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Abstract
Alcohol use disorder (AUD) is one of the most wides
pread neuropsychiatric conditions, having a significant 
health and socioeconomic impact. According to the 2014 
World Health Organization global status report on alcohol 
and health, the harmful use of alcohol is responsible for 
5.9% of all deaths worldwide. Additionally, 5.1% of the 
global burden of disease and injury is ascribed to alcohol 
(measured in disability adjusted life years, or disability 
adjusted life years). Although the neurobiological basis 
of AUD is highly complex, the corticostriatal circuit 
contributes significantly to the development of addictive 
behaviors. In-depth investigation into the changes 
of the neurotransmitters in this circuit, dopamine, 
gamma-aminobutyricacid, and glutamate, and their 
corresponding neuronal receptors in AUD and other 
addictions enable us to understand the molecular basis 
of AUD. However, these discoveries have also revealed a 
dearth of knowledge regarding contributions from non-
neuronal sources. Astrocytes, though intimately involved 
in synaptic function, had until recently been noticeably 
overlooked in their potential role in AUD. One major 
function of the astrocyte is protecting neurons from 
excitotoxicity by removing glutamate from the synapse 
via  excitatory amino acid transporter type 2. The 
importance of this key transporter in addiction, as well as 
ethanol withdrawal, has recently become evident, though 
its regulation is still under investigation. Historically, 
pharmacotherapy for AUD has been focused on altering 
the activity of neuronal glutamate receptors. However, 
recent clinical evidence has supported the animal-based 
findings, showing that regulating glutamate homeostasis 
contributes to successful management of recovery from 
AUD. 

Key words: Alcohol; Addiction; Glutamate; Astrocyte; 
Excitatory amino acid transporter type 2; Glia; Striatum

REVIEW

31 March 22, 2016|Volume 6|Issue 1|WJP|www.wjgnet.com

Submit a Manuscript: http://www.wjgnet.com/esps/
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.5498/wjp.v6.i1.31

World J Psychiatr  2016 March 22; 6(1): 31-42
ISSN 2220-3206 (online)

© 2016 Baishideng Publishing Group Inc. All rights reserved.

World Journal of 
PsychiatryW J P



© The Author(s) 2016. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Review of astroglial involvement in alcohol use 
disorder and potential for astrocyte-specific glutamate 
transporter excitatory amino acid transporter type 2 
(EAAT2, Slc1a2)/GLT-1 in pharmacological treatment, 
including alcohol withdrawal symptoms.
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INTRODUCTION 
Substance abuse and addiction is a pervasive problem 
at all socioeconomic levels worldwide. Alcohol, though 
one of the most common addictive substances, is 
recreationally used by many people without incident. 
Alcohol use disorder (AUD) or alcohol addiction often 
results in one of the most lethal sets of withdrawal 
symptoms, including seizures, hallucinations, and 
delirium tremens, termed alcohol withdrawal syndrome 
(AWS). As with most addictive substances, craving 
and relapse rates are high, and predictability, and even 
recognition, of addiction is difficult to ascertain. This 
makes alleviation of withdrawal symptoms the primary 
focus on treating AUD. 

Like other neuropsychiatric conditions, AUD involves 
dysfunction of normal signaling pathways. Importan­
tly, neurons are not the only cells involved in neural 
signaling. The majority of cells in the central nervous 
system (CNS) are of the glial lineage[1]. Two of the 
major glial cell types, oligodendrocytes and microglia, 
have been well characterized, as they are relatively 
monofunctional: Oligodendrocytes myelinate neurons, 
and microglia regulate the CNS immune response[2]. 
Ironically, the most abundant glia, the astrocyte, is 
not as well understood. Its diverse role in maintaining 
vascular integrity and metabolic homeostasis, and 
regulating synaptogenesis and immune response[1,3], 
means that its morphology and gene expression vary 
greatly depending on its location, local contacts, and 
microenvironment[4,5]. 

AWS is attributed to elevated extracellular glutamate 
levels in certain brain regions, such as the striatum and 
hippocampus[6-8]. These regions are part of the mesocor­
ticolimbic circuit, which is highly implicated in addiction 
disorders[9,10]. Astrocytes provide critical regulation of 
synaptic glutamate concentrations in these regions 
through bi- and uni-directional transporters. Glutamate, 
the most important excitatory neurotransmitter in the 
CNS, serves to stimulate action potentials by activating 
its cognate ionotropic receptors on the postsynaptic 
neurons, and modulate synaptic connectivity through 

its cognate metabotropic receptors. Astrocytes are 
responsible for removing glutamate from the extra­
cellular space, thereby limiting its effects. Within the 
astrocyte, glutamate is converted to glutamine via 
glutamine synthetase, and released back out to the 
extracellular environment for uptake by presynaptic 
neurons, which convert it back to glutamate to be 
packaged into vesicles for synaptic release. In AWS, 
this glutamatergic tone is dysregulated, resulting in 
a hyperglutamatergic state that can lead to neuronal 
excitotoxicity. Clinically, benzodiazepines are often used 
to alleviate withdrawal symptoms, but patients can 
become physically dependent on these, as well[11]. 

Animal models have been extremely useful in 
studying addiction. The rodent corticolimbic circuitry is 
very similar to human, and thus provides an effective 
method for studying various aspects of the addiction 
and withdrawal processes. Certain species are useful for 
studying behaviors of different points and aspects of the 
addiction process, including consumption, preference, 
learning, tolerance, and withdrawal[12]. Additionally, 
through genetic manipulation of specific components 
of glutamatergic signaling, we have come to unders­
tand ethanol’s effects on involved neuronal glutamate 
receptors, such as NMDA and AMPA receptors[13-17]. 
This review will focus on the role of glia in neuronal 
function, both normal and pathological, and illuminate 
the importance of understanding astrocyte function in 
neuropsychiatric disorders, like AUD. 

GLIAL FUNCTION IN 
NEUROPSYCHIATRIC DISORDERS 
Glial cells are mostly known for their contributions to 
physiological processes and pathological involvement. 
There are many more glial cells than neurons (glia to 
neuron ratio = 4:1), and they are generally smaller[18]. 
Three subtypes have been identified in the CNS: 
Astrocytes, microglia and oligodendrocytes. The major 
function of glial cells is to maintain homeostasis in the 
CNS, including supporting blood vessels, providing 
nutrition and oxygen to neurons, regulating neurotrans­
mitter metabolism and modulating the immune re­
sponse. Therefore, balance disruption derived from any 
of these cell types could be associated with multiple 
kinds of psychiatric disorders.

Oligodendrocytes are one of the more numerous 
than the types of glial cells. Their primary role is to 
myelinate axons, which increases the resistance and 
reduces the effective capacitance of axonal membranes, 
accelerating the transmission of electrical signals. 
They arise from a large population of oligodendrocyte 
precursor cells (OPCs), a source of replacement cells for 
damaged oligodendrocytes after injury or in disease. 
There are multiple trophic and growth factors that 
maintain oligodendrocyte survival and myelination[19]. 
One therapeutic option is to increase and amplify 
this OPC pool once the pathologically activated signa­
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ling pathways are identified[20]. Moreover, mounting 
evidence shows that oligodendrocytes may also play a 
critical role in neuropsychiatric disorders[21].

Astrocytes represent highly heterogeneous mediators 
that interact directly with neurons, which is crucial for 
maintaining brain function. Astrocytes play an essen­
tial role in neurogenesis and the development of the 
CNS, energy metabolism, synaptic signaling, immune 
defense, amino acid neurotransmitter clearance, ne­
urotrophin production and ionic homeostasis[22]. More 
recently, many studies have suggested that astrocy­
te dysregulation is associated with neuropsychiatric 
disorders, such as Wernicke’s encephalopathy[23] and 
Korsakoff psychosis[24], schizophrenia[25], depression and 
addiction[26].

Microglia originates from hematopoietic progenitors 
and have been considered the resident immune cells in 
CNS. However, recent evidence has provided a notion 
that microglia are not only activated by inflammatory 
challenge or neuronal damage, but that they extend an 
array of physiological functions through synaptic mat­
uration[27], maintenance of CNS homeostasis, memory 
processes and neurogenesis[28]. Additionally, disturbance 
of microglia responding to minor pathological intrusion is 
implicated in multiple neuropathological and neuropsyc­
hiatric disorders.

Pathological potential of neuroglia in AUD
Astrocytes play critical roles in CNS abnormalities 
associated with ethanol-induced neurotoxicity. Chronic 
ethanol exposure profoundly affects the expression of 
GFAP, an astroglial stress fiber, as well as the function 
of astrocytes. One interesting study found that by 
increasing astrocyte number by injecting purified 
astrocytes into rat forebrain learning and memory 
abilities associated with cholinergic signal recovery 
were improved[29]. It is well known that alcohol and 
its metabolite acetaldehyde show direct neurotoxicity 
by disturbing thiamine-related enzymes, resulting in 
thiamine deficiency and damage to astrocytes[30]. Our 
laboratory demonstrated the importance of adenosine 
signaling in regulating alcohol-related behaviors. Mice 
lacking type 1 equilibrative nucleoside transporter 
(ENT1), the glial transporter responsible for maintaining 
adenosine tone in the synapse, consume more ethanol 
in two bottle choice experiments when compared to 
wild-type littermates[31]. In addition, antagonists and 
agonists acting on the adenosine A2A receptor (A2AR) 
modulate ethanol preference and withdrawal symptoms. 
Moreover, inhibition of A2AR in the dorsomedial striatum 
promoted goal-directed behavior and increased sucrose 
or ethanol drinking[32]. We revealed that deletion of 
ENT1 decreased the expression of astrocytic glutamate 
transporter GLT-1, the protein responsible for regulating 
extracellular glutamate concentration in the striatum. 
Adenosine-mediated glutamate signaling in neuroglial 
interaction in ethanol intoxication and preference has 
been thoroughly described elsewhere[33,34].

Microglia are the resident macrophages and are 

distributed ubiquitously throughout the CNS. Alterations 
in microglia have even been noted in AUD models. 
After intensive chronic ethanol intoxication in rats, 
there were structural lesions in the CNS, including 
infiltration of mononuclear cells and lymphocytic-
microglial nodules[35]. Changes in immune-related genes 
have been found in human alcoholic brain, including 
chemokines (Ccl2, Ccl3) and chemokine receptors (Ccr5, 
Ccr1 motif)[36]. Consumption and preference of ethanol 
decreased in mice after deleting either chemokines (Ccl2 
or Ccl3) or chemokine receptors (Ccr2). Particularly 
the proinflammatory cytokine, CCL2, was extensively 
higher in alcoholics[37]. Also, consecutive 10-d injection 
of ethanol increased pro-inflammatory cytokine TNFα 
in the brain. Meanwhile, ethanol enhanced LPS-induced 
increases in TNFα, MCP-1, and IL-1β in brain[38]. Pre­
vious studies indicated that TLR4 response might be 
a vital mechanism of chronic ethanol-induced neuro-
inflammation. The signaling pathways related to IL-
1RI/TLR4 receptors were facilitated by chronic ethanol 
treatment[39], while the deletion of TLR4 prevented 
ethanol-induced glial activation and production of inflam
matory mediators[40].

Regarding oligodendrocytes, alcohol appears to 
have different effects, but much of the evidence points 
toward reduced oligodendrocyte function. Prenatal 
alcohol exposure decreased the level of myelin basic 
protein (MBP) expression[41], consequently leading to 
a reduction in brain myelination that may contribute 
to the development of fetal alcohol syndrome[42]. Pro­
tein kinase C was activated after ethanol exposure, 
which delays MBP expression in differentiating CG-4 
oligodendrocytes. Oligodendrocyte myelin glycoprotein 
was significantly decreased in rat hippocampus by 
chronic ethanol exposure[43]. This deficit may explain the 
demyelination observed in human alcoholics[44]. Recent 
studies showed that premyelinate oligodendrocytes and 
myelin-associated protein were decreased in medial 
prefrontal cortex (mPFC) during chronic intermittent 
ethanol vapor exposure (CIE). However, protracted 
abstinence increased MBP levels in the mPFC, possibly a 
compensatory effect after CIE[45]. In contrast, the activity 
of enzyme 2’, 3’-cyclic nucleotide 3’-phosphodiesterase, 
a maker for oligodendrocytes, was increased in ethanol-
treated cultures[46].

Neuroglia pathology in other psychiatric conditions
Glial pathology is also implicated in other neuropsy­
chiatric conditions, like schizophrenia and bipolar 
disorder (BD). One study demonstrated decreased 
astrocytic gene expression in the deep layers of the 
anterior cingulate gyrus, including excitatory amino 
acid transporter 2 (EAAT2)[47]. In this regard, animal 
models have been somewhat helpful in investigating 
structural changes, glycogen metabolism and glutamate 
signaling[48].

BD, like AUD, involves the corticostriatal circuit. 
Morphometric postmortem and neuroimaging studies 
found decreased glial cell density in the mPFC of 
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information communication relay and central functional 
element of the nervous system[65,66]. Each neuron can 
receive a number of synaptic inputs and these synapses 
have diverse properties, including the type of neurotran­
smitter and the number of postsynaptic receptors. 
Neurotransmitter vesicles accumulate in the presynaptic 
terminal, while the neurotransmitter receptors located 
in the postsynaptic neurons are recruited to the 
postsynaptic. 

Synaptic astrocytic processes
Astrocytes were widely thought to provide only metabolic 
and physical support for neurons, but now they are 
demonstrated to directly participate in neuronal signaling, 
even locally at synapses[67,68]. Many investigations have 
shown that astrocytes exhibit unique biophysical and 
functional electrical properties, are sensitive to neuronal 
activity and are actually involved in the control of 
synaptic transmission. Astrocytes are indeed equipped to 
sense and integrate neuronal information through ionic 
channels, neurotransmitter receptors and transporters, 
and intracellular signaling pathways[69]. Astrocytes are 
also known to influence synaptic activity via synthesizing 
and recycling glutamate[70] and responding to synaptic 
release of neurotransmitters[68,71,72]. Glutamate, as a 
major neurotransmitter in the brain, exerts a critical 
role in mediating synaptic activity and also causing a 
response in astrocytes[73,74]. Importantly, the involve­
ment of astrocytes in glutamatergic regulation is 
very widespread, as most glutamate is taken up by 
transporters expressed on astrocytic membranes when 
it is released into the extracellular space between 
neurons[75,76], and it is estimated that only 20% of 
synaptic glutamate is taken up by transporters on the 
postsynaptic neurons[77]. Astrocytes can synchronize 
with neuronal activity, and subsequently regulate 
glutamate transmission between neurons[78]. Astrocyte-
to-neuron glutamate signaling may mediate activity-
dependent modulation of inhibitory synapses in the 
hippocampus, with glial glutamate release taking place 
at some distance from the synapse[79]. The increases in 
calcium (Ca2+) evoked by neuronal activity results in a 
release of glutamate from astrocytes[80,81]. This release 
of glutamate process is known to be a Ca2+-dependent 
exocytic pathway[82]. In addition, during synaptic activity 
neurons or astrocytes release ATP, which cause an 
increase in intracellular (Ca2+), mediated by the P2Y1 
type purinergic receptors (P2Y1Rs) in hippocampal 
astrocytes[83]. As a G protein coupled receptor, P2Y1R 
signaling in astrocytes is coupled to Ca2+-dependent 
glutamate exocytosis[84,85].

Glutamate is able to induce a wide range of effects 
in astrocytes via metabotropic glutamate receptors 
(mGluR), NMDA receptors, and AMPA receptors[86]. 
Hippocampal astrocytes express functional AMPA 
receptors[87], the properties of which can be changed by 
astrocytes during postnatal development. It has been 
reported that immature astrocytes had a prolonged 
activation of the AMPA receptors, while glutamate 

patients with BD[49]. Recent studies indicate that chronic 
treatment with anti-bipolar drugs could inhibit astroglial 
glutamate release[50]. Additionally, S100β, a neurotrophic 
factor mainly released by astrocytes, was increased 
after chronic lithium treatment, although astrocytes 
or interaction between neurons and astrocytes were 
unaffected[51].

Regarding microglia, studies in schizophrenia 
patients have yielded more consistent results. Microglia 
are activated along with increased cell population in 
the postmortem brains of schizophrenic patients[52]. 
Consistently, the level of cytokines, IL-1β, IL-6, and 
TGF-β, were elevated in schizophrenia. Interestingly, 
these alterations were reversed by antipsychotic 
treatment[53]. The dysfunction of microglia is associated 
with impairment of nervous system development, syna­
ptic formation and pruning[27,54], processes that may 
also affect neural circuitry in AUD. 

Neuroinflammation has also been linked to BD. 
The level of IL-1β was increased in cerebrospinal fluid 
of euthymic BD patients when compared with normal 
controls, and even higher in those who had recently 
experienced one or more manic/hypomanic episodes[55]. 
In addition, microglia activation induced higher levels 
of IL-1β, which was associated with increased suicide 
behavior in BD patients[56]. Moreover, concentrations 
of pro-inflammatory cytokines, which are associated 
with increased activation of MAPK and NF-κB pathways 
in BD patients, were higher, as well. These results 
suggest that microglia play a potentially crucial role 
in BD. Interestingly, there is an increased incidence of 
BD in patients with the autoimmune disorder, multiple 
sclerosis, where oligodendrocytes are targeted by the 
immune system. And, oligodendrocytic markers are 
down regulated in patients with BD[57].

Multiple studies have confirmed oligodendrocytes and 
myelination are impaired in schizophrenia[58-60]. Oligoden­
drocytic and myelination abnormalities damage saltatory 
conduction and information transfer between neurons 
in schizophrenia[61]. White matter anomalies were found 
in schizophrenia patients from maternal and early 
postnatal immune challenge[62], perinatal hypoxia[63], and 
during childhood and adolescence[58,64], suggesting that 
damage to axonal integrity and conduction velocity may 
play a causal role in schizophrenia.

Taken together, studying glial cells is warranted for 
understanding neuropsychiatric disorders in regards to 
glutamatergic abnormalities. 

SYNAPTIC, PERISYNAPTIC AND 
EXTRASYNAPTIC ASTROCYTIC 
PROCESSES IN REGULATING 
GLUTAMATE SIGNALING 
Neurons connect to each other with a kind of chemical 
junction called a synapse, which consists of the pre-
synapse, post-synapse, and synaptic cleft as a key 

34WJP|www.wjgnet.com March 22, 2016|Volume 6|Issue 1|

Ayers-Ringler JR et al . Glutamate transporters in alcohol use disorder



responses were greatly increased as astrocytes ma­
tured. In addition, the presynaptic NMDA receptors are 
activated and the excitatory communication between 
neurons is increased once astrocytic glutamate is 
released[85]. Additionally, astrocytes also use the mGluRs 
to modulate neuronal activity. However, previous results 
suggest developmental changes in the expression of 
mGluRs in astrocytes[88], predicting its important role in 
development. Reports reveal that synaptic glutamate 
stimulates astrocytic mGluRs and subsequently triggers 
glutamate release from astrocytes[80,89]. 

Perisynaptic astrocytic processes
It has recently been recognized that astrocytes act as 
a third partner in synaptic processes, leading to the 
description of a “tripartite synapse[90]”, with the astrocytic 
processes in close apposition to the synaptic cleft[91]. 
Perisynaptic astrocytic processes (PAPs), assumed to 
mediate this communication, may detect glutamate 

spillover and other substances from active synapses[76,92]. 
Glutamate can also cause structural alterations of 
astrocytes, driving them to extend and modify their own 
processes[73,93] (Figure 1). It is thought that PAPs position 
next to the synaptic cleft, as the effectors of glia-
neuronal crosstalk at the synapse, to exert their roles 
in ion buffering and transmitter uptake, thus keeping a 
low diffusion distance[94]. Glutamine synthetase is mainly 
expressed in the PAPs around identified glutamatergic 
synapses[95]. 

There have been a few approaches that described 
peripheral astrocyte processes related to synapses 
using direct or indirect observations. Glial gamma-
aminobutyricacid (GABA) receptor channels could be 
of functional importance in buffering extracellular Cl- 

in the perisynaptic microenvironment using patch-
clamp techniques, and might relate to mechanisms 
not present in the peripheral processes[96]. Electrically 
stimulated parallel fibers increased intracellular calcium 
concentration in peripheral processes of Bergmann 
glia, astrocytic cells located in the cerebellum[97]. 
The transmitter release is affected by reduction in 
glutamate clearance through modulation of presynaptic 
mGluR. Therefore, astrocytic wrapping of neurons may 
contribute to the regulation of synaptic efficacy in the 
CNS[98]. Glia-synaptic interactions can be attributed to 
the astrocytic peripheral processes in the perisynaptic 
microenvironment. As the functions of PAPs displayed 
might not be representative of the astrocyte as a whole, 
they could be recognized as a specialized astroglial 
compartment[94]. 

Extrasynaptic astrocytic processes
In some instances, glutamate may escape from the 
synaptic cleft, generating extrasynaptic glutamate 
dynamics[99,100]. The kinetic simulations of extrasynaptic 
glutamate uptake show that glutamate can bind to 
several subtypes of receptors, but transporters rapidly 
reduce the free concentration of transmitter[101]. Extrasy­
naptic glutamate dynamics is believed to regulate a 
variety of important neural and glial functions including 
synaptic transmission[102], synaptic plasticity[103], synaptic 
crosstalk[104,105], nonsynaptic neurotransmission[106], 
neuronal survival[107], and gliotransmitter release[108]. 

Synaptic “spillover”, or extracellular diffusion of 
transmitters and modulators after extrasynaptic rel­
ease in the local circuit regions, is an important short 
distance form of volume neurotransmission. The neuro­
transmitters bind to extrasynaptic neuronal and glial 
receptors and then activate related signaling pathways 
in the neuroglial networks of the brain (Figure 1). G 
protein-coupled receptor heteromers play a major role 
in the integrative processes of extrasynaptic signaling on 
glutamatergic synapses. The balance of activity in the 
different types of projection neurons is determined by 
the diverse distributions of high affinity receptors on the 
neurons and glia, where both neuronal extrasynaptic 
and long distance volume transmission signaling can be 
involved[109]. Temporal resolution at axon terminals of 
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Figure 1  Fine regulation of glutamate levels and excitatory amino acid 
transporter 2 localization in neuron-glial interaction. The perisynaptic 
astrocytic process contains a higher concentration of EAAT2 immediately 
adjacent to the synapse. The EAP also contains EAAT2, but in lower 
concentrations. Glutamate spillover results in activation of GluN2B-containing 
NMDA receptors (increasing LTD response in the post-synaptic neuron), 
increased EAAT2 surface expression on and migration of EAPs, and activation 
of adjacent astrocytes via calcium waves propagated through connexin 
channels. LTP: Long term potentiation; LTD: Long term depression; EAAT2: 
Excitatory amino acid transporter 2; Xc-: Cysteine-glutamate transporter; ENT1: 
Equilibrative nucleoside transporter 1; VGLUT1: Vesicular glutamate transporter 
1; NMDA: N-Nitrosodimethylamine; AMPA: α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid; EAP: Extrasynaptic astrocytic process.
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fast-spiking neurons might be due to rapid glutamate 
receptor desensitization. Transmitter diffusion is partly 
responsible for transmitter clearance from the synaptic 
cleft[76]. The glutamate transient duration seen at a 
distance from the release site can be greatly increased 
if interactions between glutamate and extrasynaptic 
binding sites reduce the effective diffusion constant, 
resulting in a greater probability of NMDA receptor 
activation[110]. Relatively small amounts of glutamate 
are likely to activate extrasynaptic receptors, especially 
if the diffusion coefficient in the extracellular medium 
is low[101]. Extrasynaptic glutamate spillover implies 
significant cross-talk between neighboring synapses, 
which could have major repercussions for information 
processing[111]. 

GLUTAMATE TRANSPORTERS IN AUD 
Glutamate is arguably the most important neuroexcita­
tory amino acid in the CNS. As such, its concentration, 
both intra- and extra-cellularly, is tightly regulated by 
membrane transporters. Within neurons, the vesicular 
glutamate transporters, of which there are three known 
subtypes[112], pack glutamate from the cytosol into 
presynaptic vesicles utilizing the proton electrochemical 
gradient[113]. In glia, the cysteine-glutamate transporter 
(Xc-) is the major transporter responsible for releasing 
glutamate into the extracellular space, while a family of 
sodium-dependent transporters, called excitatory amino 
acid transporters (EAAT), removes glutamate from the 
extracellular environment. The function of these latter 
transporters is critical, as excessive synaptic glutamate 
can lead to neuronal excitoxicity and/or death. There 
are five mammalian EAAT subtypes (EAAT1-EAAT5) 
that have been identified to date. EAAT1 and EAAT2 
(in rodents, designated glutamate and aspartate 
transporter, GLAST, and glutamate transporter 1, GLT-1, 
respectively) are the primary subtypes responsible 
for extracellular glutamate clearance throughout the 
CNS during neurotransmission, and are predominantly 
expressed in astrocytes[114,115]. EAAT1 is most abun­
dantly expressed in the cerebellum, while EAAT2 has a 
more ubiquitous expression pattern, which is strongest 
in the forebrain[116]. EAAT3 (EAAC1 in rodents) is the 
most widely distributed, expressed in peripheral tissues, 
as well as in both neurons and astrocytes[117]. EAAT4 is 
most strongly expressed in cerebellar Purkinje cells[118], 
and EAAT5 is almost exclusively expressed in the 
retina[119]. 

In recent years, EAAT2 has received increasing 
attention in addiction research, as it is the primary EAAT 
subtype expressed in the striatum, a component of 
the basal ganglia that has been implicated in addiction 
and other psychiatric disorders, and is responsible for 
clearance of at least 90% of extracellular glutamate. 
Conceptually, alterations in EAAT2 surface expression 
should impact neurotransmission, and indeed, this has 
been demonstrated[120,121].

Structure, function and localization
Structurally, EAATs contain eight transmembrane 
segments. The N-terminal structures are involved 
in intersubunit contacts, while the C-terminal half is 
implicated in substrate transport[122]. EAATs appear to be 
oligomeric, and EAAT2 tends to form homotrimers and 
heterotrimers with its other isoforms[123,124], generating 
a bowl-shaped complex with the aqueous, concave 
side facing the extracellular space and the pointed 
side facing the cytoplasm. Interestingly, between the 
subunits on the hydrophobic transmembrane sides are 
distinct crevices that allow lipids to interact with key 
functional domains of the transporter[122], suggesting a 
role for lipid modulation of EAAT2 activity. 

EAATs are capable of transporting both glutamate 
and aspartate. With one molecule of glutamate, they co-
transport three sodium ions and one proton in exchange 
for one potassium ion[122]. Mouse EAAT2 (GLT-1) shares 
97% sequence homology with humans and 99% with 
rats[125]. The Km of EAAT2 is fairly small (for D-aspar­
tate, 17 ± 5 μmol/L for mouse[126], 54 ± 9 μmol/L for 
human[127]). Synaptic levels of glutamate can be as 
high as 1 mmol/L[128], so transport of glutamate out 
of the synapse occurs very rapidly. In this way, EAAT2 
maintains low extracellular glutamate concentrations, 
preventing it from reaching excitotoxic levels. 

In the striatum, EAAT2 is primarily located on 
the membrane surface of astrocytes, but can also be 
found on the outer mitochondrial membrane, on rough 
endoplasmic reticulum, and on polyribosomes[129]. EAAT2 
tends to concentrate at cellular processes adjacent 
to glutamatergic synapses (PAPs; Figure 1) and in 
astrocytic endfeet near capillaries in the neurovascular 
unit[1]. It is tightly associated with cholesterol-rich lipid 
rafts[130,131], and it has been suggested that it may 
be part of a macromolecular complex that also con­
tains Kir4.1 and AQP4 at capillary endfeet, implying 
a combined effort for glutamate and potassium ion 
homeostasis[132]. 

Glutamate transporter regulation 
EAAT2, like most proteins, can be regulated by multiple 
methods. It is subject to transcriptional regulation by 
transcription factors and differential splicing, epigen­
etically by histone modifications and DNA methylation, 
post-translationally by various residue modifications, 
and functionally by certain toxins, membrane lipid com­
position, and cytoskeletal rearrangements[115,131,133-137] 
(Table 1 provides a more complete list of modulators).

The EAAT2 promoter contains several transcription 
factor binding sites, including CREB, KBBP, NF-κB, N-myc, 
Sp1 and Yin Yang 1[115,134,138]. The most studied of these, 
NF-κB, has been shown to be an effective regulator of 
EAAT2 expression, though by different mechanisms 
depending on the initiation factor[139-145]. For example, 
EGF-receptor stimulation induces increased EAAT2 
transcription, but not via IκB degradation[115], whereas 
Ceftriaxone, a β-lactam antibiotic, does appear to 
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activate EAAT2 through the canonical NF-κB pathway[146]. 
However, NF-κB has also been shown to reduce EAAT2 
transcription through co-activation of the TNFα-mediated 
NF-κB activation and N-myc activation, converting NF-
κB to a repressor[145] (Table 1). One intriguing method 
of EAAT2 up regulation is through an as yet unknown 
mechanism driven by the presence of neurons or 
neuronal supernatant in cultured astrocytes, involving 
NF-κB and the kappa B-motif binding phosphoprotein 
(KBBP)[147]. Interestingly, in cultured astrocytes, 
transcription factor Ying Yang 1 appears to act as a 
repressor by recruiting histone deacetylases, coordinating 
an epigenetic method of silencing the gene[134]. 
Hypermethylation of EAAT2 promoter DNA is another 
epigenetic mechanism for EAAT2 down regulation that 
has been suggested[147,148].

Several post-translation modifications have been 
suggested to control EAAT2 levels and cellular locali­
zation. EAAT2 is internalized and degraded through 
Nedd-2 dependent ubiquitination at its C-terminus[149]. 
Sumoylation may also be involved, as non-sumoylated 
EAAT2 is primarily localized to the plasma membrane 
while only sumoylated EAAT2 is found in intracellular 
compartments[150] (Figure 1). 

Functionally, EAAT2 has been show to exhibit 
reduced glutamate uptake when membrane cholesterol 
levels are reduced[130], as suggested by the inter-subunit 
crevices revealed by its structure. Additionally, certain 
exon-skipping EAAT2 splice variants appear to have an 
effect on EAAT2 function and surface localization[123].

In neuropathology, EAAT1 and EAAT2 have been sho­
wn to be reduced in several neurodegenerative disorders, 
such as amyotrophic lateral sclerosis, Alzheimer’s dis­
ease, and Huntington’s disease, where it was causally 
related to excitotoxic neuronal cell death[151]. In AUD, 
one genetic variant of human EAAT2, G603A, has been 
associated with antisocial[152] and cirrhotic alcoholics[153]. 
Rodent models, however, have provided an excellent 
tool for studying EAAT2 in AUD. The mouse EAAT2 

gene (slc1a2) is located near a quantitative trait loci on 
chromosome 2 (E2)[125] that modulates seizure frequency 
and neuro-excitability in mouse models of epilepsy 
and alcohol withdrawal[154]. Many mouse studies have 
supported the involvement of EAAT2 in both the acute 
and chronic effects of ethanol, as well as the symptoms 
of withdrawal. Mulholland et al[155] showed disruption of 
NMDA and EAAT2 dependent Kv2.1 potassium channels 
by acute ethanol in the hippocampus. Several studies 
have demonstrated increased glutamatergic tone in 
regions of the cortico-striatal circuit[156], but there are 
only a handful of publications providing strong support 
for a correlating decrease in EAAT2. Increased EAAT2 
expression and/or function alleviates withdrawal sympto­
ms and reduces ethanol consumption[157,158], highlighting 
the importance of EAAT2 in regulating synaptic glutamate 
signaling.

CONCLUSION
According to the DSM-5® (diagnostic and statistical 
manual of mental disorders), alcohol use becomes a 
disorder when at least two of eleven specific criteria 
are met, including uncontrolled consumption, alcohol 
craving, or a development of tolerance. Addiction is 
a chronic, relapsing disorder characterized by the pro­
gression from occasional, controlled use to uncontrolled 
use and behavior over seeking and consumption, 
to chronic relapse after protracted abstinence. This 
process involves neuroplastic changes, primarily in the 
mesolimbic dopamine system, going from impulsive, 
positively reinforced behaviors (euphoria, social 
aspects) to compulsive, negatively reinforced behaviors 
(removing withdrawal symptoms)[10,159].

Understandably, early research in the field of 
addiction was focused on the ascending monoamine 
pathways of the dopaminergic reward system (mesocor­
ticolimbic and extended amygdala), including the 
involvement of GABA and serotonin, all of which are 
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Compound Demonstrated effect on EAAT2 Process/pathway Ref.

17β-estradiol Increased expression Activation of both NF-κB and CREB Lee et al[142]

cAMP/bromo-cAMP/dB-cAMP Increased expression PKA pathway, PI-3K and NF-κB Su et al[115]

Ceftriaxone Increased expression Conventional NF-κB activation Lee et al[146]; Rothestein et al[143]

EGF Increased expression Non-canonical NF-κB activation Zelenaia et al[144]

PACAP Increased expression PKA and PKC activation Figiel et al[139]

Parawixin1 Increased transport speed Allosteric enhancement of receptor function Fontana et al[133]

Raloxifene Increased expression Activation of both NF-κB and CREB Karki et al[135]

Riluzole Increased expression and activity Multiple pathways, mediated by estrogen 
receptors and HSF1

Karki et al[135]; Liu et al[137]

Tamoxifen Increased expression Activation of both NF-κB and CREB Karki et al[141]

TGF-α Increased expression Tyrosine Kinase activation Lee et al[136]; Su et al[115]

TNFα Decreased expression Co-activation of NF-κB and N-myc Sitcheran et al[145]

Table 1  Modulators of excitatory amino acid transporter 2 expression and/or function

Listed in this table are agents that have been demonstrated to affect EAAT2 expression and/or function, and their mechanism of action. EAAT2: Excitatory 
amino acid transporter 2; cAMP: Cyclic adenosine monophosphate; CREB: cAMP response element-binding protein; NF-κB: Nuclear factor kappa-
light-chain-enhancer of activated B cells; PI-3K: Phosphatidylinositol 3-kinase; PKA: Protein kinase A; EGF: Epidermal growth factor; PACAP: Pituitary 
adenylate cyclase-activating peptide; TGF-α: Transforming growth factor alpha; TNFα: Tumor necrosis factor alpha.
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important in the early stages of addiction. In the past 
two decades, increased focus has shifted to gluta­
matergic signalling, as glutamate receptors in this 
system are greatly altered, and highly implicated in 
all stages of addiction, especially the later stages of 
dependence and withdrawal. The effects of alcohol 
on all types of glutamate receptors are under intense 
investigation, and much has been learned to date on 
how the dysregulated synaptic glutamate alters synaptic 
plasticity[66,67,86,121] (Figure 1). This shift in focus coincides 
with the success of clinical pharmacotherapies that alter 
the glutamatergic system. Acamprosate, a homo-taurine 
derivative similar in structure to GABA, especially when 
used with naltrexone, an opioid antagonist, has been 
one of the most effective drugs in preventing relapse 
in AUD[160]. However, the mechanistic understanding of 
these drugs is still not well understood. But, because of 
these relative successes, we are increasing our efforts 
in understanding synaptic glutamate modulation. For 
example, ceftriaxone, a beta-lactam antibiotic, has been 
shown not only to increase EAAT2 transcript levels, but 
also to attenuate ethanol consumption and withdrawal 
symptoms[157,158,161].

Regulation of EAAT2 and glutamate is complex, 
and understanding how to effectively control astrocytic 
EAAT2 function and/or expression could be the key to 
successfully treating AUD. By maintaining stable synaptic 
glutamatergic tone to ease withdrawal symptoms and 
allow re-establishment of non-pathological connections 
in the mesocorticolimbic circuit, recovery from addiction 
could be greatly ameliorated. In conclusion, a medication 
targeting an astrocytic glutamate transporter, especially 
EAAT2, will be an appropriate treatment option for AUD 
patients with pathologically increased glutamate levels. 
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