behavioral sensitization. Neuropharmacology 62, 882–889. doi: 10.1016/j.
neuropharm.2011.09.017

Abrahao, K. P., Salinas, A. G., and Lovinger, D. M. (2017). Alcohol and the brain: 
neuronal molecular targets, synapses, and circuits. Neuron 96, 1223–1238. doi: 10.1016/j.
neuron.2017.10.032

Adamantidis, A. R., Tsai, H. C., Boutrel, B., Zhang, F., Stuber, G. D., Budygin, E. A., et al. 
(2011). Optogenetic interrogation of dopaminergic modulation of the multiple phases of 
reward-seeking behavior. J. Neurosci. 31, 10829–10835. doi: 10.1523/
JNEUROSCI.2246-11.2011

Agoglia, A. E., Sharko, A. C., Psilos, K. E., Holstein, S. E., Reid, G. T., and Hodge, C. W. 
(2015). Alcohol alters the activation of ERK1/2, a functional regulator of binge alcohol 
drinking in adult C57BL/6J mice. Alcohol. Clin. Exp. Res. 39, 463–475. doi: 10.1111/
acer.12645

Aguayo, L. G., and Pancetti, F. C. (1994). Ethanol modulation of the gamma-
aminobutyric acidA- and glycine-activated cl-current in cultured mouse neurons. J. 
Pharmacol. Exp. Ther. 270, 61–69. PMID: 8035343

Alekseev, S. I., Alekseev, A. S., and Ziskin, M. C. (1997). Effects of alcohols on A-type K+ 
currents in Lymnaea neurons. J. Pharmacol. Exp. Ther. 281, 84–92. PMID: 9103483

Aman, T. K., Grieco-Calub, T. M., Chen, C., Rusconi, R., Slat, E. A., Isom, L. L., et al. (2009). 
Regulation of persistent Na current by interactions between beta subunits of voltage-gated Na 
channels. J. Neurosci. 29, 2027–2042. doi: 10.1523/JNEUROSCI.4531-08.2009

Anagnostaras, S. G., Murphy, G. G., Hamilton, S. E., Mitchell, S. L., Rahnama, N. P., 
Nathanson, N. M., et al. (2003). Selective cognitive dysfunction in acetylcholine M1 
muscarinic receptor mutant mice. Nat. Neurosci. 6, 51–58. doi: 10.1038/nn992

Anantharam, V., Bayley, H., Wilson, A., and Treistman, S. N. (1992). Differential effects 
of ethanol on electrical properties of various potassium channels expressed in oocytes. Mol. 
Pharmacol. 42, 499–505. PMID: 1406600

Aosaki, T., Tsubokawa, H., Ishida, A., Watanabe, K., Graybiel, A. M., and Kimura, M. 
(1994). Responses of tonically active neurons in the primate’s striatum undergo systematic 
changes during behavioral sensorimotor conditioning. J. Neurosci. 14, 3969–3984. doi: 
10.1523/JNEUROSCI.14-06-03969.1994

Apicella, P., Legallet, E., and Trouche, E. (1997). Responses of tonically discharging 
neurons in the monkey striatum to primary rewards delivered during different behavioral 
states. Exp. Brain Res. 116, 456–466. doi: 10.1007/PL00005773

Aryal, P., Dvir, H., Choe, S., and Slesinger, P. A. (2009). A discrete alcohol pocket 
involved in GIRK channel activation. Nat. Neurosci. 12, 988–995. doi: 10.1038/nn.2358

Atallah, H. E., McCool, A. D., Howe, M. W., and Graybiel, A. M. (2014). Neurons in the 
ventral striatum exhibit cell-type-specific representations of outcome during learning. 
Neuron 82, 1145–1156. doi: 10.1016/j.neuron.2014.04.021

Avegno, E. M., Salling, M. C., Borgkvist, A., Mrejeru, A., Whitebirch, A. C., 
Margolis, E. B., et al. (2016). Voluntary adolescent drinking enhances excitation by low 
levels of alcohol in a subset of dopaminergic neurons in the ventral tegmental area. 
Neuropharmacology 110, 386–395. doi: 10.1016/j.neuropharm.2016.07.031

Badanich, K. A., Mulholland, P. J., Beckley, J. T., Trantham-Davidson, H., and 
Woodward, J. J. (2013). Ethanol reduces neuronal excitability of lateral orbitofrontal cortex 
neurons via a glycine receptor dependent mechanism. Neuropsychopharmacology 38, 
1176–1188. doi: 10.1038/npp.2013.12

Bahi, A., and Dreyer, J. L. (2012). Involvement of nucleus accumbens dopamine D1 
receptors in ethanol drinking, ethanol-induced conditioned place preference, and ethanol-
induced psychomotor sensitization in mice. Psychopharmacology (Berl) 222, 141–153. doi: 
10.1007/s00213-011-2630-8

Bant, J. S., and Raman, I. M. (2010). Control of transient, resurgent, and persistent 
current by open-channel block by Na channel beta4 in cultured cerebellar granule neurons. 
Proc. Natl. Acad. Sci. U. S. A. 107, 12357–12362. doi: 10.1073/pnas.1005633107

Barchi, R. L. (1988). Probing the molecular structure of the voltage-dependent sodium 
channel. Annu. Rev. Neurosci. 11, 455–495. doi: 10.1146/annurev.ne.11.030188.002323

Bechara, A. (2005). Decision making, impulse control and loss of willpower to resist 
drugs: a neurocognitive perspective. Nat. Neurosci. 8, 1458–1463. doi: 10.1038/nn1584

Bechara, A., Tranel, D., Damasio, H., Adolphs, R., Rockland, C., and Damasio, A. R. (1995). 
Double dissociation of conditioning and declarative knowledge relative to the amygdala and 
hippocampus in humans. Science 269, 1115–1118. doi: 10.1126/science.7652558

Becker, H. C., and Lopez, M. F. (2004). Increased ethanol drinking after repeated chronic 
ethanol exposure and withdrawal experience in C57BL/6 mice. Alcohol. Clin. Exp. Res. 28, 
1829–1838. doi: 10.1097/01.ALC.0000149977.95306.3A

Behrens, R., Nolting, A., Reimann, F., Schwarz, M., Waldschutz, R., and Pongs, O. (2000). 
hKCNMB3 and hKCNMB4, cloning and characterization of two members of the large-
conductance calcium-activated potassium channel beta subunit family. FEBS Lett. 474, 
99–106. doi: 10.1016/S0014-5793(00)01584-2

Bell, R. L., Rodd, Z. A., Lumeng, L., Murphy, J. M., and McBride, W. J. (2006). The 
alcohol-preferring P rat and animal models of excessive alcohol drinking. Addict. Biol. 11, 
270–288. doi: 10.1111/j.1369-1600.2005.00029.x

Berke, J. D., and Hyman, S. E. (2000). Addiction, dopamine, and the molecular 
mechanisms of memory. Neuron 25, 515–532. doi: 10.1016/S0896-6273(00)81056-9

Bernier, B. E., Whitaker, L. R., and Morikawa, H. (2011). Previous ethanol experience 
enhances synaptic plasticity of NMDA receptors in the ventral tegmental area. J. Neurosci. 
31, 5205–5212. doi: 10.1523/JNEUROSCI.5282-10.2011

Blednov, Y. A., Bajo, M., Roberts, A. J., Da Costa, A. J., Black, M., Edmunds, S., et al. 
(2019). Scn4b regulates the hypnotic effects of ethanol and other sedative drugs. Genes 
Brain Behav. 18:e12562. doi: 10.1111/gbb.12562

Blednov, Y. A., Borghese, C. M., McCracken, M. L., Benavidez, J. M., Geil, C. R., 
Osterndorff-Kahanek, E., et al. (2011). Loss of ethanol conditioned taste aversion and 
motor stimulation in knockin mice with ethanol-insensitive α2-containing GABA(a) 
receptors. J. Pharmacol. Exp. Ther. 336, 145–154. doi: 10.1124/jpet.110.171645

Blednov, Y. A., Da Costa, A., Mayfield, J., Harris, R. A., and Messing, R. O. (2021). 
Deletion of Tlr3 reduces acute tolerance to alcohol and alcohol consumption in the 
intermittent access procedure in male mice. Addict. Biol. 26:e12932. doi: 10.1111/
adb.12932

Blednov, Y. A., Walker, D., Alva, H., Creech, K., Findlay, G., and Harris, R. A. (2003). 
GABAA receptor alpha 1 and beta 2 subunit null mutant mice: behavioral responses to 
ethanol. J. Pharmacol. Exp. Ther. 305, 854–863. doi: 10.1124/jpet.103.049478

Bliss, T. V., and Lomo, T. (1973). Long-lasting potentiation of synaptic transmission in 
the dentate area of the anaesthetized rabbit following stimulation of the perforant path. J 
Physiol 232, 331–356. doi: 10.1113/jphysiol.1973.sp010273

Blomeley, C. P., Cains, S., Smith, R., and Bracci, E. (2011). Ethanol affects striatal 
interneurons directly and projection neurons through a reduction in cholinergic tone. 
Neuropsychopharmacology 36, 1033–1046. doi: 10.1038/npp.2010.241

Bock, R., Shin, J. H., Kaplan, A. R., Dobi, A., Markey, E., Kramer, P. F., et al. (2013). 
Strengthening the accumbal indirect pathway promotes resilience to compulsive cocaine 
use. Nat. Neurosci. 16, 632–638. doi: 10.1038/nn.3369

Boehm, S. L., Ponomarev, I., Jennings, A. W., Whiting, P. J., Rosahl, T. W., Garrett, E. M., 
et al. (2004). Gamma-aminobutyric acid a receptor subunit mutant mice: new perspectives 
on alcohol actions. Biochem. Pharmacol. 68, 1581–1602. doi: 10.1016/j.bcp.2004.07.023

Bonsi, P., Cuomo, D., Martella, G., Madeo, G., Schirinzi, T., Puglisi, F., et al. (2011). 
Centrality of striatal cholinergic transmission in basal ganglia function. Front. Neuroanat. 
5:6. doi: 10.3389/fnana.2011.00006

Bosch-Bouju, C., Larrieu, T., Linders, L., Manzoni, O. J., and Layé, S. (2016). 
Endocannabinoid-mediated plasticity in nucleus Accumbens controls vulnerability to 
anxiety after social defeat stress. Cell Rep. 16, 1237–1242. doi: 10.1016/j.celrep.2016.06.082

Boyce-Rustay, J. M., and Holmes, A. (2006). Ethanol-related behaviors in mice lacking 
the NMDA receptor NR2A subunit. Psychopharmacology (Berl) 187, 455–466. doi: 10.1007/
s00213-006-0448-6

Brackenbury, W. J., and Isom, L. L. (2011). Na Channel beta subunits: overachievers of 
the Ion Channel family. Front. Pharmacol. 2:53. doi: 10.3389/fphar.2011.00053

Brenner, R., Chen, Q. H., Vilaythong, A., Toney, G. M., Noebels, J. L., and Aldrich, R. W. 
(2005). BK channel beta4 subunit reduces dentate gyrus excitability and protects against 
temporal lobe seizures. Nat. Neurosci. 8, 1752–1759. doi: 10.1038/nn1573

Brenner, R., Jegla, T. J., Wickenden, A., Liu, Y., and Aldrich, R. W. (2000). Cloning and 
functional characterization of novel large conductance calcium-activated potassium 
channel beta subunits, hKCNMB3 and hKCNMB4. J. Biol. Chem. 275, 6453–6461. doi: 
10.1074/jbc.275.9.6453

Bukiya, A. N., Kuntamallappanavar, G., Edwards, J., Singh, A. K., Shivakumar, B., and 
Dopico, A. M. (2014). An alcohol-sensing site in the calcium- and voltage-gated, large 
conductance potassium (BK) channel. Proc Natl Acad Sci U S A. 24, 9313–9318. doi: 
10.1073/pnas.1317363111

Cachope, R., Mateo, Y., Mathur, B. N., Irving, J., Wang, H. L., Morales, M., et al. (2012). 
Selective activation of cholinergic interneurons enhances accumbal phasic dopamine 
release: setting the tone for reward processing. Cell Rep. 2, 33–41. doi: 10.1016/j.
celrep.2012.05.011

Cagetti, E., Liang, J., Spigelman, I., and Olsen, R. W. (2003). Withdrawal from chronic 
intermittent ethanol treatment changes subunit composition, reduces synaptic function, 

https://doi.org/10.3389/fnmol.2023.1098211
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neuropharm.2011.09.017
https://doi.org/10.1016/j.neuropharm.2011.09.017
https://doi.org/10.1016/j.neuron.2017.10.032
https://doi.org/10.1016/j.neuron.2017.10.032
https://doi.org/10.1523/JNEUROSCI.2246-11.2011
https://doi.org/10.1523/JNEUROSCI.2246-11.2011
https://doi.org/10.1111/acer.12645
https://doi.org/10.1111/acer.12645
https://doi.org/8035343
https://doi.org/9103483
https://doi.org/10.1523/JNEUROSCI.4531-08.2009
https://doi.org/10.1038/nn992
https://doi.org/1406600
https://doi.org/10.1523/JNEUROSCI.14-06-03969.1994
https://doi.org/10.1007/PL00005773
https://doi.org/10.1038/nn.2358
https://doi.org/10.1016/j.neuron.2014.04.021
https://doi.org/10.1016/j.neuropharm.2016.07.031
https://doi.org/10.1038/npp.2013.12
https://doi.org/10.1007/s00213-011-2630-8
https://doi.org/10.1073/pnas.1005633107
https://doi.org/10.1146/annurev.ne.11.030188.002323
https://doi.org/10.1038/nn1584
https://doi.org/10.1126/science.7652558
https://doi.org/10.1097/01.ALC.0000149977.95306.3A
https://doi.org/10.1016/S0014-5793(00)01584-2
https://doi.org/10.1111/j.1369-1600.2005.00029.x
https://doi.org/10.1016/S0896-6273(00)81056-9
https://doi.org/10.1523/JNEUROSCI.5282-10.2011
https://doi.org/10.1111/gbb.12562
https://doi.org/10.1124/jpet.110.171645
https://doi.org/10.1111/adb.12932
https://doi.org/10.1111/adb.12932
https://doi.org/10.1124/jpet.103.049478
https://doi.org/10.1113/jphysiol.1973.sp010273
https://doi.org/10.1038/npp.2010.241
https://doi.org/10.1038/nn.3369
https://doi.org/10.1016/j.bcp.2004.07.023
https://doi.org/10.3389/fnana.2011.00006
https://doi.org/10.1016/j.celrep.2016.06.082
https://doi.org/10.1007/s00213-006-0448-6
https://doi.org/10.1007/s00213-006-0448-6
https://doi.org/10.3389/fphar.2011.00053
https://doi.org/10.1038/nn1573
https://doi.org/10.1074/jbc.275.9.6453
https://doi.org/10.1073/pnas.1317363111
https://doi.org/10.1016/j.celrep.2012.05.011
https://doi.org/10.1016/j.celrep.2012.05.011


Gimenez-Gomez et al. 10.3389/fnmol.2023.1098211

Frontiers in Molecular Neuroscience 12 frontiersin.org

and decreases behavioral responses to positive allosteric modulators of GABAA receptors. 
Mol. Pharmacol. 63, 53–64. doi: 10.1124/mol.63.1.53

Cai, X., Liang, C. W., Muralidharan, S., Kao, J. P., Tang, C. M., and Thompson, S. M. 
(2004). Unique roles of SK and Kv4.2 potassium channels in dendritic integration. Neuron 
44, 351–364. doi: 10.1016/j.neuron.2004.09.026

Caporale, N., and Dan, Y. (2008). Spike timing-dependent plasticity: a hebbian learning 
rule. Annu. Rev. Neurosci. 31, 25–46. doi: 10.1146/annurev.neuro.31.060407.125639

Cardinal, R. N., Parkinson, J. A., Hall, J., and Everitt, B. J. (2002). Emotion and 
motivation: the role of the amygdala, ventral striatum, and prefrontal cortex. Neurosci. 
Biobehav. Rev. 26, 321–352. doi: 10.1016/S0149-7634(02)00007-6

Catterall, W. A. (2000). From ionic currents to molecular mechanisms: the structure and 
function of voltage-gated sodium channels. Neuron 26, 13–25. doi: 10.1016/
S0896-6273(00)81133-2

Cavaliere, S., Gillespie, J. M., and Hodge, J. J. (2012). KCNQ channels show conserved 
ethanol block and function in ethanol behaviour. PLoS One 7:e50279. doi: 10.1371/journal.
pone.0050279

Cavalieri, D., McGovern, P. E., Hartl, D. L., Mortimer, R., and Polsinelli, M. (2003). 
Evidence for S. cerevisiae fermentation in ancient wine. J. Mol. Evol. 57 Suppl 1, S226–S232. 
doi: 10.1007/s00239-003-0031-2

Celentano, J. J., Gibbs, T. T., and Farb, D. H. (1988). Ethanol potentiates GABA- and 
glycine-induced chloride currents in chick spinal cord neurons. Brain Res. 455, 377–380. 
doi: 10.1016/0006-8993(88)90098-4

Centanni, S. W., Burnett, E. J., Trantham-Davidson, H., and Chandler, L. J. (2017). Loss 
of δ-GABAA receptor-mediated tonic currents in the adult prelimbic cortex following 
adolescent alcohol exposure. Addict. Biol. 22, 616–628. doi: 10.1111/adb.12353

Centanni, S. W., Teppen, T., Risher, M. L., Fleming, R. L., Moss, J. L., Acheson, S. K., et al. 
(2014). Adolescent alcohol exposure alters GABAA receptor subunit expression in adult 
hippocampus. Alcohol. Clin. Exp. Res. 38, 2800–2808. doi: 10.1111/acer.12562

Chang, C. P., Dworetzky, S. I., Wang, J., and Goldstein, M. E. (1997). Differential 
expression of the alpha and beta subunits of the large-conductance calcium-activated 
potassium channel: implication for channel diversity. Brain Res. Mol. Brain Res. 45, 33–40. 
doi: 10.1016/S0169-328X(96)00230-6

Cheng, Y., Huang, C. C. Y., Ma, T., Wei, X., Wang, X., Lu, J., et al. (2017). Distinct 
Synaptic Strengthening of the Striatal Direct and Indirect Pathways Drives Alcohol 
Consumption. Biol Psychiatry 81, 918–929. doi: 10.1016/j.biopsych.2016.05.016

Choquet, D., Sainlos, M., and Sibarita, J. B. (2021). Advanced imaging and labelling 
methods to decipher brain cell organization and function. Nat. Rev. Neurosci. 22, 237–255. 
doi: 10.1038/s41583-021-00441-z

Christian, D. T., Alexander, N. J., Diaz, M. R., and McCool, B. A. (2013). Thalamic 
glutamatergic afferents into the rat basolateral amygdala exhibit increased presynaptic 
glutamate function following withdrawal from chronic intermittent ethanol. 
Neuropharmacology 65, 134–142. doi: 10.1016/j.neuropharm.2012.09.004

Citri, A., and Malenka, R. C. (2008). Synaptic plasticity: multiple forms, functions, and 
mechanisms. Neuropsychopharmacology 33, 18–41. doi: 10.1038/sj.npp.1301559

Colbert, C. M., Magee, J. C., Hoffman, D. A., and Johnston, D. (1997). Slow recovery 
from inactivation of Na+ channels underlies the activity-dependent attenuation of 
dendritic action potentials in hippocampal CA1 pyramidal neurons. J. Neurosci. 17, 
6512–6521. doi: 10.1523/JNEUROSCI.17-17-06512.1997

Covarrubias, M., and Rubin, E. (1993). Ethanol selectively blocks a noninactivating K+ 
current expressed in Xenopus oocytes. Proc. Natl. Acad. Sci. U. S. A. 90, 6957–6960. doi: 
10.1073/pnas.90.15.6957

Cowen, M. S., Schroff, K. C., Gass, P., Sprengel, R., and Spanagel, R. (2003). 
Neurobehavioral effects of alcohol in AMPA receptor subunit (GluR1) deficient mice. 
Neuropharmacology 45, 325–333. doi: 10.1016/S0028-3908(03)00174-6

Crabbe, J. C., Harris, R. A., and Koob, G. F. (2011). Preclinical studies of alcohol binge 
drinking. Ann. N. Y. Acad. Sci. 1216, 24–40. doi: 10.1111/j.1749-6632.2010.05895.x

Crowley, J. J., Treistman, S. N., and Dopico, A. M. (2003). Cholesterol antagonizes 
ethanol potentiation of human brain BKCa channels reconstituted into phospholipid 
bilayers. Mol. Pharmacol. 64, 365–372. doi: 10.1124/mol.64.2.365

Crowley, J. J., Treistman, S. N., and Dopico, A. M. (2005). Distinct structural features of 
phospholipids differentially determine ethanol sensitivity and basal function of BK 
channels. Mol. Pharmacol. 68, 4–10. doi: 10.1124/mol.105.012971

Cservenka, A., and Brumback, T. (2017). The burden of binge and heavy drinking on the 
brain: effects on adolescent and young adult neural structure and function. Front. Psychol. 
8:1111. doi: 10.3389/fpsyg.2017.01111

Dalley, J. W., Cardinal, R. N., and Robbins, T. W. (2004). Prefrontal executive and 
cognitive functions in rodents: neural and neurochemical substrates. Neurosci. Biobehav. 
Rev. 28, 771–784. doi: 10.1016/j.neubiorev.2004.09.006

de Guglielmo, G., Crawford, E., Kim, S., Vendruscolo, L. F., Hope, B. T., Brennan, M., 
et al. (2016). Recruitment of a neuronal Ensemble in the Central Nucleus of the amygdala 
is required for alcohol dependence. J. Neurosci. 36, 9446–9453. doi: 10.1523/
JNEUROSCI.1395-16.2016

de Guglielmo, G., Kallupi, M., Pomrenze, M. B., Crawford, E., Simpson, S., Schweitzer, P., 
et al. (2019). Inactivation of a CRF-dependent amygdalofugal pathway reverses addiction-
like behaviors in alcohol-dependent rats. Nat. Commun. 18:1238. doi: 10.1523/
JNEUROSCI.1395-16.2016

de Kloet, S. F., Mansvelder, H. D., and De Vries, T. J. (2015). Cholinergic modulation of 
dopamine pathways through nicotinic acetylcholine receptors. Biochem. Pharmacol. 97, 
425–438. doi: 10.1016/j.bcp.2015.07.014

Debanne, D., Bialowas, A., and Rama, S. (2013). What are the mechanisms for analogue 
and digital signaling in the brain? Nat. Rev. Neurosci. 14, 63–69. doi: 10.1038/nrn3361

Deisz, R. A., and Prince, D. A. (1989). Frequency-dependent depression of inhibition in 
Guinea-pig neocortex in vitro by GABAB receptor feed-back on GABA release. J. Physiol. 
412, 513–541. doi: 10.1113/jphysiol.1989.sp017629

Deitrich, R. A., Dunwiddie, T. V., Harris, R. A., and Erwin, V. G. (1989). Mechanism of 
action of ethanol: initial central nervous system actions. Pharmacol. Rev. 41, 489–537. 
PMID: 2700603

Delaney, A. J., Esmaeili, A., Sedlak, P. L., Lynch, J. W., and Sah, P. (2010). Differential 
expression of glycine receptor subunits in the rat basolateral and central amygdala. 
Neurosci. Lett. 469, 237–242. doi: 10.1016/j.neulet.2009.12.003

den Hartog, C. R., Beckley, J. T., Smothers, T. C., Lench, D. H., Holseberg, Z. L., 
Fedarovich, H., et al. (2013). Alterations in ethanol-induced behaviors and consumption 
in knock-in mice expressing ethanol-resistant NMDA receptors. PLoS One 8:e80541. doi: 
10.1371/journal.pone.0080541

DeNardo, L. A., Liu, C. D., Allen, W. E., Adams, E. L., Friedmann, D., Fu, L., et al. (2019). 
Temporal evolution of cortical ensembles promoting remote memory retrieval. Nat. 
Neurosci. 22, 460–469. doi: 10.1038/s41593-018-0318-7

Dildy-Mayfield, J. E., Mihic, S. J., Liu, Y., Deitrich, R. A., and Harris, R. A. (1996). Actions 
of long chain alcohols on GABAA and glutamate receptors: relation to in vivo effects. Br. 
J. Pharmacol. 118, 378–384. doi: 10.1111/j.1476-5381.1996.tb15413.x

Dopico, A. M., Chu, B., Lemos, J. R., and Treistman, S. N. (1999). Alcohol modulation 
of calcium-activated potassium channels. Neurochem. Int. 35, 103–106. doi: 10.1016/
S0197-0186(99)00051-0

Dopico, A. M., Lemos, J. R., and Treistman, S. N. (1996). Ethanol increases the activity 
of large conductance, ca(2+)-activated K+ channels in isolated neurohypophysial 
terminals. Mol. Pharmacol. 49, 40–48. PMID: 8569710

Duka, T., Gentry, J., Malcolm, R., Ripley, T. L., Borlikova, G., Stephens, D. N., et al. 
(2004). Consequences of multiple withdrawals from alcohol. Alcohol. Clin. Exp. Res. 28, 
233–246. doi: 10.1097/01.ALC.0000113780.41701.81

Doyon, W. M., Ostroumov, A., Ontiveros, T., Gonzales, R. A., and Dani, J. A. (2021). 
Ethanol produces multiple electrophysiological effects on ventral tegmental area neurons 
in freely moving rats. Addict Biol. 26:e12899. doi: 10.1111/adb.12899

Egervari, G., Siciliano, C. A., Whiteley, E. L., and Ron, D. (2021). Alcohol and the brain: 
from genes to circuits. Trends Neurosci. 44, 1004–1015. doi: 10.1016/j.tins.2021.09.006

Engel, J. A., and Jerlhag, E. (2014). Alcohol: mechanisms along the mesolimbic dopamine 
system. Prog. Brain Res. 211, 201–233. doi: 10.1016/B978-0-444-63425-2.00009-X

Esser, M. B., Leung, G., Sherk, A., Bohm, M. K., Liu, Y., Lu, H., et al. (2022). Estimated 
deaths attributable to excessive alcohol use among US adults aged 20 to 64 years, 2015 to 
2019. JAMA Netw. Open 5:e2239485. doi: 10.1001/jamanetworkopen.2022.39485

Evans, M. S., Li, Y., and Faingold, C. (2000). Inferior colliculus intracellular response 
abnormalities in  vitro associated with susceptibility to ethanol withdrawal seizures. 
Alcohol. Clin. Exp. Res. 24, 1180–1186. doi: 10.1111/j.1530-0277.2000.tb02081.x

Faber, E. S., Delaney, A. J., and Sah, P. (2005). SK channels regulate excitatory synaptic 
transmission and plasticity in the lateral amygdala. Nat. Neurosci. 8, 635–641. doi: 10.1038/
nn1450

Farris, S. P., Arasappan, D., Hunicke-Smith, S., Harris, R. A., and Mayfield, R. D. (2014). 
Transcriptome organization for chronic alcohol abuse in human brain. Mol. Psychiatry 20, 
1438–1447. doi: 10.1038/mp.2014.159

Finegersh, A., Ferguson, C., Maxwell, S., Mazariegos, D., Farrell, D., and Homanics, G. E. 
(2015). Repeated vapor ethanol exposure induces transient histone modifications in the 
brain that are modified by genotype and brain region. Front. Mol. Neurosci. 8:39. doi: 
10.3389/fnmol.2015.00039

Fino, E., and Venance, L. (2010). Spike-timing dependent plasticity in the striatum. 
Front. Synaptic Neurosci. 2:6. doi: 10.3389/fnsyn.2010.00006

Fleming, R. L., Acheson, S. K., Moore, S. D., Wilson, W. A., and Swartzwelder, H. S. 
(2012). In the rat, chronic intermittent ethanol exposure during adolescence alters the 
ethanol sensitivity of tonic inhibition in adulthood. Alcohol. Clin. Exp. Res. 36, 279–285. 
doi: 10.1111/j.1530-0277.2011.01615.x

Follesa, P., Floris, G., Asuni, G. P., Ibba, A., Tocco, M. G., Zicca, L., et al. (2015). Chronic 
intermittent ethanol regulates hippocampal GABA(a) Receptor Delta subunit gene 
expression. Front. Cell. Neurosci. 9:445. doi: 10.3389/fncel.2015.00445

Franklin, J. L., Fickbohm, D. J., and Willard, A. L. (1992). Long-term regulation of 
neuronal calcium currents by prolonged changes of membrane potential. J. Neurosci. 12, 
1726–1735. doi: 10.1523/JNEUROSCI.12-05-01726.1992

Frick, A., Magee, J., and Johnston, D. (2004). LTP is accompanied by an enhanced local 
excitability of pyramidal neuron dendrites. Nat. Neurosci. 7, 126–135. doi: 10.1038/nn1178

Fu, R., Gregor, D., Peng, Z., Li, J., Bekker, A., and Ye, J. (2015). Chronic intermittent 
voluntary alcohol drinking induces hyperalgesia in Sprague-Dawley rats. Int J Physiol 
Pathophysiol Pharmacol. 13, 136–144.

Furey, M. L., Pietrini, P., Haxby, J. V., and Drevets, W. C. (2008). Selective effects of 
cholinergic modulation on task performance during selective attention. 
Neuropsychopharmacology 33, 913–923. doi: 10.1038/sj.npp.1301461

https://doi.org/10.3389/fnmol.2023.1098211
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1124/mol.63.1.53
https://doi.org/10.1016/j.neuron.2004.09.026
https://doi.org/10.1146/annurev.neuro.31.060407.125639
https://doi.org/10.1016/S0149-7634(02)00007-6
https://doi.org/10.1016/S0896-6273(00)81133-2
https://doi.org/10.1016/S0896-6273(00)81133-2
https://doi.org/10.1371/journal.pone.0050279
https://doi.org/10.1371/journal.pone.0050279
https://doi.org/10.1007/s00239-003-0031-2
https://doi.org/10.1016/0006-8993(88)90098-4
https://doi.org/10.1111/adb.12353
https://doi.org/10.1111/acer.12562
https://doi.org/10.1016/S0169-328X(96)00230-6
https://doi.org/10.1016/j.biopsych.2016.05.016
https://doi.org/10.1038/s41583-021-00441-z
https://doi.org/10.1016/j.neuropharm.2012.09.004
https://doi.org/10.1038/sj.npp.1301559
https://doi.org/10.1523/JNEUROSCI.17-17-06512.1997
https://doi.org/10.1073/pnas.90.15.6957
https://doi.org/10.1016/S0028-3908(03)00174-6
https://doi.org/10.1111/j.1749-6632.2010.05895.x
https://doi.org/10.1124/mol.64.2.365
https://doi.org/10.1124/mol.105.012971
https://doi.org/10.3389/fpsyg.2017.01111
https://doi.org/10.1016/j.neubiorev.2004.09.006
https://doi.org/10.1523/JNEUROSCI.1395-16.2016
https://doi.org/10.1523/JNEUROSCI.1395-16.2016
https://doi.org/10.1523/JNEUROSCI.1395-16.2016
https://doi.org/10.1523/JNEUROSCI.1395-16.2016
https://doi.org/10.1016/j.bcp.2015.07.014
https://doi.org/10.1038/nrn3361
https://doi.org/10.1113/jphysiol.1989.sp017629
https://doi.org/2700603
https://doi.org/10.1016/j.neulet.2009.12.003
https://doi.org/10.1371/journal.pone.0080541
https://doi.org/10.1038/s41593-018-0318-7
https://doi.org/10.1111/j.1476-5381.1996.tb15413.x
https://doi.org/10.1016/S0197-0186(99)00051-0
https://doi.org/10.1016/S0197-0186(99)00051-0
https://doi.org/8569710
https://doi.org/10.1097/01.ALC.0000113780.41701.81
https://doi.org/10.1111/adb.12899
https://doi.org/10.1016/j.tins.2021.09.006
https://doi.org/10.1016/B978-0-444-63425-2.00009-X
https://doi.org/10.1001/jamanetworkopen.2022.39485
https://doi.org/10.1111/j.1530-0277.2000.tb02081.x
https://doi.org/10.1038/nn1450
https://doi.org/10.1038/nn1450
https://doi.org/10.1038/mp.2014.159
https://doi.org/10.3389/fnmol.2015.00039
https://doi.org/10.3389/fnsyn.2010.00006
https://doi.org/10.1111/j.1530-0277.2011.01615.x
https://doi.org/10.3389/fncel.2015.00445
https://doi.org/10.1523/JNEUROSCI.12-05-01726.1992
https://doi.org/10.1038/nn1178
https://doi.org/10.1038/sj.npp.1301461


Gimenez-Gomez et al. 10.3389/fnmol.2023.1098211

Frontiers in Molecular Neuroscience 13 frontiersin.org

Galarraga, E., Hernández-López, S., Reyes, A., Miranda, I., Bermudez-Rattoni, F., 
Vilchis, C., et al. (1999). Cholinergic modulation of neostriatal output: a functional 
antagonism between different types of muscarinic receptors. J. Neurosci. 19, 3629–3638. 
doi: 10.1523/JNEUROSCI.19-09-03629.1999

Gallagher, M., and Chiba, A. A. (1996). The amygdala and emotion. Curr. Opin. 
Neurobiol. 6, 221–227. doi: 10.1016/S0959-4388(96)80076-6

Gately, I. (2008). Drink: a cultural history of alcohol, penguin, Publishing Group, New 
York, US, 546.

George, M. S., Abbott, L. F., and Siegelbaum, S. A. (2009). HCN hyperpolarization-
activated cation channels inhibit EPSPs by interactions with M-type K(+) channels. Nat. 
Neurosci. 12, 577–584. doi: 10.1038/nn.2307

Gerfen, C. R. (1984). The neostriatal mosaic: compartmentalization of corticostriatal 
input and striatonigral output systems. Nature 311, 461–464. doi: 10.1038/311461a0

Gerfen, C. R., and Surmeier, D. J. (2011). Modulation of striatal projection systems by 
dopamine. Annu. Rev. Neurosci. 34, 441–466. doi: 10.1146/annurev-neuro-061010-113641

Giedd, J. N., Blumenthal, J., Jeffries, N. O., Castellanos, F. X., Liu, H., Zijdenbos, A., et al. 
(1999). Brain development during childhood and adolescence: a longitudinal MRI study. 
Nat. Neurosci. 2, 861–863. doi: 10.1038/13158

Gilpin, N. W., Richardson, H. N., and Koob, G. F. (2008). Effects of CRF1-receptor and opioid-
receptor antagonists on dependence-induced increases in alcohol drinking by alcohol-preferring 
(P) rats. Alcohol. Clin. Exp. Res. 32, 1535–1542. doi: 10.1111/j.1530-0277.2008.00745.x

Ghatta, S., Lozinskaya, I., Lin, Z., Gordon, E., Willette, R. N., Brooks, D. P., et al. (2007). 
Acetic acid opens large-conductance Ca2+-activated K+ channels in guinea pig detrusor 
smooth muscle cells. Eur J Pharmacol. 563, 203–208. doi: 10.1016/j.ejphar.2007.02.037

Goldin, A. L. (2001). Resurgence of sodium channel research. Annu. Rev. Physiol. 63, 
871–894. doi: 10.1146/annurev.physiol.63.1.871

Goldin, A. L., Barchi, R. L., Caldwell, J. H., Hofmann, F., Howe, J. R., Hunter, J. C., et al. 
(2000). Nomenclature of voltage-gated sodium channels. Neuron 28, 365–368. doi: 
10.1016/S0896-6273(00)00116-1

Grieco, T. M., Malhotra, J. D., Chen, C., Isom, L. L., and Raman, I. M. (2005). Open-
channel block by the cytoplasmic tail of sodium channel beta4 as a mechanism for 
resurgent sodium current. Neuron 45, 233–244. doi: 10.1016/j.neuron.2004.12.035

Griffin, W. C., Haun, H. L., Hazelbaker, C. L., Ramachandra, V. S., and Becker, H. C. 
(2014). Increased extracellular glutamate in the nucleus accumbens promotes excessive 
ethanol drinking in ethanol dependent mice. Neuropsychopharmacology 39, 707–717. doi: 
10.1038/npp.2013.256

Grudzinska, J., Schemm, R., Haeger, S., Nicke, A., Schmalzing, G., Betz, H., et al. (2005). 
The beta subunit determines the ligand binding properties of synaptic glycine receptors. 
Neuron 45, 727–739. doi: 10.1016/j.neuron.2005.01.028

Gruol, D. L., Hernandez, R. V., and Roberts, A. (2021). Alcohol enhances responses to 
high frequency stimulation in hippocampus from transgenic mice with increased astrocyte 
expression of IL-6. Cell. Mol. Neurobiol. 41, 1299–1310. doi: 10.1007/s10571-020-00902-6

Hamilton, K. R., Ansell, E. B., Reynolds, B., Potenza, M. N., and Sinha, R. (2013). Self-
reported impulsivity, but not behavioral choice or response impulsivity, partially 
mediates the effect of stress on drinking behavior. Stress 16, 3–15. doi: 10.3109/10253890. 
2012.671397

Harris, R. A., Proctor, W. R., McQuilkin, S. J., Klein, R. L., Mascia, M. P., Whatley, V., 
et al. (1995). Ethanol increases GABAA responses in cells stably transfected with receptor 
subunits. Alcohol. Clin. Exp. Res. 19, 226–232. doi: 10.1111/j.1530-0277.1995.tb01496.x

Hartley, D. E., Elsabagh, S., and File, S. E. (2004). Binge drinking and sex: effects on 
mood and cognitive function in healthy young volunteers. Pharmacol. Biochem. Behav. 78, 
611–619. doi: 10.1016/j.pbb.2004.04.027

Hauser, S. R., Knight, C. P., Truitt, W. A., Waeiss, R. A., Holt, I. S., Carvajal, G. B., et al. 
(2019). Adolescent intermittent ethanol increases the sensitivity to the reinforcing 
properties of ethanol and the expression of select cholinergic and dopaminergic genes 
within the posterior ventral tegmental area. Alcohol. Clin. Exp. Res. 43, 1937–1948. doi: 
10.1111/acer.14150

Heinsbroek, J. A., Neuhofer, D. N., Griffin, W. C., Siegel, G. S., Bobadilla, A. C., 
Kupchik, Y. M., et al. (2017). Loss of plasticity in the D2-Accumbens Pallidal pathway 
promotes cocaine seeking. J. Neurosci. 37, 757–767. doi: 10.1523/JNEUROSCI.2659-16.2016

Herman, M. A., Contet, C., and Roberto, M. (2016). A functional switch in tonic GABA 
currents alters the output of central amygdala Corticotropin releasing factor Receptor-1 
neurons following chronic ethanol exposure. J. Neurosci. 36, 10729–10741. doi: 10.1523/
JNEUROSCI.1267-16.2016

Herman, M. A., Sidhu, H., Stouffer, D. G., Kreifeldt, M., Le, D., Cates-Gatto, C., et al. 
(2015). GIRK3 gates activation of the mesolimbic dopaminergic pathway by ethanol. Proc. 
Natl. Acad. Sci. U. S. A. 112, 7091–7096. doi: 10.1073/pnas.1416146112

Hikida, T., Kimura, K., Wada, N., Funabiki, K., and Nakanishi, S. (2010). Distinct roles 
of synaptic transmission in direct and indirect striatal pathways to reward and aversive 
behavior. Neuron 66, 896–907. doi: 10.1016/j.neuron.2010.05.011

Hopf, F. W., Bowers, M. S., Chang, S. J., Chen, B. T., Martin, M., Seif, T., et al. (2010). 
Reduced nucleus accumbens SK channel activity enhances alcohol seeking during 
abstinence. Neuron. 65, 682–694. doi: 10.1016/j.neuron.2010.02.015

Hoffman, P. L., Yagi, T., Tabakoff, B., Phillips, T. J., Kono, H., Messing, R. O., et al. (2001). 
Transgenic and gene "knockout" models in alcohol research. Alcohol. Clin. Exp. Res. 25, 
60S–66S. doi: 10.1097/00000374-200105051-00011

Holmes, A., Fitzgerald, P. J., MacPherson, K. P., DeBrouse, L., Colacicco, G., Flynn, S. M., 
et al. (2012). Chronic alcohol remodels prefrontal neurons and disrupts NMDAR-mediated 
fear extinction encoding. Nat. Neurosci. 15, 1359–1361. doi: 10.1038/nn.3204

Hsu, K. S., Yang, C. H., Huang, C. C., and Gean, P. W. (1996). Carbachol induces inward 
current in neostriatal neurons through M1-like muscarinic receptors. Neuroscience 73, 
751–760. doi: 10.1016/0306-4522(96)00066-8

Hughes, B. A., Bohnsack, J. P., O’Buckley, T. K., Herman, M. A., and Morrow, A. L. 
(2019). Chronic ethanol exposure and withdrawal impair synaptic GABAA receptor-
mediated neurotransmission in deep-layer prefrontal cortex. Alcohol. Clin. Exp. Res. 43, 
822–832. doi: 10.1111/acer.14015

Humphries, M. D., and Prescott, T. J. (2010). The ventral basal ganglia, a selection 
mechanism at the crossroads of space, strategy, and reward. Prog. Neurobiol. 90, 385–417. 
doi: 10.1016/j.pneurobio.2009.11.003

Ikemoto, S. (2007). Dopamine reward circuitry: two projection systems from the ventral 
midbrain to the nucleus accumbens-olfactory tubercle complex. Brain Res. Rev. 56, 27–78. 
doi: 10.1016/j.brainresrev.2007.05.004

Ingólfsson, H. I., and Andersen, O. S. (2011). Alcohol’s effects on lipid bilayer properties. 
Biophys. J. 101, 847–855. doi: 10.1016/j.bpj.2011.07.013

Isaacson, J. S., and Murphy, G. J. (2001). Glutamate-mediated extrasynaptic inhibition: 
direct coupling of NMDA receptors to ca(2+)-activated K+ channels. Neuron 31, 
1027–1034. doi: 10.1016/S0896-6273(01)00428-7

Jeanes, Z. M., Buske, T. R., and Morrisett, R. A. (2011). In vivo chronic intermittent 
ethanol exposure reverses the polarity of synaptic plasticity in the nucleus accumbens shell. 
J. Pharmacol. Exp. Ther. 336, 155–164. doi: 10.1124/jpet.110.171009

Jeanes, Z. M., Buske, T. R., and Morrisett, R. A. (2014). Cell type-specific synaptic 
encoding of ethanol exposure in the nucleus accumbens shell. Neuroscience 277, 184–195. 
doi: 10.1016/j.neuroscience.2014.06.063

Ji, X., and Martin, G. E. (2012). New rules governing synaptic plasticity in core nucleus 
accumbens medium spiny neurons. Eur. J. Neurosci. 36, 3615–3627. doi: 10.1111/ejn.12002

Ji, X., Saha, S., Gao, G., Lasek, A. W., Homanics, G. E., Guildford, M., et al. (2017a). The 
Sodium Channel β4 auxiliary subunit selectively controls long-term depression in Core 
nucleus Accumbens medium spiny neurons. Front. Cell. Neurosci. 11:17. doi: 10.3389/
fncel.2017.00017

Ji, X., Saha, S., Kolpakova, J., Guildford, M., Tapper, A. R., and Martin, G. E. (2017b). 
Dopamine receptors differentially control binge alcohol drinking-mediated synaptic 
plasticity of the Core nucleus Accumbens direct and indirect pathways. J. Neurosci. 37, 
5463–5474. doi: 10.1523/JNEUROSCI.3845-16.2017

Jia, Z., Agopyan, N., Miu, P., Xiong, Z., Henderson, J., Gerlai, R., et al. (1996). Enhanced 
LTP in mice deficient in the AMPA receptor GluR2. Neuron 17, 945–956. doi: 10.1016/
S0896-6273(00)80225-1

Jonsson, S., Kerekes, N., Hyytia, P., Ericson, M., and Soderpalm, B. (2009). Glycine 
receptor expression in the forebrain of male AA/ANA rats. Brain Res. 1305, S27–S36. doi: 
10.1016/j.brainres.2009.09.053

Joshi, N., McAree, M., and Chandler, D. (2020). Corticotropin releasing factor modulates 
excitatory synaptic transmission. Vitam. Horm. 114, 53–69. doi: 10.1016/bs.vh.2020.04.003

Juarez, B., Morel, C., Ku, S. M., Liu, Y., Zhang, H., Montgomery, S., et al. (2017). Midbrain 
circuit regulation of individual alcohol drinking behaviors in mice. Nat. Commun. 8, 1–15. 
doi: 10.1038/s41467-017-02365-8

June, H. L., Foster, K. L., Eiler, W. J., Goergen, J., Cook, J. B., Johnson, N., et al. (2007). 
Dopamine and benzodiazepine-dependent mechanisms regulate the EtOH-enhanced 
locomotor stimulation in the GABAA alpha1 subunit null mutant mice. 
Neuropsychopharmacology 32, 137–152. doi: 10.1038/sj.npp.1301097

Kalivas, P. W. (2009). The glutamate homeostasis hypothesis of addiction. Nat. Rev. 
Neurosci. 10, 561–572. doi: 10.1038/nrn2515

Kalivas, P. W., Lalumiere, R. T., Knackstedt, L., and Shen, H. (2009). Glutamate 
transmission in addiction. Neuropharmacology 56, 169–173. doi: 10.1038/nrn2515

Katz, P. S. (2003). Synaptic gating: the potential to open closed doors. Curr. Biol. 13, 
R554–R556. doi: 10.1016/S0960-9822(03)00471-8

Kauer, J. A., and Malenka, R. C. (2007). Synaptic plasticity and addiction. Nat. Rev. 
Neurosci. 8, 844–858. doi: 10.1038/nrn2234

Kim, J., Jung, S. C., Clemens, A. M., Petralia, R. S., and Hoffman, D. A. (2007). Regulation 
of dendritic excitability by activity-dependent trafficking of the A-type K+ channel subunit 
Kv4.2 in hippocampal neurons. Neuron 54, 933–947. doi: 10.1016/j.neuron.2007.05.026

Kirson, D., Oleata, C. S., and Roberto, M. (2020). Taurine suppression of central 
amygdala GABAergic inhibitory signaling via glycine receptors is disrupted in alcohol 
dependence. Alcohol. Clin. Exp. Res. 44, 445–454. doi: 10.1111/acer.14252

Kitamura, T., Ogawa, S. K., Roy, D. S., Okuyama, T., Morrissey, M. D., Smith, L. M., et al. 
(2017). Engrams and circuits crucial for systems consolidation of a memory. Science 356, 
73–78. doi: 10.1126/science.aam6808

Kobayashi, T., Ikeda, K., Kojima, H., Niki, H., Yano, R., Yoshioka, T., et al. (1999). 
Ethanol opens G-protein-activated inwardly rectifying K+ channels. Nat. Neurosci. 2, 
1091–1097. doi: 10.1038/16019

Kolpakova, J., van der Vinne, V., Gimenez-Gomez, P., Le, T., and Martin, G. E. (2022). 
Binge alcohol drinking alters the differential control of cholinergic interneurons over 
nucleus accumbens D1 and D2 medium spiny neurons. Front. Cell. Neurosci. 16:1010121. 
doi: 10.3389/fncel.2022.1010121

https://doi.org/10.3389/fnmol.2023.1098211
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1523/JNEUROSCI.19-09-03629.1999
https://doi.org/10.1016/S0959-4388(96)80076-6
https://doi.org/10.1038/nn.2307
https://doi.org/10.1038/311461a0
https://doi.org/10.1146/annurev-neuro-061010-113641
https://doi.org/10.1038/13158
https://doi.org/10.1111/j.1530-0277.2008.00745.x
https://doi.org/10.1016/j.ejphar.2007.02.037
https://doi.org/10.1146/annurev.physiol.63.1.871
https://doi.org/10.1016/S0896-6273(00)00116-1
https://doi.org/10.1016/j.neuron.2004.12.035
https://doi.org/10.1038/npp.2013.256
https://doi.org/10.1016/j.neuron.2005.01.028
https://doi.org/10.1007/s10571-020-00902-6
https://doi.org/10.3109/10253890.2012.671397
https://doi.org/10.3109/10253890.2012.671397
https://doi.org/10.1111/j.1530-0277.1995.tb01496.x
https://doi.org/10.1016/j.pbb.2004.04.027
https://doi.org/10.1111/acer.14150
https://doi.org/10.1523/JNEUROSCI.2659-16.2016
https://doi.org/10.1523/JNEUROSCI.1267-16.2016
https://doi.org/10.1523/JNEUROSCI.1267-16.2016
https://doi.org/10.1073/pnas.1416146112
https://doi.org/10.1016/j.neuron.2010.05.011
https://doi.org/10.1016/j.neuron.2010.02.015
https://doi.org/10.1097/00000374-200105051-00011
https://doi.org/10.1038/nn.3204
https://doi.org/10.1016/0306-4522(96)00066-8
https://doi.org/10.1111/acer.14015
https://doi.org/10.1016/j.pneurobio.2009.11.003
https://doi.org/10.1016/j.brainresrev.2007.05.004
https://doi.org/10.1016/j.bpj.2011.07.013
https://doi.org/10.1016/S0896-6273(01)00428-7
https://doi.org/10.1124/jpet.110.171009
https://doi.org/10.1016/j.neuroscience.2014.06.063
https://doi.org/10.1111/ejn.12002
https://doi.org/10.3389/fncel.2017.00017
https://doi.org/10.3389/fncel.2017.00017
https://doi.org/10.1523/JNEUROSCI.3845-16.2017
https://doi.org/10.1016/S0896-6273(00)80225-1
https://doi.org/10.1016/S0896-6273(00)80225-1
https://doi.org/10.1016/j.brainres.2009.09.053
https://doi.org/10.1016/bs.vh.2020.04.003
https://doi.org/10.1038/s41467-017-02365-8
https://doi.org/10.1038/sj.npp.1301097
https://doi.org/10.1038/nrn2515
https://doi.org/10.1038/nrn2515
https://doi.org/10.1016/S0960-9822(03)00471-8
https://doi.org/10.1038/nrn2234
https://doi.org/10.1016/j.neuron.2007.05.026
https://doi.org/10.1111/acer.14252
https://doi.org/10.1126/science.aam6808
https://doi.org/10.1038/16019
https://doi.org/10.3389/fncel.2022.1010121


Gimenez-Gomez et al. 10.3389/fnmol.2023.1098211

Frontiers in Molecular Neuroscience 14 frontiersin.org

Kolpakova, J., van der Vinne, V., Giménez-Gómez, P., Le, T., You, I. J., Zhao-Shea, R., 
et al. (2021). Binge alcohol drinking alters synaptic processing of executive and emotional 
information in Core nucleus Accumbens medium spiny neurons. Front. Cell. Neurosci. 
15:742207. doi: 10.3389/fncel.2021.742207

Kombian, S. B., and Malenka, R. C. (1994). Simultaneous LTP of non-NMDA- and LTD 
of NMDA-receptor-mediated responses in the nucleus accumbens. Nature 368, 242–246. 
doi: 10.1038/368242a0

Kravitz, A. V., Tye, L. D., and Kreitzer, A. C. (2012). Distinct roles for direct and indirect 
pathway striatal neurons in reinforcement. Nat. Neurosci. 15, 816–818. doi: 10.1038/
nn.3100

Kroener, S., Mulholland, P. J., New, N. N., Gass, J. T., Becker, H. C., and Chandler, L. J. 
(2012). Chronic alcohol exposure alters behavioral and synaptic plasticity of the rodent 
prefrontal cortex. PLoS One 7:e37541. doi: 10.1371/journal.pone.0037541

Krystal, J. H., Petrakis, I. L., Krupitsky, E., Schutz, C., Trevisan, L., and D’Souza, D. C. 
(2003). NMDA receptor antagonism and the ethanol intoxication signal: from alcoholism 
risk to pharmacotherapy. Ann. N. Y. Acad. Sci. 1003, 176–184. doi: 10.1196/annals.1300.010

Kupchik, Y. M., Brown, R. M., Heinsbroek, J. A., Lobo, M. K., Schwartz, D. J., and 
Kalivas, P. W. (2015). Coding the direct/indirect pathways by D1 and D2 receptors is not 
valid for accumbens projections. Nat. Neurosci. 18, 1230–1232. doi: 10.1038/nn.4068

Kwan, L. Y., Eaton, D. L., Andersen, S. L., Dow-Edwards, D., Levin, E. D., Talpos, J., et al. 
(2020). This is your teen brain on drugs: in search of biological factors unique to dependence 
toxicity in adolescence. Neurotoxicol. Teratol. 81:106916. doi: 10.1016/j.ntt.2020.106916

Lack, A. K., Floyd, D. W., and McCool, B. A. (2005). Chronic ethanol ingestion modulates 
proanxiety factors expressed in rat central amygdala. Alcohol 36, 83–90. doi: 10.1016/j.
alcohol.2005.07.004

Lalumiere, R. T. (2014). Optogenetic dissection of amygdala functioning. Front. Behav. 
Neurosci. 8:107. doi: 10.3389/fnbeh.2014.00107

Laube, B., Maksay, G., Schemm, R., and Betz, H. (2002). Modulation of glycine receptor 
function: a novel approach for therapeutic intervention at inhibitory synapses. Trends 
Pharmacol. Sci. 23, 519–527. doi: 10.1016/S0165-6147(02)02138-7

Lewohl, J. M., Wilson, W. R., Mayfield, R. D., Brozowski, S. J., Morrisett, R. A., and 
Harris, R. A. (1999). G-protein-coupled inwardly rectifying potassium channels are targets 
of alcohol action. Nat. Neurosci. 2, 1084–1090. doi: 10.1038/16012

Li, Z., Chen, Z., Fan, G., Li, A., Yuan, J., and Xu, T. (2018). Cell-type-specific afferent 
innervation of the nucleus Accumbens Core and Shell. Front. Neuroanat. 12:84. doi: 
10.3389/fnana.2018.00084

Li, J., Nie, H., Bian, W., Dave, V., Janak, P. H., and Ye, J. H. (2012). Microinjection of 
glycine into the ventral tegmental area selectively decreases ethanol consumption. J. 
Pharmacol. Exp. Ther. 341, 196–204. doi: 10.1124/jpet.111.190058

Liang, J., Lindemeyer, A. K., Suryanarayanan, A., Meyer, E. M., Marty, V. N., 
Ahmad, S. O., et al. (2014a). Plasticity of GABA(a) receptor-mediated neurotransmission 
in the nucleus accumbens of alcohol-dependent rats. J. Neurophysiol. 112, 39–50. doi: 
10.1152/jn.00565.2013

Liang, J., Marty, V. N., Mulpuri, Y., Olsen, R. W., and Spigelman, I. (2014b). Selective 
modulation of GABAergic tonic current by dopamine in the nucleus accumbens of 
alcohol-dependent rats. J. Neurophysiol. 112, 51–60. doi: 10.1152/jn.00564.2013

Liang, J., Zhang, N., Cagetti, E., Houser, C. R., Olsen, R. W., and Spigelman, I. (2006). 
Chronic intermittent ethanol-induced switch of ethanol actions from extrasynaptic to 
synaptic hippocampal GABAA receptors. J. Neurosci. 26, 1749–1758. doi: 10.1523/
JNEUROSCI.4702-05.2006

Lim, S. A., Kang, U. J., and McGehee, D. S. (2014). Striatal cholinergic interneuron 
regulation and circuit effects. Front. Synaptic Neurosci. 6:22. doi: 10.3389/fnsyn.2014.00022

Lin, M. T., Luján, R., Watanabe, M., Adelman, J. P., and Maylie, J. (2008). SK2 channel 
plasticity contributes to LTP at Schaffer collateral-CA1 synapses. Nat. Neurosci. 11, 
170–177. doi: 10.1038/nn2041

Lindemeyer, A. K., Shen, Y., Yazdani, F., Shao, X. M., Spigelman, I., Davies, D. L., et al. 
(2017). α2 subunit-containing GABAA receptor subtypes are upregulated and contribute 
to alcohol-induced functional plasticity in the rat hippocampus. Mol. Pharmacol. 92, 
101–112. doi: 10.1124/mol.116.107797

Litten, R. Z., Wilford, B. B., Falk, D. E., Ryan, M. L., and Fertig, J. B. (2016). Potential 
medications for the treatment of alcohol use disorder: an evaluation of clinical efficacy and 
safety. Subst. Abus. 37, 286–298. doi: 10.1080/08897077.2015.1133472

Liu, X., Ramirez, S., Pang, P. T., Puryear, C. B., Govindarajan, A., Deisseroth, K., et al. 
(2012). Optogenetic stimulation of a hippocampal engram activates fear memory recall. 
Nature 484, 381–385. doi: 10.1038/nature11028

Lobo, M. K., Covington, H. E., Chaudhury, D., Friedman, A. K., Sun, H., 
Damez-Werno, D., et al. (2010). Cell type-specific loss of BDNF signaling mimics 
optogenetic control of cocaine reward. Science 330, 385–390. doi: 10.1126/science.1188472

Lobo, I. A., and Harris, R. A. (2008). GABA(a) receptors and alcohol. Pharmacol. 
Biochem. Behav. 90, 90–94. doi: 10.1016/j.pbb.2008.03.006

Lovinger, D. M., Partridge, J. G., and Tang, K. C. (2003). Plastic control of striatal 
glutamatergic transmission by ensemble actions of several neurotransmitters and targets 
for drugs of abuse. Ann. N. Y. Acad. Sci. 1003, 226–240. doi: 10.1196/annals.1300.014

Lovinger, D. M., White, G., and Weight, F. F. (1990). NMDA receptor-mediated synaptic 
excitation selectively inhibited by ethanol in hippocampal slice from adult rat. J. Neurosci. 
10, 1372–1379. doi: 10.1523/JNEUROSCI.10-04-01372.1990

Magee, J. C., and Johnston, D. (1995). Synaptic activation of voltage-gated channels in 
the dendrites of hippocampal pyramidal neurons. Science 268, 301–304. doi: 10.1126/
science.7716525

Malenka, R. C., Nestler, E. J., and Hyman, S. E. (2009) in Excitatory and Inhibitory 
Amino Acids, Molecular neuropharmacology: A Foundation for Clinical Neuroscience. eds. 
A. Sydor and R. Y. Brown. 2nd ed (New York, US: McGraw-Hill Medical), 147–148.

Martin, G., Puig, S., Pietrzykowski, A., Zadek, P., Emery, P., and Treistman, S. (2004). 
Somatic localization of a specific large-conductance calcium-activated potassium channel 
subtype controls compartmentalized ethanol sensitivity in the nucleus accumbens. J. 
Neurosci. 24, 6563–6572. doi: 10.1523/JNEUROSCI.0684-04.2004

Martin, G., and Siggins, G. R. (2002). Electrophysiological evidence for expression of 
glycine receptors in freshly isolated neurons from nucleus accumbens. J. Pharmacol. Exp. 
Ther. 302, 1135–1145. doi: 10.1124/jpet.102.033399

Marty, V. N., and Spigelman, I. (2012). Long-lasting alterations in membrane properties, 
k(+) currents, and glutamatergic synaptic currents of nucleus accumbens medium spiny 
neurons in a rat model of alcohol dependence. Front. Neurosci. 6:86. doi: 10.3389/
fnins.2012.00086

Mascia, M. P., Machu, T. K., and Harris, R. A. (1996). Enhancement of homomeric 
glycine receptor function by long-chain alcohols and anaesthetics. Br. J. Pharmacol. 119, 
1331–1336. doi: 10.1111/j.1476-5381.1996.tb16042.x

McClintick, J. N., McBride, W. J., Bell, R. L., Ding, Z. M., Liu, Y., Xuei, X., et al. (2015). 
Gene expression changes in serotonin, GABA-A receptors, neuropeptides and ion channels 
in the dorsal raphe nucleus of adolescent alcohol-preferring (P) rats following binge-like 
alcohol drinking. Pharmacol. Biochem. Behav. 129, 87–96. doi: 10.1016/j.pbb.2014.12.007

McClintick, J. N., McBride, W. J., Bell, R. L., Ding, Z. M., Liu, Y., Xuei, X., et al. (2016). 
Gene expression changes in glutamate and GABA-A receptors, neuropeptides, ion 
channels, and cholesterol synthesis in the periaqueductal gray following binge-like alcohol 
drinking by adolescent alcohol-preferring (P) rats. Alcohol. Clin. Exp. Res. 40, 955–968. 
doi: 10.1111/acer.13056

McCool, B. A., and Botting, S. K. (2000). Characterization of strychnine-sensitive glycine 
receptors in acutely isolated adult rat basolateral amygdala neurons. Brain Res. 859, 
341–351. doi: 10.1016/S0006-8993(00)02026-6

McCool, B. A., and Farroni, J. S. (2001). Subunit composition of strychnine-sensitive 
glycine receptors expressed by adult rat basolateral amygdala neurons. Eur. J. Neurosci. 14, 
1082–1090. doi: 10.1046/j.0953-816x.2001.01730.x

McGuier, N. S., and Griffin, W. C. 3rd., Gass, J. T., Padula, A. E., Chesler, E. J., and 
Mulholland, P. J. (2016) Kv7 channels in the nucleus accumbens are altered by chronic 
drinking and are targets for reducing alcohol consumption. Addict Biol. 21, 1097-1112. 
doi:10.1111/adb.12279.

McGovern, P. E., Zhang, J., Tang, J., Zhang, Z., Hall, G. R., Moreau, R. A., et al. (2004). 
Fermented beverages of pre- and proto-historic China. Proc. Natl. Acad. Sci. U. S. A. 101, 
17593–17598. doi: 10.1073/pnas.0407921102

Mehta, A. K., and Ticku, M. K. (1994). Ethanol enhancement of GABA-induced 36Cl-
influx does not involve changes in Ca2+. Pharmacol. Biochem. Behav. 47, 355–357. doi: 
10.1016/0091-3057(94)90022-1

Metten, P., Iancu, O. D., Spence, S. E., Walter, N. A., Oberbeck, D., Harrington, C. A., 
et al. (2014). Dual-trait selection for ethanol consumption and withdrawal: genetic and 
transcriptional network effects. Alcohol. Clin. Exp. Res. 38, 2915–2924. doi: 10.1111/
acer.12574

Mihalek, R. M., Bowers, B. J., Wehner, J. M., Kralic, J. E., VanDoren, M. J., Morrow, A. L., 
et al. (2001). GABA(a)-receptor delta subunit knockout mice have multiple defects in 
behavioral responses to ethanol. Alcohol. Clin. Exp. Res. 25, 1708–1718. PMID: 11781502

Miyazaki, H., Oyama, F., Inoue, R., Aosaki, T., Abe, T., Kiyonari, H., et al. (2014). 
Singular localization of sodium channel beta4 subunit in unmyelinated fibres and its role 
in the striatum. Nat. Commun. 5:5525. doi: 10.1038/ncomms6525

Monyer, H., Sprengel, R., Schoepfer, R., Herb, A., Higuchi, M., Lomeli, H., et al. (1992). 
Heteromeric NDMA receptors: molecular and functional distinction of subtypres. Science 
256, 1217–1221. doi: 10.1126/science.256.5060.1217

Mori, M., Gähwiler, B. H., and Gerber, U. (2002). Beta-alanine and taurine as endogenous 
agonists at glycine receptors in rat hippocampus in vitro. J. Physiol. 539, 191–200. doi: 
10.1113/jphysiol.2001.013147

Moorman, D. E. (2018). The role of the orbitofrontal cortex in alcohol use, abuse, and 
dependence. Prog Neuropsychopharmacol Biol Psychiatry. 87, 85–107. doi: 10.1016/j.
pnpbp.2018.01.010

Mostofsky, E., Chahal, H. S., Mukamal, K. J., Rimm, E. B., and Mittleman, M. A. (2016). 
Alcohol and immediate risk of cardiovascular events: a systematic review and dose-response 
meta-analysis. Circulation 133, 979–987. doi: 10.1161/CIRCULATIONAHA.115.019743

Mukherjee, S. (2013). Alcoholism and its effects on the central nervous system. Curr. 
Neurovasc. Res. 10, 256–262. doi: 10.2174/15672026113109990004

Mulholland, P. J., Becker, H. C., Woodward, J. J., and Chandler, L. J. (2011). Small 
conductance calcium-activated potassium type 2 channels regulate alcohol-associated 
plasticity of glutamatergic synapses. Biol. Psychiatry 69, 625–632. doi: 10.1016/j.
biopsych.2010.09.025

Mulholland, P. J., Spencer, K. B., Hu, W., Kroener, S., and Chandler, L. J. (2015). 
Neuroplasticity of A-type potassium channel complexes induced by chronic alcohol 
exposure enhances dendritic calcium transients in hippocampus. Psychopharmacology 
(Berl) 232, 1995–2006. doi: 10.1007/s00213-014-3835-4

https://doi.org/10.3389/fnmol.2023.1098211
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fncel.2021.742207
https://doi.org/10.1038/368242a0
https://doi.org/10.1038/nn.3100
https://doi.org/10.1038/nn.3100
https://doi.org/10.1371/journal.pone.0037541
https://doi.org/10.1196/annals.1300.010
https://doi.org/10.1038/nn.4068
https://doi.org/10.1016/j.ntt.2020.106916
https://doi.org/10.1016/j.alcohol.2005.07.004
https://doi.org/10.1016/j.alcohol.2005.07.004
https://doi.org/10.3389/fnbeh.2014.00107
https://doi.org/10.1016/S0165-6147(02)02138-7
https://doi.org/10.1038/16012
https://doi.org/10.3389/fnana.2018.00084
https://doi.org/10.1124/jpet.111.190058
https://doi.org/10.1152/jn.00565.2013
https://doi.org/10.1152/jn.00564.2013
https://doi.org/10.1523/JNEUROSCI.4702-05.2006
https://doi.org/10.1523/JNEUROSCI.4702-05.2006
https://doi.org/10.3389/fnsyn.2014.00022
https://doi.org/10.1038/nn2041
https://doi.org/10.1124/mol.116.107797
https://doi.org/10.1080/08897077.2015.1133472
https://doi.org/10.1038/nature11028
https://doi.org/10.1126/science.1188472
https://doi.org/10.1016/j.pbb.2008.03.006
https://doi.org/10.1196/annals.1300.014
https://doi.org/10.1523/JNEUROSCI.10-04-01372.1990
https://doi.org/10.1126/science.7716525
https://doi.org/10.1126/science.7716525
https://doi.org/10.1523/JNEUROSCI.0684-04.2004
https://doi.org/10.1124/jpet.102.033399
https://doi.org/10.3389/fnins.2012.00086
https://doi.org/10.3389/fnins.2012.00086
https://doi.org/10.1111/j.1476-5381.1996.tb16042.x
https://doi.org/10.1016/j.pbb.2014.12.007
https://doi.org/10.1111/acer.13056
https://doi.org/10.1016/S0006-8993(00)02026-6
https://doi.org/10.1046/j.0953-816x.2001.01730.x
https://doi.org/10.1111/adb.12279
https://doi.org/10.1073/pnas.0407921102
https://doi.org/10.1016/0091-3057(94)90022-1
https://doi.org/10.1111/acer.12574
https://doi.org/10.1111/acer.12574
https://doi.org/11781502
https://doi.org/10.1038/ncomms6525
https://doi.org/10.1126/science.256.5060.1217
https://doi.org/10.1113/jphysiol.2001.013147
https://doi.org/10.1016/j.pnpbp.2018.01.010
https://doi.org/10.1016/j.pnpbp.2018.01.010
https://doi.org/10.1161/CIRCULATIONAHA.115.019743
https://doi.org/10.2174/15672026113109990004
https://doi.org/10.1016/j.biopsych.2010.09.025
https://doi.org/10.1016/j.biopsych.2010.09.025
https://doi.org/10.1007/s00213-014-3835-4


Gimenez-Gomez et al. 10.3389/fnmol.2023.1098211

Frontiers in Molecular Neuroscience 15 frontiersin.org

Mulligan, M. K., Ponomarev, I., Hitzemann, R. J., Belknap, J. K., Tabakoff, B., 
Harris, R. A., et al. (2006). Toward understanding the genetics of alcohol drinking through 
transcriptome meta-analysis. Proc. Natl. Acad. Sci. U. S. A. 103, 6368–6373. doi: 10.1073/
pnas.0510188103

Naimi, T. S., Brewer, R. D., Mokdad, A., Denny, C., Serdula, M. K., and Marks, J. S. 
(2003). Binge drinking among US adults. JAMA 289, 70–75. doi: 10.1001/jama.289.1.70

Nakanishi, S. (1992). Molecular diversity of glutamate receptors and implications for 
brain function. Science 258, 597–603. doi: 10.1126/science.1329206

Nelson, T. E., Ur, C. L., and Gruol, D. L. (2005). Chronic intermittent ethanol exposure 
enhances NMDA-receptor-mediated synaptic responses and NMDA receptor expression 
in hippocampal CA1 region. Brain Res. 1048, 69–79. doi: 10.1016/j.brainres.2005.04.041

Newman, E. L., Gunner, G., Huynh, P., Gachette, D., Moss, S. J., Smart, T. G., et al. (2016). 
Effects of Gabra2 point mutations on alcohol intake: increased binge-like and blunted 
chronic drinking by mice. Alcohol. Clin. Exp. Res. 40, 2445–2455. doi: 10.1111/acer.13215

NIAAA, (2004). NIH Publication No. 04–5346. Web address: http://www.niaaa.nih.gov; 
E mail: NIAAAnewsletter@nih.gov. Editor: Gregory Roa. NIAAA Office of Research 
Translation and Communications 5635 Fishers Lane, MSC 9304 Bethesda, MD 
20892–9304.

Nie, Z., Madamba, S., and Siggins, G. R. (1994). Ethanol inhibits glutamatergic 
neurotransmission in nucleus accumbens neurons by multiple mechanisms. J. Pharmacol. 
Exp. Ther. 271, 1566–1573. PMID: 7527857

Nie, Z., Madamba, S. G., and Siggins, G. R. (2000). Ethanol enhances gamma-
aminobutyric acid responses in a subpopulation of nucleus accumbens neurons: role of 
metabotropic glutamate receptors. J. Pharmacol. Exp. Ther. 293, 654–661. PMID: 10773041

Nimitvilai, S., Lopez, M. F., Mulholland, P. J., and Woodward, J. J. (2016). Chronic 
intermittent ethanol exposure enhances the excitability and synaptic plasticity of lateral 
orbitofrontal cortex neurons and induces a tolerance to the acute inhibitory actions of 
ethanol. Neuropsychopharmacology 41, 1112–1127. doi: 10.1038/npp.2015.250

Nisenbaum, E. S., and Wilson, C. J. (1995). Potassium currents responsible for inward 
and outward rectification in rat neostriatal spiny projection neurons. J. Neurosci. 15, 
4449–4463. doi: 10.1523/JNEUROSCI.15-06-04449.1995

O’Dell, L. E., Roberts, A. J., Smith, R. T., and Koob, G. F. (2004). Enhanced alcohol self-
administration after intermittent versus continuous alcohol vapor exposure. Alcohol. Clin. 
Exp. Res. 28, 1676–1682. doi: 10.1097/01.ALC.0000145781.11923.4E

O’Donnell, P., and Grace, A. A. (1995). Synaptic interactions among excitatory afferents 
to nucleus accumbens neurons: hippocampal gating of prefrontal cortical input. J. Neurosci. 
15, 3622–3639. doi: 10.1523/JNEUROSCI.15-05-03622.1995

Oyama, F., Miyazaki, H., Sakamoto, N., Becquet, C., Machida, Y., Kaneko, K., et al. 
(2006). Sodium channel beta4 subunit: down-regulation and possible involvement in 
neuritic degeneration in Huntington’s disease transgenic mice. J. Neurochem. 98, 518–529. 
doi: 10.1111/j.1471-4159.2006.03893.x

Padgett, C. L., and Slesinger, P. A. (2010). GABAB receptor coupling to G-proteins and 
ion channels. Adv. Pharmacol. 58, 123–147. doi: 10.1016/S1054-3589(10)58006-2

Partridge, J. G., Tang, K. C., and Lovinger, D. M. (2000). Regional and postnatal 
heterogeneity of activity-dependent long-term changes in synaptic efficacy in the dorsal 
striatum. J. Neurophysiol. 84, 1422–1429. doi: 10.1152/jn.2000.84.3.1422

Pati, D., Kelly, K., Stennett, B., Frazier, C. J., and Knackstedt, L. A. (2016). Alcohol 
consumption increases basal extracellular glutamate in the nucleus accumbens core of 
Sprague-Dawley rats without increasing spontaneous glutamate release. Eur. J. Neurosci. 
44, 1896–1905. doi: 10.1111/ejn.13284

Pereira, P. A., Neves, J., Vilela, M., Sousa, S., Cruz, C., and Madeira, M. D. (2014). 
Chronic alcohol consumption leads to neurochemical changes in the nucleus accumbens 
that are not fully reversed by withdrawal. Neurotoxicol. Teratol. 44, 53–61. doi: 10.1016/j.
ntt.2014.05.007

Petrie, J., Sapp, D. W., Tyndale, R. F., Park, M. K., Fanselow, M., and Olsen, R. W. (2001). 
Altered Gabaa receptor subunit and splice variant expression in rats treated with chronic 
intermittent ethanol. Alcohol. Clin. Exp. Res. 25, 819–828. doi: 10.1111/j.1530-0277.2001.
tb02285.x

Pleil, K. E., Lowery-Gionta, E. G., Crowley, N. A., Li, C., Marcinkiewcz, C. A., Rose, J. H., 
et al. (2015). Effects of chronic ethanol exposure on neuronal function in the prefrontal 
cortex and extended amygdala. Neuropharmacology 99, 735–749. doi: 10.1016/j.
neuropharm.2015.06.017

Ponomarev, I., Stelly, C. E., Morikawa, H., Blednov, Y. A., Mayfield, R. D., and 
Harris, R. A. (2017). Mechanistic insights into epigenetic modulation of ethanol 
consumption. Alcohol 60, 95–101. doi: 10.1016/j.alcohol.2017.01.016

Proctor, W. R., Diao, L., Freund, R. K., Browning, M. D., and Wu, P. H. (2006). Synaptic 
GABAergic and glutamatergic mechanisms underlying alcohol sensitivity in mouse 
hippocampal neurons. J. Physiol. 575, 145–159. doi: 10.1113/jphysiol.2006.112730

Qiang, M., Denny, A. D., and Ticku, M. K. (2007). Chronic intermittent ethanol 
treatment selectively alters N-methyl-D-aspartate receptor subunit surface expression in 
cultured cortical neurons. Mol. Pharmacol. 72, 95–102. doi: 10.1124/mol.106.033043

Qiang, M., Li, J. G., Denny, A. D., Yao, J. M., Lieu, M., Zhang, K., et al. (2014). Epigenetic 
mechanisms are involved in the regulation of ethanol consumption in mice. Int. J. 
Neuropsychopharmacol. 18, 1–11. doi: 10.1093/ijnp/pyu072

Rajendra, S., Lynch, J. W., and Schofield, P. R. (1997). The glycine receptor. Pharmacol. 
Ther. 73, 121–146. doi: 10.1016/S0163-7258(96)00163-5

RALL, W. (1959). Branching dendritic trees and motoneuron membrane resistivity. Exp. 
Neurol. 1, 491–527. doi: 10.1016/0014-4886(59)90046-9

Ravel, S., Legallet, E., and Apicella, P. (1999). Tonically active neurons in the monkey 
striatum do not preferentially respond to appetitive stimuli. Exp. Brain Res. 128, 531–534. 
doi: 10.1007/s002210050876

Rehm, J., Mathers, C., Popova, S., Thavorncharoensap, M., Teerawattananon, Y., and Patra, J. 
(2009). Global burden of disease and injury and economic cost attributable to alcohol use and 
alcohol-use disorders. Lancet 373, 2223–2233. doi: 10.1016/S0140-6736(09)60746-7

Renteria, R., Buske, T. R., and Morrisett, R. A. (2018). Long-term subregion-specific 
encoding of enhanced ethanol intake by D1DR medium spiny neurons of the nucleus 
accumbens. Addict. Biol. 23, 689–698. doi: 10.1111/adb.12526

Rhodes, J. S., Best, K., Belknap, J. K., Finn, D. A., and Crabbe, J. C. (2005). Evaluation of 
a simple model of ethanol drinking to intoxication in C57BL/6J mice. Physiol. Behav. 84, 
53–63. doi: 10.1016/j.physbeh.2004.10.007

Rinker, J. A., Fulmer, D. B., Trantham-Davidson, H., Smith, M. L., Williams, R. W., 
Lopez, M. F., et al. (2017). Differential potassium channel gene regulation in BXD mice 
reveals novel targets for pharmacogenetic therapies to reduce heavy alcohol drinking. 
Alcohol 58, 33–45. doi: 10.1016/j.alcohol.2016.05.007

Risher, M. L., Fleming, R. L., Risher, W. C., Miller, K. M., Klein, R. C., Wills, T., et al. 
(2015). Adolescent intermittent alcohol exposure: persistence of structural and functional 
hippocampal abnormalities into adulthood. Alcohol. Clin. Exp. Res. 39, 989–997. doi: 
10.1111/acer.12725

Robbe, D., Kopf, M., Remaury, A., Bockaert, J., and Manzoni, O. J. (2002). Endogenous 
cannabinoids mediate long-term synaptic depression in the nucleus accumbens. Proc. Natl. 
Acad. Sci. U. S. A. 99, 8384–8388. doi: 10.1073/pnas.122149199

Roberto, M., Nelson, T. E., Ur, C. L., Brunelli, M., Sanna, P. P., and Gruol, D. L. (2003). 
The transient depression of hippocampal CA1 LTP induced by chronic intermittent ethanol 
exposure is associated with an inhibition of the MAP kinase pathway. Eur. J. Neurosci. 17, 
1646–1654. doi: 10.1046/j.1460-9568.2003.02614.x

Roberto, M., Nelson, T. E., Ur, C. L., and Gruol, D. L. (2002). Long-term potentiation in 
the rat hippocampus is reversibly depressed by chronic intermittent ethanol exposure. J. 
Neurophysiol. 87, 2385–2397. doi: 10.1152/jn.2002.87.5.2385

Roberto, M., Schweitzer, P., Madamba, S. G., Stouffer, D. G., Parsons, L. H., and 
Siggins, G. R. (2004). Acute and chronic ethanol alter glutamatergic transmission in rat 
central amygdala: an in vitro and in vivo analysis. J. Neurosci. 24, 1594–1603. doi: 10.1523/
JNEUROSCI.5077-03.2004

Ryabinin, A. E., Galvan-Rosas, A., Bachtell, R. K., and Risinger, F. O. (2003). High 
alcohol/sucrose consumption during dark circadian phase in C57BL/6J mice: involvement 
of hippocampus, lateral septum and urocortin-positive cells of the Edinger-Westphal 
nucleus. Psychopharmacology (Berl) 165, 296–305. doi: 10.1007/s00213-002-1284-y

Sakharkar, A. J., Vetreno, R. P., Zhang, H., Kokare, D. M., Crews, F. T., and Pandey, S. C. 
(2016). A role for histone acetylation mechanisms in adolescent alcohol exposure-induced 
deficits in hippocampal brain-derived neurotrophic factor expression and neurogenesis 
markers in adulthood. Brain Struct. Funct. 221, 4691–4703. doi: 10.1007/s00429-016-1196-y

Sakimura, K., Kutsuwada, T., Ito, I., Manabe, T., Takayama, C., Kushiya, E., et al. (1995). 
Reduced hippocampal LTP and spatial learning in mice lacking NMDA receptor epsilon 
1 subunit. Nature 373, 151–155. doi: 10.1038/373151a0

Sakurai, K., Zhao, S., Takatoh, J., Rodriguez, E., Lu, J., Leavitt, A. D., et al. (2016). 
Capturing and manipulating activated neuronal ensembles with CANE delineates a 
hypothalamic social-fear circuit. Neuron 92, 739–753. doi: 10.1016/j.neuron.2016.10.015

Salgado, S., and Kaplitt, M. G. (2015). The nucleus Accumbens: a comprehensive review. 
Stereotact. Funct. Neurosurg. 93, 75–93. doi: 10.1159/000368279

SAMHSA, (2014). Results from the 2013 National Survey on Drug Use and Health: 
Summary of National Findings, NSDUH Series H-48, HHS Publication No. (SMA) 
14-4863. Rockville, MD: Substance Abuse and Mental Health Services Administration

Scaife, J. C., and Duka, T. (2009). Behavioural measures of frontal lobe function in a 
population of young social drinkers with binge drinking pattern. Pharmacol Biochem 
Behav. 93, 354–362. doi: 10.1016/j.pbb.2009.05.015

Shaidullov, I., Ermakova, E., Gaifullina, A., Mosshammer, A., Yakovlev, A., Weiger, T. M., 
et al. (2021). Alcohol metabolite acetic acid activates BK channels in a pH-dependent 
manner and decreases calcium oscillations and exocytosis of secretory granules in rat 
pituitary GH3 cells. Pflugers Arch. 473, 67–77. doi: 10.1007/s00424-020-02484-0

Substance Abuse and Mental Health Services Administration (2019). “Key substance use 
and mental health indicators in the United States: Results from the 2019 National Survey 
on Drug Use and Health (HHS Publication No. PEP20-07-01-001, NSDUH Series H-55)” 
in Rockville, MD: Center for Behavioral Health Statistics and Quality, Substance Abuse and 
Mental Health Services Administration

Sanchis-Segura, C., Borchardt, T., Vengeliene, V., Zghoul, T., Bachteler, D., Gass, P., et al. 
(2006). Involvement of the AMPA receptor GluR-C subunit in alcohol-seeking behavior 
and relapse. J. Neurosci. 26, 1231–1238. doi: 10.1523/JNEUROSCI.4237-05.2006

Schmidt, L. S., Thomsen, M., Weikop, P., Dencker, D., Wess, J., Woldbye, D. P., et al. 
(2011). Increased cocaine self-administration in M4 muscarinic acetylcholine receptor 
knockout mice. Psychopharmacology (Berl) 216, 367–378. doi: 10.1007/s00213-011-2225-4

Schramm, N. L., Egli, R. E., and Winder, D. G. (2002). LTP in the mouse nucleus 
accumbens is developmentally regulated. Synapse 45, 213–219. doi: 10.1002/syn.10104

Schuckit, M. A. (1994). Low level of response to alcohol as a predictor of future 
alcoholism. Am. J. Psychiatry 151, 184–189. doi: 10.1176/ajp.151.2.184

https://doi.org/10.3389/fnmol.2023.1098211
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1073/pnas.0510188103
https://doi.org/10.1073/pnas.0510188103
https://doi.org/10.1001/jama.289.1.70
https://doi.org/10.1126/science.1329206
https://doi.org/10.1016/j.brainres.2005.04.041
https://doi.org/10.1111/acer.13215
http://www.niaaa.nih.gov
mailto:NIAAAnewsletter@nih.gov
https://doi.org/7527857
https://doi.org/10773041
https://doi.org/10.1038/npp.2015.250
https://doi.org/10.1523/JNEUROSCI.15-06-04449.1995
https://doi.org/10.1097/01.ALC.0000145781.11923.4E
https://doi.org/10.1523/JNEUROSCI.15-05-03622.1995
https://doi.org/10.1111/j.1471-4159.2006.03893.x
https://doi.org/10.1016/S1054-3589(10)58006-2
https://doi.org/10.1152/jn.2000.84.3.1422
https://doi.org/10.1111/ejn.13284
https://doi.org/10.1016/j.ntt.2014.05.007
https://doi.org/10.1016/j.ntt.2014.05.007
https://doi.org/10.1111/j.1530-0277.2001.tb02285.x
https://doi.org/10.1111/j.1530-0277.2001.tb02285.x
https://doi.org/10.1016/j.neuropharm.2015.06.017
https://doi.org/10.1016/j.neuropharm.2015.06.017
https://doi.org/10.1016/j.alcohol.2017.01.016
https://doi.org/10.1113/jphysiol.2006.112730
https://doi.org/10.1124/mol.106.033043
https://doi.org/10.1093/ijnp/pyu072
https://doi.org/10.1016/S0163-7258(96)00163-5
https://doi.org/10.1016/0014-4886(59)90046-9
https://doi.org/10.1007/s002210050876
https://doi.org/10.1016/S0140-6736(09)60746-7
https://doi.org/10.1111/adb.12526
https://doi.org/10.1016/j.physbeh.2004.10.007
https://doi.org/10.1016/j.alcohol.2016.05.007
https://doi.org/10.1111/acer.12725
https://doi.org/10.1073/pnas.122149199
https://doi.org/10.1046/j.1460-9568.2003.02614.x
https://doi.org/10.1152/jn.2002.87.5.2385
https://doi.org/10.1523/JNEUROSCI.5077-03.2004
https://doi.org/10.1523/JNEUROSCI.5077-03.2004
https://doi.org/10.1007/s00213-002-1284-y
https://doi.org/10.1007/s00429-016-1196-y
https://doi.org/10.1038/373151a0
https://doi.org/10.1016/j.neuron.2016.10.015
https://doi.org/10.1159/000368279
https://doi.org/10.1016/j.pbb.2009.05.015
https://doi.org/10.1007/s00424-020-02484-0
https://doi.org/10.1523/JNEUROSCI.4237-05.2006
https://doi.org/10.1007/s00213-011-2225-4
https://doi.org/10.1002/syn.10104
https://doi.org/10.1176/ajp.151.2.184


Gimenez-Gomez et al. 10.3389/fnmol.2023.1098211

Frontiers in Molecular Neuroscience 16 frontiersin.org

Schuckit, M. A., Smith, T. L., Hesselbrock, V., Bucholz, K. K., Bierut, L., Edenberg, H., 
et al. (2008). Clinical implications of tolerance to alcohol in nondependent young drinkers. 
Am. J. Drug Alcohol Abuse 34, 133–149. doi: 10.1080/00952990701877003

Sharpe, A. L., Tsivkovskaia, N. O., and Ryabinin, A. E. (2005). Ataxia and c-Fos 
expression in mice drinking ethanol in a limited access session. Alcohol. Clin. Exp. Res. 29, 
1419–1426. doi: 10.1097/01.alc.0000174746.64499.83

Sheela Rani, C. S., and Ticku, M. K. (2006). Comparison of chronic ethanol and chronic 
intermittent ethanol treatments on the expression of GABA(a) and NMDA receptor 
subunits. Alcohol 38, 89–97. doi: 10.1016/j.alcohol.2006.05.002

Shen, W., Flajolet, M., Greengard, P., and Surmeier, D. J. (2008). Dichotomous 
dopaminergic control of striatal synaptic plasticity. Science 321, 848–851. doi: 10.1126/
science.1160575

Shen, W., Hamilton, S. E., Nathanson, N. M., and Surmeier, D. J. (2005). Cholinergic 
suppression of KCNQ channel currents enhances excitability of striatal medium spiny 
neurons. J. Neurosci. 25, 7449–7458. doi: 10.1523/JNEUROSCI.1381-05.2005

Sigel, E., and Steinmann, M. E. (2012). Structure, function, and modulation of GABA(a) 
receptors. J. Biol. Chem. 287, 40224–40231. doi: 10.1074/jbc.R112.386664

Silberberg, G., and Bolam, J. P. (2015). Local and afferent synaptic pathways in the striatal 
microcircuitry. Curr. Opin. Neurobiol. 33, 182–187. doi: 10.1016/j.conb.2015.05.002

Silvestre de Ferron, B., Bennouar, K. E., Kervern, M., Alaux-Cantin, S., Robert, A., 
Rabiant, K., et al. (2015). Two binges of ethanol a day keeps the memory away in adolescent 
rats: key role for Glun2B subunit. Int. J. Neuropsychopharmacol. 19:pyv087. doi: 10.1093/
ijnp/pyv087

Simon-O’Brien, E., Alaux-Cantin, S., Warnault, V., Buttolo, R., Naassila, M., and 
Vilpoux, C. (2015). The histone deacetylase inhibitor sodium butyrate decreases excessive 
ethanol intake in dependent animals. Addict. Biol. 20, 676–689. doi: 10.1111/adb.12161

Sjostrom, P. J., Rancz, E. A., Roth, A., and Hausser, M. (2008). Dendritic excitability and 
synaptic plasticity. Physiol. Rev. 88, 769–840. doi: 10.1152/physrev.00016.2007

Skrzynski, C. J., and Creswell, K. G. (2020). Associations between solitary drinking and 
increased alcohol consumption, alcohol problems, and drinking to cope motives in 
adolescents and young adults: a systematic review and meta-analysis. Addiction 115, 
1989–2007. doi: 10.1111/add.15055

Soares-Cunha, C., Coimbra, B., David-Pereira, A., Borges, S., Pinto, L., Costa, P., et al. 
(2016). Activation of D2 dopamine receptor-expressing neurons in the nucleus accumbens 
increases motivation. Nat. Commun. 7:11829. doi: 10.1038/ncomms11829

Soares-Cunha, C., de Vasconcelos, N. A. P., Coimbra, B., Domingues, A. V., Silva, J. M., 
Loureiro-Campos, E., et al. (2020). Nucleus accumbens medium spiny neurons subtypes signal 
both reward and aversion. Mol. Psychiatry 25, 3241–3255. doi: 10.1038/s41380-019-0484-3

Stephens, D. N., Ripley, T. L., Borlikova, G., Schubert, M., Albrecht, D., Hogarth, L., et al. 
(2005). Repeated ethanol exposure and withdrawal impairs human fear conditioning and 
depresses long-term potentiation in rat amygdala and hippocampus. Biol. Psychiatry 58, 
392–400. doi: 10.1016/j.biopsych.2005.04.025

Sun, X., Yao, H., Zhou, D., Gu, X., and Haddad, G. G. (2008). Modulation of hSlo BK 
current inactivation by fatty acid esters of CoA. J. Neurochem. 104, 1394–1403. doi: 
10.1111/j.1471-4159.2007.05083.x

Swartzwelder, H. S., Park, M. H., and Acheson, S. (2017). Adolescent ethanol exposure 
enhances NMDA receptor-mediated currents in hippocampal neurons: reversal by 
gabapentin. Sci. Rep. 7:13133. doi: 10.1038/s41598-017-12956-6

Tabakoff, B., Saba, L., Kechris, K., Hu, W., Bhave, S. V., Finn, D. A., et al. (2008). The 
genomic determinants of alcohol preference in mice. Mamm. Genome 19, 352–365. doi: 
10.1007/s00335-008-9115-z

Tao, L., and Ye, J. H. (2002). Protein kinase C modulation of ethanol inhibition of 
glycine-activated current in dissociated neurons of rat ventral tegmental area. J. Pharmacol. 
Exp. Ther. 300, 967–975. doi: 10.1124/jpet.300.3.967

Thiele, T. E., and Navarro, M. (2014). Drinking in the dark (DID) procedures: a model 
of binge-like ethanol drinking in non-dependent mice. Alcohol 48, 235–241. doi: 10.1016/j.
alcohol.2013.08.005

Thomas, G. M., and Huganir, R. L. (2004). MAPK cascade signalling and synaptic 
plasticity. Nat. Rev. Neurosci. 5, 173–183. doi: 10.1038/nrn1346

Threlfell, S., Clements, M. A., Khodai, T., Pienaar, I. S., Exley, R., Wess, J., et al. (2010). 
Striatal muscarinic receptors promote activity dependence of dopamine transmission via 
distinct receptor subtypes on cholinergic interneurons in ventral versus dorsal striatum. J. 
Neurosci. 30, 3398–3408. doi: 10.1523/JNEUROSCI.5620-09.2010

Torres, Y. P., Morera, F. J., Carvacho, I., and Latorre, R. (2007). A marriage of 
convenience: beta-subunits and voltage-dependent K+ channels. J. Biol. Chem. 282, 
24485–24489. doi: 10.1074/jbc.R700022200

Townshend, J. M., and Duka, T. (2002). Patterns of alcohol drinking in a population of 
young social drinkers: a comparison of questionnaire and diary measures. Alcohol Alcohol. 
37, 187–192. doi: 10.1093/alcalc/37.2.187

Tritsch, N. X., and Sabatini, B. L. (2012). Dopaminergic modulation of synaptic 
transmission in cortex and striatum. Neuron 76, 33–50. doi: 10.1016/j.neuron.2012.09.023

Truchet, B., Manrique, C., Sreng, L., Chaillan, F. A., Roman, F. S., and Mourre, C. (2012). 
Kv4 potassium channels modulate hippocampal EPSP-spike potentiation and spatial 
memory in rats. Learn. Mem. 19, 282–293. doi: 10.1101/lm.025411.111

Trudell, J. R., Messing, R. O., Mayfield, J., and Harris, R. A. (2014). Alcohol dependence: 
molecular and behavioral evidence. Trends Pharmacol. Sci. 35, 317–323. doi: 10.1016/j.
tips.2014.04.009

Tuesta, L. M., Fowler, C. D., and Kenny, P. J. (2011). Recent advances in understanding 
nicotinic receptor signaling mechanisms that regulate drug self-administration behavior. 
Biochem. Pharmacol. 82, 984–995. doi: 10.1016/j.bcp.2011.06.026

Turrigiano, G., Abbott, L. F., and Marder, E. (1994). Activity-dependent changes in the 
intrinsic properties of cultured neurons. Science 264, 974–977. doi: 10.1126/
science.8178157

Tomsovic, M. (1974). “Binge” and continuous drinkers. Characteristics and treatment 
follow-up. Q J Stud Alcohol. 35, 558–564.

van den Pol, A. N. (2012). Neuropeptide transmission in brain circuits. Neuron 76, 
98–115. doi: 10.1016/j.neuron.2012.09.014

Vetreno, R. P., Broadwater, M., Liu, W., Spear, L. P., and Crews, F. T. (2014). Adolescent, 
but not adult, binge ethanol exposure leads to persistent global reductions of choline 
acetyltransferase expressing neurons in brain. PLoS One 9:e113421. doi: 10.1371/journal.
pone.0113421

Wang, K., Lin, M. T., Adelman, J. P., and Maylie, J. (2014). Distinct Ca2+ sources in 
dendritic spines of hippocampal CA1 neurons couple to SK and Kv4 channels. Neuron 81, 
379–387. doi: 10.1016/j.neuron.2013.11.004

Warner-Schmidt, J. L., Schmidt, E. F., Marshall, J. J., Rubin, A. J., Arango-Lievano, M., 
Kaplitt, M. G., et al. (2012). Cholinergic interneurons in the nucleus accumbens regulate 
depression-like behavior. Proc. Natl. Acad. Sci. U. S. A. 109, 11360–11365. doi: 10.1073/
pnas.1209293109

Watkins, J. C., and Evans, R. H. (1981). Excitatory amino acid transmitters. Annu. Rev. 
Pharmacol. Toxicol. 21, 165–204. doi: 10.1146/annurev.pa.21.040181.001121

Wechsler, H., Davenport, A., Dowdall, G., Moeykens, B., and Castillo, S. (1994). Health and 
behavioral consequences of binge drinking in college. A national survey of students at 140 
campuses. JAMA 272, 1672–1677. doi: 10.1001/jama.1994.03520210056032

Weissenborn, R., and Duka, T. (2003). Acute alcohol effects on cognitive function in 
social drinkers: their relationship to drinking habits. Psychopharmacology (Berl) 165, 
306–312. doi: 10.1007/s00213-002-1281-1

Weitlauf, C., and Woodward, J. J. (2008). Ethanol selectively attenuates NMDAR-
mediated synaptic transmission in the prefrontal cortex. Alcohol. Clin. Exp. Res. 32, 
690–698. doi: 10.1111/j.1530-0277.2008.00625.x

Wilcox, M. V., Cuzon Carlson, V. C., Sherazee, N., Sprow, G. M., Bock, R., Thiele, T. E., 
et al. (2014). Repeated binge-like ethanol drinking alters ethanol drinking patterns and 
depresses striatal GABAergic transmission. Neuropsychopharmacology 39, 579–594. doi: 
10.1038/npp.2013.230

Williams, M. J., and Adinoff, B. (2008). The role of acetylcholine in cocaine addiction. 
Neuropsychopharmacology 33, 1779–1797. doi: 10.1038/sj.npp.1301585

Winder, D. G., Egli, R. E., Schramm, N. L., and Matthews, R. T. (2002). Synaptic plasticity 
in drug reward circuitry. Curr. Mol. Med. 2, 667–676. doi: 10.2174/1566524023361961

Witten, I. B., Lin, S. C., Brodsky, M., Prakash, R., Diester, I., Anikeeva, P., et al. (2010). 
Cholinergic interneurons control local circuit activity and cocaine conditioning. Science 
330, 1677–1681. doi: 10.1126/science.1193771

Wolstenholme, J. T., Mahmood, T., Harris, G. M., Abbas, S., and Miles, M. F. (2017). 
Intermittent ethanol during adolescence leads to lasting behavioral changes in adulthood 
and alters gene expression and histone methylation in the PFC. Front. Mol. Neurosci. 
10:307. doi: 10.3389/fnmol.2017.00307

Wu, J. V., and Kendig, J. J. (1998). Differential sensitivities of TTX-resistant and TTX-
sensitive sodium channels to anesthetic concentrations of ethanol in rat sensory neurons. 
J. Neurosci. Res. 54, 433–443. doi: 10.1002/(SICI)1097-4547(19981115)54:4<433::AID-
JNR1>3.0.CO;2-A

Wu, Y., Zhang, D., Liu, J., Yang, Y., Ou, M., Liu, B., et al. (2021). Sodium Leak Channel 
in the nucleus Accumbens modulates ethanol-induced acute stimulant responses and 
locomotor sensitization in mice: a brief research report. Front. Neurosci. 15:687470. doi: 
10.3389/fnins.2021.687470

Ye, J. H., Tao, L., Ren, J., Schaefer, R., Krnjevic, K., Liu, P. L., et al. (2001). Ethanol 
potentiation of glycine-induced responses in dissociated neurons of rat ventral tegmental 
area. J. Pharmacol. Exp. Ther. 296, 77–83. PMID: 11123365

Yoon, K. W., Wotring, V. E., and Fuse, T. (1998). Multiple picrotoxinin effect on glycine 
channels in rat hippocampal neurons. Neuroscience 87, 807–815. doi: 10.1016/
S0306-4522(98)00158-4

You, C., Savarese, A., Vandegrift, B. J., He, D., Pandey, S. C., Lasek, A. W., et al. (2019). Ethanol 
acts on KCNK13 potassium channels in the ventral tegmental area to increase firing rate and 
modulate binge-like drinking. Neuropharmacology 144, 29–36. doi: 10.1016/j.
neuropharm.2018.10.008

Yuan, C., O’Connell, R. J., Feinberg-Zadek, P. L., Johnston, L. J., and Treistman, S. N. 
(2004). Bilayer thickness modulates the conductance of the BK channel in model 
membranes. Biophys. J. 86, 3620–3633. doi: 10.1529/biophysj.103.029678

Zhang, W. H., Cao, K. X., Ding, Z. B., Yang, J. L., Pan, B. X., and Xue, Y. X. (2019). Role 
of prefrontal cortex in the extinction of drug memories. Psychopharmacology (Berl) 236, 
463–477. doi: 10.1007/s00213-018-5069-3

Zhou, Y., and Danbolt, N. C. (2014). Glutamate as a neurotransmitter in the healthy 
brain. J. Neural Transm. 121, 799–817. doi: 10.1007/s00702-014-1180-8

Zhu, P. J., and Lovinger, D. M. (2006). Ethanol potentiates GABAergic synaptic 
transmission in a postsynaptic neuron/synaptic Bouton preparation from basolateral 
amygdala. J. Neurophysiol. 96, 433–441. doi: 10.1152/jn.01380.2005

Zorumski, C. F., Mennerick, S., and Izumi, Y. (2014). Acute and chronic effects of ethanol 
on learning-related synaptic plasticity. Alcohol 48, 1–17. doi: 10.1016/j.alcohol.2013.09.045

https://doi.org/10.3389/fnmol.2023.1098211
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1080/00952990701877003
https://doi.org/10.1097/01.alc.0000174746.64499.83
https://doi.org/10.1016/j.alcohol.2006.05.002
https://doi.org/10.1126/science.1160575
https://doi.org/10.1126/science.1160575
https://doi.org/10.1523/JNEUROSCI.1381-05.2005
https://doi.org/10.1074/jbc.R112.386664
https://doi.org/10.1016/j.conb.2015.05.002
https://doi.org/10.1093/ijnp/pyv087
https://doi.org/10.1093/ijnp/pyv087
https://doi.org/10.1111/adb.12161
https://doi.org/10.1152/physrev.00016.2007
https://doi.org/10.1111/add.15055
https://doi.org/10.1038/ncomms11829
https://doi.org/10.1038/s41380-019-0484-3
https://doi.org/10.1016/j.biopsych.2005.04.025
https://doi.org/10.1111/j.1471-4159.2007.05083.x
https://doi.org/10.1038/s41598-017-12956-6
https://doi.org/10.1007/s00335-008-9115-z
https://doi.org/10.1124/jpet.300.3.967
https://doi.org/10.1016/j.alcohol.2013.08.005
https://doi.org/10.1016/j.alcohol.2013.08.005
https://doi.org/10.1038/nrn1346
https://doi.org/10.1523/JNEUROSCI.5620-09.2010
https://doi.org/10.1074/jbc.R700022200
https://doi.org/10.1093/alcalc/37.2.187
https://doi.org/10.1016/j.neuron.2012.09.023
https://doi.org/10.1101/lm.025411.111
https://doi.org/10.1016/j.tips.2014.04.009
https://doi.org/10.1016/j.tips.2014.04.009
https://doi.org/10.1016/j.bcp.2011.06.026
https://doi.org/10.1126/science.8178157
https://doi.org/10.1126/science.8178157
https://doi.org/10.1016/j.neuron.2012.09.014
https://doi.org/10.1371/journal.pone.0113421
https://doi.org/10.1371/journal.pone.0113421
https://doi.org/10.1016/j.neuron.2013.11.004
https://doi.org/10.1073/pnas.1209293109
https://doi.org/10.1073/pnas.1209293109
https://doi.org/10.1146/annurev.pa.21.040181.001121
https://doi.org/10.1001/jama.1994.03520210056032
https://doi.org/10.1007/s00213-002-1281-1
https://doi.org/10.1111/j.1530-0277.2008.00625.x
https://doi.org/10.1038/npp.2013.230
https://doi.org/10.1038/sj.npp.1301585
https://doi.org/10.2174/1566524023361961
https://doi.org/10.1126/science.1193771
https://doi.org/10.3389/fnmol.2017.00307
https://doi.org/10.1002/(SICI)1097-4547(19981115)54:4<433::AID-JNR1>3.0.CO;2-A
https://doi.org/10.1002/(SICI)1097-4547(19981115)54:4<433::AID-JNR1>3.0.CO;2-A
https://doi.org/10.3389/fnins.2021.687470
https://doi.org/11123365
https://doi.org/10.1016/S0306-4522(98)00158-4
https://doi.org/10.1016/S0306-4522(98)00158-4
https://doi.org/10.1016/j.neuropharm.2018.10.008
https://doi.org/10.1016/j.neuropharm.2018.10.008
https://doi.org/10.1529/biophysj.103.029678
https://doi.org/10.1007/s00213-018-5069-3
https://doi.org/10.1007/s00702-014-1180-8
https://doi.org/10.1152/jn.01380.2005
https://doi.org/10.1016/j.alcohol.2013.09.045

	Modulation of neuronal excitability by binge alcohol drinking
	1. Introduction
	1.1. Consequences of binge alcohol drinking on behavior

	2. Regulation of neuronal excitability by binge drinking
	3. Binge drinking regulation of ion channel properties and neuronal excitability
	3.1. Potassium channels
	3.2. Sodium channels
	3.3. Effects of binge drinking on neuronal firing

	4. Binge drinking modulation of synaptic transmission and plasticity
	4.1. Binge drinking and glutamate-mediated synaptic transmission
	4.2. Binge drinking and glutamate-mediated synaptic plasticity
	4.3. Synaptic gating as a model of synaptic adaptation to binge alcohol drinking
	4.4. CIE and GABA- and glycine-mediated synaptic transmission

	5. What is the role of ion channels on neuronal excitability in binge alcohol drinking animals?
	6. Future perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

