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Glutamate transporter-1 (GLT-1) is a Na+-dependent transporter that plays a key
role in glutamate homeostasis by removing excess glutamate in the central nervous
system (CNS). GLT-1 dysregulation occurs in various neurological diseases including
Huntington’s disease (HD), Alzheimer’s disease (AD), Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS), and epilepsy. Downregulation or dysfunction of
GLT-1 has been a common finding across these diseases but how this occurs is still
under investigation. This review aims to highlight post-translational regulation of GLT-1
which leads to its downregulation including sumoylation, palmitoylation, nitrosylation,
ubiquitination, and subcellular localization. Various therapeutic interventions to restore
GLT-1, their proposed mechanism of action and functional effects will be examined as
potential treatments to attenuate the neurological symptoms associated with loss or
downregulation of GLT-1.
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INTRODUCTION

Glutamate transporter-1 (GLT-1), also known as excitatory amino acid transporter 2 (EAAT2), is
part of a family of Na+-dependent transporters that regulate extracellular glutamate homeostasis
in the CNS. Na+-dependent glutamate transporters represent the most significant mechanism
of removal of glutamate from the extracellular space and are essential in maintaining low and
non-toxic concentrations of glutamate (reviewed in Danbolt, 2001). Glutamate transporter-1 is
responsible for glutamate clearance from the synaptic cleft and is essential for maintaining low
levels of extracellular glutamate (Levy et al., 1995). GLT-1 is expressed primarily in astrocytes and
has been shown to be expressed in axon terminals of neurons (Chen et al., 2004; Furness et al., 2008;
Petr et al., 2015; Zhou et al., 2019). Mice that globally lack GLT-1 develop spontaneous seizures
associated with high mortality (Tanaka et al., 1997). Mice lacking GLT-1 selectively in the dorsal
forebrain survive to adulthood and display transient focal seizures (Sugimoto et al., 2018). These
findings revealed the important functional role of GLT-1 in extracellular glutamate modulation.

Glutamate transporter-1 expression has been shown to be altered in many neurological diseases.
Huntington’s disease (HD) is an autosomal dominant disease that is characterized by degeneration
of the striatum and selective cortical degeneration (Jimenez-Sanchez et al., 2017). Downregulation
of GLT-1 has been observed in HD and may be responsible for the impaired glutamate uptake and
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glutamate toxicity observed in the R6 model of HD (Lievens
et al., 2001; Estrada-Sanchez et al., 2009). Similar changes
in gene expression patterns associated with transcriptional
dysregulation in HD is observed in neuronal GLT-1 KO
mice, suggesting neuronal GLT-1 loss in HD may lead to
transcriptional dysregulation (Laprairie et al., 2019). Alzheimer’s
disease (AD) is a neurodegenerative disorder which causes the
gradual accumulation of Aβ and Aβ-associated proteins (Selkoe,
2000). Post-mortem tissue from individuals with a clinical
history of dementia characteristic of AD show loss of GLT-
1 immunoreactivity near amyloid plaques (Jacob et al., 2007).
Partial loss of GLT-1 also accelerates cognitive deficit onset in
the AβPPswe/PS11E9 mouse model of AD (Mookherjee et al.,
2011). Parkinson’s disease (PD) is a progressive neurological
disorder characterized by tremor, rigidity and akinesia (Lang and
Lozano, 1998). L-dopa-induced dyskinesia (LID) is often seen in
patients with PD. LID severity is reduced when GLT-1 protein
levels are increased in a rat 6-hydroxydopamine model of PD
(Chotibut et al., 2017). Amyotrophic lateral sclerosis (ALS) is also
a neurodegenerative disorder that causes both progressive and
selective loss of motor neurons in the CNS (Tapia, 2014). Loss
of GLT-1 has been reported during disease progression in both
patients and the G85R-SOD1 mouse model of ALS (Bruijn et al.,
1997; Lin et al., 1998). Epilepsy is a condition that is characterized
by both recurrent and unprovoked seizures (Hauser et al., 1998).
GLT-1 protein levels showed a regional decrease in epilepsy
patients with hippocampal sclerosis and cortical dysplasia and
in the intrahippocampal kainic acid (IHKA) model of epilepsy
(Proper et al., 2002; Hubbard et al., 2016).

Glutamate transporter-1 has become an attractive target
for therapeutic intervention due to its dysregulation in
neurological diseases. To effectively restore GLT-1 protein levels,
the mechanisms which lead to its downregulation should
be investigated. Post-translational modulation of GLT-1 has
been shown to contribute to its downregulation in various
neurological diseases and therefore it is important to understand
post-translational mechanisms to develop selective treatment
strategies for individual diseases.

EXPRESSION AND ROLES OF GLT-1 IN
NEURONS VS. ASTROCYTES

Glutamate transporter-1 is expressed in astrocytes and
presynaptic terminals of excitatory neurons. Perisynaptic
astrocytic processes (PAPs) express high levels of GLT-1,
with approximately 80% of total GLT-1 protein expression
found in astrocytes. Neuronal GLT-1 expression accounts for
only 5–10% of the total GLT-1 protein expression (Furness
et al., 2008). Historically, astrocytic GLT-1 has been thought
to be responsible for the majority of glutamate regulation.
Interestingly, even though GLT-1 is expressed at low levels
in axon terminals, studies from the Danbolt and Rosenberg
labs showed that neuronal GLT-1 contributes significantly to
glutamate uptake in synaptosomes (Danbolt et al., 2016; Rimmele
and Rosenberg, 2016; Zhou et al., 2019). When GLT-1 is deleted
in neurons, glutamate uptake capacity (Vmax) in synaptosomes

is significantly reduced by approximately 40% whereas deletion
of GLT-1 from astrocytes did not show a significant reduction
in synaptosomal glutamate uptake capacity (Vmax). These
results suggest that neuronal GLT-1 transporters, although
expressed at low levels, play an important role in glutamate
clearance at excitatory synapses where maintaining low levels of
extracellular glutamate is critical for proper neuronal function
and transmission. Importantly, however, selective ablation of
GLT-1 from astrocytes results in lethal spontaneous seizures
suggesting that astrocytic GLT-1 protects against fatal epilepsy
(Petr et al., 2015). This finding also suggests that astrocytic
GLT-1 is vital to maintain low levels of extracellular glutamate in
the CNS to prevent glutamate excitotoxicity. Conversely, mice
lacking neuronal GLT-1 showed normal survival and no seizures.

Differences in GLT-1 protein expression in vivo vs. in vitro is
an aspect of glutamate transporter regulation that is important to
take into consideration prior to exploring GLT-1 dysregulation
in models of disease. Primary astrocyte cultures express mostly
glutamate aspartate transporter (GLAST), another member
of the Na+-dependent glutamate transporter family, and
low levels of GLT-1 (Swanson et al., 1997; Carbone et al.,
2012a). Primary astrocyte cultures also maintain a polygonal
morphology, dissimilar to astrocytes of brain gray matter, and are
considered undifferentiated. Interestingly, astrocytes co-cultured
with neurons display a stellate morphology with branched
morphology and express GLT-1 and GLAST, suggesting that
neurons are responsible for regulating astrocytic glutamate
transporters, particularly GLT-1. Expression of glutamate
transporters has also been shown to be regulated by cAMP and
neuron-conditioned medium (Swanson et al., 1997; Schlag et al.,
1998). Neurons can regulate astrocytic glutamate transporters
via signaling through soluble factors dependent on neuronal
activity (Perego et al., 2000). The activity and cellular localization
of expressed glutamate transporters can be regulated by post-
translational modifications (PTMs). This review will focus on
post-translational regulation of GLT-1 in neurological diseases
and we will distinguish cell type-specific GLT-1 regulation if
identified in the following studies (Table 1).

POST-TRANSLATIONAL REGULATION
OF GLT-1

Palmitoylation
Palmitoylation is a post-translational lipid modification that
refers to the reversible thioesterification of palmitic acid
to cysteine residues (Parenti et al., 1993). Palmitoylation is
important for both protein function and regulation while
depalmitoylation has been shown to affect protein trafficking
and localization (Kong et al., 2013). Protein palmitoylation is
important for neuronal development and synaptic function (el-
Husseini and Bredt, 2002). Aberrant palmitoylation has been
linked to neurological diseases including HD and AD (Vetrivel
et al., 2009; Butland et al., 2014).

All proteins associated with the family of Na+-dependent
glutamate transporters have been shown to be palmitoylated
including GLT-1 (Kang et al., 2008). Hayden’s group at the
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TABLE 1 | Glutamate transporter-1 dysregulation in neurological disease models including potential therapeutics to prevent GLT-1 downregulation.

Disease model GLT-1 post-translational regulation Potential
therapeutic

Therapeutic effect Citation

SOD1-G93A mouse model
of amyotrophic lateral
sclerosis (ALS)

Caspase-3 cleaves SUMO1-conjugated GLT-1
leading to accumulation of sumoylated CTE
fragments of GLT-1 in astrocyte nuclei during
disease progression

Ceftriaxone Ceftriaxone delayed loss of neurons,
muscle strength and increased mouse
survival

Rothstein et al.,
2005; Foran et al.,
2014

YAC128 mouse model of
Huntington’s disease (HD)

GLT-1 uptake reduced in the striatum and
cortex corresponding to a decrease in GLT-1
palmitoylation with no changes in GLT-1 protein
expression

– – Huang et al., 2010

MPTP mouse model of
Parkinson’s disease (PD)

Ubiquitin ligase Nedd4-2 mediates the
PKC-dependent ubiquitination and degradation
of GLT-1

Ceftriaxone Ceftriaxone decreased behavioral
deficits and neurodegeneration

Zhang et al., 2017

Lafora disease (LD) mouse
model

Decreased levels of GLT-1 protein expression at
the plasma membrane with no change in GLT-1
total protein expression levels suggesting a
change in subcellular localization

– – Munoz-Ballester
et al., 2016

Aβ-42 in vitro treatment
modeling Alzheimer’s
disease (AD)

Decreased levels of GLT-1 cell surface
expression with no alteration in GLT-1 total
protein levels in astrocyte cultures treated with
Aβ-42

Vitamin E derivative
(Trolox)

Normal levels of detergent-insoluble
GLT-1 were restored by pretreatment
with Trolox in Aβ-42-treated astrocyte
cultures

Scimemi et al., 2013

R6/2 transgenic mouse
model of Huntington’s
disease (HD)

Decreased levels of GLT-1 expression in the
cortex and striatum at 13 weeks of age when
mice are severely symptomatic

Ceftriaxone Increased cortical and striatal GLT-1
levels

Sari et al., 2010

Glutamate transporter-1 is SUMO1-conjugated and internalized in the SOD1-G93A model of ALS. GLT-1 expression is decreased in R6/2 model of HD. GLT-1 glutamate
uptake and palmitoylation is decreased in the YAC128 model of HD. GLT-1 is degraded following Nedd4-2 mediated ubiquitination in MPTP model of PD. GLT-1 is
recruited to the 20S proteasome for degradation via HSP90β in the kainic acid model of TLE. GLT-1 plasma membrane protein levels are decreased in LD mice. GLT-1
cell surface expression is decreased in a model of AD.

University of British Columbia found that reduced GLT-1
palmitoylation is observed in multiple models of HD (Huang
et al., 2010). GLT-1 palmitoylation was shown to be significantly
reduced in the STHdh-Q111 HD striatal cell line. HD is caused
by an expansion in CAG trinucleotide repeats in the gene
encoding huntingtin (HTT) where increased repeat length is
correlated with severity of disease (Andrew et al., 1993). The
STHdh-Q111 cells express a full length mutant HTT with
111 CAG repeats. Since GLT-1 is expressed at low levels in
neurons, Hayden’s group overexpressed GLT-1 in these cells to
examine GLT-1 palmitoylation. [3H] metabolic labeling showed
that the HD striatal cells had a significant reduction in GLT-1
palmitoylation compared to the wt STHdh-7Q cell line. These
results suggested that there was a reduction in PTM in the
presence of the mutant HTT.

Altered GLT-1 palmitoylation can impair GLT-1 glutamate
uptake and may be a factor contributing to the enhancement
of excitatory transmission observed in HD (Huang et al.,
2010; reviewed in Andre et al., 2010). Cysteine 38 is the
site of palmitoylation on GLT-1. Huang et al. generated
C38s cysteine mutation of GLT-1 to abolish palmitoylation
to test the functional effects of altered GLT-1 palmitoylation.
A mutation in cysteine 38 eliminates palmitoylation of GLT-
1 (GLT-1 C38S). COS cells expressing GLT-1 C38S showed a
reduction in glutamate uptake activity compared to wt GLT-
1 in vitro suggesting palmitoylation of GLT-1 is important
for its function. Interestingly, depalmitoylation of GLT-1 was
not shown to affect its subcellular localization. Inhibition of
GLT-1 palmitoylation in COS cells with the palmitoylation

inhibitor, 2-bromopalmitate, also reduced glutamate uptake
by approximately 30% but did not affect GLT-1 cell surface
expression (Huang et al., 2010).

In a distinct model of HD, whole-brain Western blot analysis
revealed that GLT-1 palmitoylation is reduced by approximately
31.8% in the brain of YAC128 mice compared with wt controls
(Huang et al., 2010). YAC128 mice show reduced synaptosomal
GLT-1 glutamate uptake activity in the cortex and striatum
compared to wt controls measured (Table 2) (Huang et al.,
2010). A selective inhibitor of GLT-1, dihydrokainate (DHK),
was used to selectively determine the contribution of GLT-
1 to glutamate uptake compared to GLAST. Interestingly, no
change in GLT-1 protein expression was observed in the cortex,
hippocampus, cerebellum or striatum in the YAC128 mouse
model compared to the wt control suggesting a reduction in
function not protein expression. Similar to the data observed
in vitro, GLT-1 expression on membrane compartments in the
YAC128 mice brain was not significantly different from wt
controls. Together these results suggest that depalmitoylated
GLT-1 has reduced function compared to palmitoylated GLT-
1 (Figure 1A). Changes in GLT-1 palmitoylation can lead
to reduced glutamate uptake and could contribute to the
excess extracellular glutamate leading to excitotoxicity in HD
(Huang et al., 2010).

S-Nitrosylation
S-nitrosylation refers to the attachment of a nitric oxide (NO)
to a thiol group of a protein cysteine forming an s-nitrosothiol
(SNO). S-nitrosylation plays a role in protein signaling
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TABLE 2 | Changes in glutamate uptake in models of neurological disease.

Post-translational
modification
(PTM)

Model Experimental paradigm Glutamate uptake Citation

Palmitoylation YAC128 mouse model
of PD

Synaptosomal glutamate uptake and
synaptosomal DHK-sensitive glutamate uptake
measured with 3H-labeled glutamate assay

↓Striatal synaptosomal GLT-1 glutamate uptake
compared to wt ↓Cortical synaptosomal
glutamate uptake compared to wt

Huang et al., 2010

Palmitoylation COS cells expressing
GLT-1 C38S

3H-labeled glutamate assay ↓Glutamate uptake in COS cells expressing
GLT-1 C38S conpared to control

Huang et al., 2010

Nitrosylation nNOS-/- mice Synaptosomal glutamate uptake and
synaptosomal DHK-sensitive glutamate uptake
measured with 3H-labeled glutamate assay

↑Forebrain synaptosomal DHK-sensitive
glutamate uptake mnNOS-/-conpared to wt
Elimination of NO from S- nitrosocysteine
↑DHK-sensitive glutamate uptake in wt
forebrain svnaDtosomes

Raju et al., 2015

Sumoylation Primary astrocyte
culture

3H-labeled glutamate assay ↑DHK-sensitive glutamate uptake in astrocytes
overexpressing SENP1 (desumoykting enzyme)
compared to control

Foran et al., 2014

Ubiquitination Primary astrocyte
culture

3H-labeled glutamate assay ↑Glutamate uptake in MPP+-treated astrocytes
with Nedd4-2 knockdown

Zhang et al., 2017

Ubiquitination MPTP-treated mouse
model of PD

Synaptosomal glutamate uptake measured with
3H-labeled glutamate assay

↓Striatal synaptosome glutamate uptake
compared to wt ↓Midbrain synaptosomal
glutamate uptake compared to wt

Zhang et al., 2017

YAC128 mouse model of PD shows a reduction in synaptosomal DHK-sensitive glutamate uptake in the striatum and cortex. COS cells expressing GLT-1 C38S have
reduced glutamate uptake compared to wt controls. Elimination of NO in primary synaptosomes increases DHK-sensitive glutamate uptake. DHK-sensitive glutamate
uptake is increased in primary astrocytes overexpressing SENP1. Knocking down Nedd4-2 in MPP+-treated astrocyte cultures increases glutamate uptake. Synaptosomal
glutamate uptake is decreased in the striatum and midbrain of MPTP-treated mice.

and function (Martinez-Ruiz et al., 2011). Nitrosylation
is accomplished via nitric oxide (NO) signaling during
glutamatergic neurotransmission while increased S-nitrosylation
of proteins has been linked to neuronal death, protein misfolding
and pathogenesis in neurodegenerative diseases (Uehara et al.,
2006; Cho et al., 2009; Nakamura et al., 2010). NO levels
have been shown to be elevated in both epileptic children and
animal models of epilepsy, which suggests NO could lead to
reactive gliosis and neuronal loss seen in epileptic pathogenesis
(Yasuda et al., 2001; Arhan et al., 2011). Neuronal nitric oxide
synthase (nNOS) produces NO in the brain and is responsible
for S-nitrosylation of proteins involved in glutamate transport.

Glutamate transporter-1 can be targeted for s-nitrosylation
at Cys373 and Cys562. nNOS−/− mice have an increase in
DHK-sensitive glutamate uptake in forebrain synaptosomes
compared to wt mice. Interestingly, nNOS−/− mice have similar
DHK-insensitive Na+-dependent glutamate uptake levels when
compared to wt suggesting that GLT-1 independent uptake is not
affected by NO (Raju et al., 2015). Raju et al. (2015) also showed
that eliminating NO in wt synaptosomes by pretreatment with
copper and ascorbate increased DHK-sensitive glutamate uptake
in wt similar to levels observed in the nNOS−/− mice. This data
suggests that nitrosylated GLT-1 has a reduced synaptosomal
glutamate uptake capacity (Vmax).

Exposure of human embryonic kidney (HEK)-293T cells to
S-nitrosocysteine promotes S-nitrosylation in vitro. Interestingly,
treatment of HEK-293T cells with S-nitrosocysteine did not alter
GLT-1 expression but it did decrease GLT-1 surface abundance
(Figure 1B). S-nitrosocysteine treatment of HEK cells reduced
DHK-sensitive glutamate uptake capacity (Vmax) by 84% (Raju
et al., 2015). Glutamate uptake activity is able to recover
following a gradual decrease in S-nitrosylation (Raju et al.,

2015). It is not known whether GLT-1 S-nitrosylation plays a
role in neurological diseases but these findings introduce the
opportunity for interventions to increase GLT-1 transporter
activity. NO signaling is important for normal brain function
but in its unregulated mode NO can cause neurotoxicity.
There is evidence suggesting that NO may be involved in
the pathogenesis of neurological diseases including HD, PD
and AD (Boje, 2004). Even though there is currently not
evidence of S-nitrosylation of GLT-1 contributing to pathogenesis
in neurological diseases, nitrosylation of other proteins have
been implicated in disease. For example, S-nitrosylation of
peroxiredoxin 2, a neuroprotective antioxidant protein, in human
PD brains inhibits is enzymatic activity and neuroprotective
function (Fang et al., 2007). Glutamate uptake regulation is
disrupted in many neurological diseases and GLT-1 nitrosylation
could play a role in its loss of function. The nitrosylation of GLT-
1 should be examined in a disease context to determine if it could
be partially responsible for glutamate dysregulation.

Sumoylation
Sumoylation is a post-translational modification that is
important for various neurological functions including synaptic
plasticity, neuronal excitability through ion channel regulation,
and axonal transport (van Niekerk et al., 2007; Watanabe et al.,
2008; Plant et al., 2011). Sumoylation involves the addition of
SUMOs (small ubiquitin-like modifiers) to lysine residues via
a covalent bond. Sumoylation of proteins has been shown to
change their subcellular localization and expression levels (Shao
et al., 2004; Fei et al., 2006).

Glutamate transporter-1 has been shown to be sumoylated
under normal physiological conditions in primary astrocytes,
wt rat cortex homogenates and non-ALS control post-mortem
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FIGURE 1 | Proposed mechanisms of GLT-1 dysfunction in neurological diseases. (A) Depalmitoylation of GLT-1 leads to decreased glutamate uptake by GLT-1. (B)
S-nitrosylation of GLT-1 leads to decreased glutamate uptake activity and decreased cell surface expression of GLT-1. (C) Sumoylated GLT-1 is cleaved by
caspase-3 and its cleaved product, CTE SUMO, is internalization and accumulated in subnuclear bodies. (D) Nedd4-2 mediates the ubiquitination and lysosomal
degradation of GLT-1. (E) Hsp90β recruits GLT-1 to 20S proteasome promoting GLT-1 degradation.

tissue with lysine 570 being the primary target for sumoylation
of GLT-1 (Fei et al., 2006; Foran et al., 2014). Under oxidative
stress, sumoylated GLT-1 cleaved by caspase-3 gives rise
to two fragments: truncated EAAT2 and COOH terminus
of EAAT2 (CTE) (Boston-Howes et al., 2006). In ALS,
although sumoylation of EAAT2 is not altered, it has been
hypothesized that sumoylated GLT-1 is targeted for cleavage
and internalization by caspase-3 (Boston-Howes et al., 2006;
Foran et al., 2014). During disease progression in the SOD1-
G93A mouse model of ALS there is increased accumulation
of sumoylated CTE fragments in spinal cord astrocyte nuclei
(Figure 1C). Astrocytes that express CTE-SUMO1 promote
motor neuron dysfunction and axonal growth abnormalities.
Prolonged expression of CTE-SUMO1 is toxic to astrocytes
and causes disturbances in GFAP filament organization
(Foran et al., 2011).

Sumoylation of GLT-1 has been shown to dictate its
intracellular localization. HEK293T cells transfected with a
plasmid encoding GLT-1 express GLT-1 that is localized to
the plasma membrane. HEK cells transfected with EAAT2 and
a sumoylating enzyme showed an increase in the amount of
GLT-1 in the cytoplasm. Similar results were observed when

HEK cells were transfected to express GLT-1-SUMO1; these
cells displayed considerable GLT-1 clustering inside of cells.
Interestingly, primary astrocytes display a large portion of
GLT-1 in the cytoplasm that is redistributed to the plasma
membrane after treatment with a desumoylating enzyme,
suggesting an important role of sumoylation of GLT-1 movement
between cellular compartments. In primary astrocyte cultures,
desumoylation of GLT-1 with SENP1 leads to an increase in
DHK-sensitive glutamate uptake. Desumoylation of EAAT2 in
primary astrocytes also dispersed cytoplasmic clusters of EAAT2
(Foran et al., 2014).

The Trotti group at Thomas Jefferson revealed that the extent
of sumoylated EAAT2 does not change during the course of
ALS progression suggesting that sumoylation is not caused
by pathological mechanisms in the SOD1-G93A mouse model
(Foran et al., 2014). One possibility could be that changes in
caspase-3 regulation cause an increase in EAAT2 cleavage, which
leads to the toxic levels of CTE-SUMO1 observed in ALS (Foran
et al., 2011). A recent study showed that mutation of the caspase-
3 cleavage site in astroglial GLT-1 delays disease progression
and extends lifespan in the SOD1-G93A mouse model of ALS
(Rosenblum et al., 2017). These results suggest that blocking
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the mechanisms responsible for cleavage of sumoylated GLT-1
in neurological diseases could prevent its internalization which
would consequently elevate GLT-1 at the plasma membrane.

Ubiquitination
Ubiquitination refers to the multistep enzymatic process leading
to the attachment of ubiquitin to a target protein. Ubiquitinated
plasma membrane proteins can be recognized and targeted
for endocytic removal and degradation (Foot et al., 2017).
Nedd4-2 (neuronal precursor cell expressed developmentally
down-regulated 4-2) is a member of the Nedd4 family of
ubiquitin ligases which catalyzes ubiquitination and degradation
(Zhou et al., 2007).

Nedd4-2 has been shown to mediate the ubiquitination and
internalization of GLT-1 via protein kinase C (PKC) activation
(Figure 1D; Garcia-Tardon et al., 2012). Increased extracellular
glutamate reduces the concentration of GLT-1 transporters on
the cell surface in a dose-dependent manner in primary mixed
cultures (glial cells and neurons). The mechanism responsible for
the reduction in GLT-1 transporters at the plasma membrane in
response to extracellular glutamate is due to the association of
the adaptor protein β-arrestin with Nedd4-2 which leads to the
increased ubiquitination of GLT-1 (Ibáñez et al., 2016). Elevated
levels of extracellular glutamate have been observed in many
neurological diseases and could potentially lead to a reduction
in GLT-1 at the plasma membrane through this mechanism
(Robelet et al., 2004; Soukupova et al., 2015). 1-methyl-4-
phenylpyridinium (MPP+) is a dopaminergic neurotoxin that is
used to model PD (Chun et al., 2001). Nedd4-2 interaction with
GLT-1 is increased in MPP+-treated astrocyte cultures along with
the ubiquitination of GLT-1 (Zhang et al., 2017). Ubiquitination
of GLT-1 by Nedd4-2 in MPP+ treated astrocytes leads to
its internalization and lysosomal degradation. Decreased GLT-1
expression and function in MPP+ treated cultures can be rescued
by lysosome inhibition. Knocking down Nedd4-2, with a shRNA,
decreased GLT-1 ubiquitination and increased GLT-1 expression
and glutamate uptake activity in MPP+-treated astrocytes,
further supporting the significance of Nedd4-2 trafficking of
GLT-1 leading to its downregulation (Zhang et al., 2017).

Glutamate transporter-1 expression and glutamate uptake
are decreased in the midbrain and striatum in the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD.
GLT-1 protein expression was shown to be decreased in the
midbrain and striatum in MPTP-treated mice. Synaptosomal
glutamate uptake was reduced in the striatum and midbrain
of MPTP-treated mice compared to controls. Interestingly,
knocking down Nedd4-2 in the MPTP mouse model rescued
GLT-1 protein expression and glutamate uptake (Zhang et al.,
2017). Zhang et al. (2017) showed that knocking down Nedd4-
2 in the MPTP mouse model of PD with a shRNA increases
synaptosomal glutamate uptake. These results suggest that
preventing the ubiquitination of GLT-1 could lead to reduced
hyperexcitability in this model. Interestingly, other studies have
shown that downregulation of Nedd4-2 leads to hyperexcitability.
For example, Nedd4-2 is known to ubiquitinate voltage-
gated sodium channels (Navs) in dorsal root ganglion (DRG).
Downregulation of Nedd4-2 leads to increased amplitudes of

Navs currents (Laedermann et al., 2013). Nedd4-2 heterozygous
mice have increased motor activity and basal synaptic activity
(Yanpallewar et al., 2016). Nedd4-2 inhibition has been shown
to rescue GLT-1 protein levels, however, Nedd4-2 is responsible
for the ubiquitination and regulation of numerous ion channels
in the CNS suggesting that Nedd4-2 inhibition is not a good
mechanism to selectively target glutamate uptake. A better
approach would be to find a specific molecule that will selectively
prevent Nedd4-2 and GLT-1 protein–protein interactions.

Subcellular Localization
Glutamate transporter-1 is not homogenously expressed
throughout astrocytes, rather it tends to cluster at processes
and astrocytic endfeet (Schreiner et al., 2014). 67% of GLT-1
in the cortex expressed at synapses is in astrocytic processes
(Melone et al., 2011).

Changes in GLT-1 subcellular localization have been
documented in various neurological diseases. Primary astrocyte
cultures from Lafora disease (LD, a form of intractable epilepsy)
mice have reduced levels of GLT-1 at the plasma membrane but
no alteration in GLT-1 total protein. These astrocytes also showed
impairment in glutamate uptake capacity (Munoz-Ballester et al.,
2016). Likewise, GLT-1 cell surface expression is reduced in
astrocytic cultures exposed to Aβ1–42 with no alteration in
GLT-1 total protein levels. Normal levels of GLT-1 can be
restored in Aβ1–42 treated astrocyte cultures by pretreating with
a vitamin E derivative (Scimemi et al., 2013). These findings
suggest that not only reduction of glutamate transporters but
GLT-1 mislocalization may play a role in neurological diseases.

THERAPEUTIC STRATEGIES

Dexamethasone
Dexamethasone is a synthetic glucocorticosteroid that has
been shown to be a transcriptional enhancer of GLT-1
(Figure 2A). Glucocorticoid transcriptional regulation is
classically mediated through glucocorticoid receptors (GR) and
receptor subtypes are expressed in primary astrocytes (Unemura
et al., 2012). Dexamethasone has been reported to elevate GLT-1
transcription, protein levels and activity in cortical and striatal
astrocytes in vitro (Zschocke et al., 2005; Carbone et al., 2012a).
Dexamethasone alone was unable to increase GLT-1 protein
levels in cerebellar and midbrain astrocytes but increased GLT-1
expression in cerebellar glia when used in combination with
a DNA methyltransferase inhibitor (Zschocke et al., 2005).
Downstream signals involved in transcription and in vivo models
should be further explored to validate dexamethasone as a
neuroprotective agent.

Ceftriaxone
Ceftriaxone, a β-lactam antibiotic, has been shown to be
increase GLT-1 expression but how ceftriaxone increases
glutamate transporter expression is unclear. It is proposed that
ceftriaxone elevates the transcription of GLT-1 in astrocytes
through the nuclear factor-κB (NF-κB) signaling pathway,
although, this is controversial due to evidence showing
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FIGURE 2 | Proposed therapeutic mechanisms to prevent GLT-1 downregulation. (A) Dexamethasone is a transcriptional enhancer of GLT-1. (B) Ceftriaxone is a
transcriptional activator of GLT-1. (C) Adeno-associated virus type 8 (AAV-8)-GLT1 vector is used to increase GLT-1 expression under the Gfa2 promoter. (D) The
mechanism by which riluzole upregulates GLT-1 protein levels is unknown. (E) 17AAG prevents the degradation of GLT-1 by inhibition of Hsp90β.

no change in GLT-1 protein expression with treatment in
certain models (Figure 2B; Lee et al., 2008). For example,
ceftriaxone treatment fails to upregulate GLT-1 or modulate
glutamate uptake in striatal astrocytes following growth factor
withdrawal (Fumagalli et al., 2007). It has also been hypothesized
that ceftriaxone may indirectly upregulate GLT-1 through
upregulation of an antioxidant defense system (LaCrosse et al.,
2017). Since its discovery as a potential transcriptional activator
of GLT-1, ceftriaxone’s therapeutic effects have been tested
in numerous models of neurological diseases. Ceftriaxone
successfully upregulated GLT-1 expression in the R6/2 model
of HD when cortical and striatal GLT-1 levels are significantly
reduced (Sari et al., 2010). Treatment with ceftriaxone prior
to onset of epilepsy increased GLT-1 expression and decreased
seizure frequency in a genetic mouse model of epilepsy (Zeng
et al., 2010). Ceftriaxone increased striatal GLT-1 expression,
glutamate uptake, and reduced the abnormal involuntary
movements known as l-dopa-induced dyskinesia in the 6-
hydroxydopamine model of PD (Chotibut et al., 2017).
Ceftriaxone treatment also decreased behavioral deficits and
hippocampal neurodegeneration in the MPTP model of PD (Hsu
et al., 2015). Ceftriaxone delayed loss of neurons and muscle
strength while increasing mouse survival in the G93A mouse
model of ALS (Rothstein et al., 2005). Despite promising Stage
2 data, ceftriaxone failed to show efficacy during Stage 3 trials in
ALS (Cudkowicz et al., 2014).

Treatment with ceftriaxone has been associated with negative
adverse effects which might not be associated with it acting

on glutamate transport suggesting that ceftriaxone affects many
pathways in the CNS and is not selective to GLT-1. Ceftriaxone
treatment has been shown to impair synaptic plasticity in the
hippocampus and impair memory recognition (Omrani et al.,
2009; Matos-Ocasio et al., 2014). Another study showed that
ceftriaxone treatment results in impairment of neuronal circuits
and a reduction in EEG theta power (7–9 Hz) in the frontal
and parietal cortex (Bellesi et al., 2012). Critical experiments
need to be performed to determine whether these adverse
effects observed with ceftriaxone treatment are due to increased
glutamate transporter protein expression or if they are due to
ceftriaxone targeting different pathways. Ceftriaxone’s adverse
effects in the CNS and mechanisms of action need to be further
characterized and addressed in order to determine its potential
as a modulator of glutamate uptake. If ceftriaxone does not
directly target GLT-1 transcription it might not be an appropriate
approach to target glutamate modulation.

AAV8-GLT1
A direct mechanism in which genes can be delivered into cells
and expressed under specific promoters can be mediated through
adeno-associated virus (AAV) transduction. Recombinant AAVs
have the potential to deliver normal copies of a gene that
is mutated or absent to treat or prevent particular genetic
diseases (Schultz and Chamberlain, 2008). Intraspinal delivery
of AAV8-Gfa2-GLT1 results in an increase in astrocytic GLT-1
protein expression (Figure 2C; Li et al., 2014). Overexpression of
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GLT-1 through AAV8-GLT1 administration following cervical-
contusion spinal cord injury (SCI) increased lesion size,
phrenic nerve axonal degeneration and denervation (Li et al.,
2014). Increasing GLT-1 in cervical-contusion SCI exacerbated
pathology, another example of negative effects associated with
modulation of glutamate transport.

However, AAV8-GLT1 injection following contusion SCI
restored GLT-1 protein levels in the superficial dorsal horn
and reversed heat hypersensitivity (Falnikar et al., 2016).
Although AAV therapies have not been used to increase GLT-
1 expression in neurological diseases, particularly diseases
with GLT-1 dysfunction, gene therapy has the capability of
modulating glutamate and should be further investigated.
In particular, in animal model studies, AAV-induced GLT-
1 upregulation can be used to isolate the effects of “pure”
GLT1 upregulation from other pharmacologic effects of
available drugs.

Riluzole
Riluzole is a neuroprotective agent and is one of only
two FDA-approved drug treatments for ALS. Riluzole has
been shown to cause several effects including inhibition of
voltage-dependent sodium channels and potassium channels
(Zona et al., 1998; Urbani and Belluzzi, 2000). Riluzole has
been shown to increase Na+-dependent glutamate uptake in
synaptosomes in a dose-dependent manner but the mechanism
is unknown (Figure 2D; Fumagalli et al., 2007). In striatal
astrocyte cultures riluzole upregulated both GLT-1 protein
levels and activity following growth factor withdrawal. 6-
hydroxydopamine (6-OHDA) causes nigrostriatal degeneration
and motor impairments which are characteristic of PD (Deumens
et al., 2002). Riluzole treatment decreased ipsiversive rotation
when challenged with amphetamine, a characteristic of 6-
OHDA-treated animals that is due to loss of dopaminergic
transmission, suggesting preservation of the dopaminergic
system. Interestingly, riluzole did not affect GLT-1 expression
in this model (Carbone et al., 2012b). The mechanisms in
which riluzole modulates glutamate levels needs to be further
examined to better understand its potential to rescue GLT-1
levels or function.

HSP90 Inhibitors
Heat shock protein 90 (Hsp90) is a chaperone protein involved
in proteostasis under normal physiological and pathological
states (Schopf et al., 2017). Hsp90 has also been linked
to protein degradation (Li et al., 2017). Hsp90 expression
is increased in hippocampal formation subfields of mesial
temporal lobe epilepsy (MTLE) patients compared to non-
epileptic controls (Kandratavicius et al., 2014). Recent findings
suggest that astrocytic Hsp90β is increased in patients with
drug resistant TLE and hippocampal sclerosis (HS) (Sha et al.,
2016). Astrocytic cytoplasmic Hsp90β is increased during
the chronic-stage in the IHKA model of epilepsy parallel
to reactive astrogliosis. Further examination indicated that
specific activation of Hsp90β occurs in reactive astrocytes

following an excitotoxic event. Hsp90β overexpression leads
to a reduction in GLT-1 protein levels while knocking down
Hsp90β increases GLT-1 expression but does not affect GLT-1
mRNA suggesting Hsp90β plays a role in regulating GLT-1 at the
post-transcriptional level. The HSP90β inhibitor, 17-allylamino-
17-demethoxygeldanamycin (17AAG), disrupts the interaction
between Hsp90β and GLT-1 (Figures 1E, 2E). Disrupting
Hsp90β’s interaction with GLT-1 prevents its recruitment and
degradation by the 20S proteasome. 17AAG treatment has been
shown to increase DHK-sensitive glutamate uptake in primary
astrocyte cultures and hippocampal plasma membrane vesicles
(PMVs) of the 17AAG treated mice, reduce epileptic seizures,
and reduce astrogliosis in the IHKA model of epilepsy (Sha
et al., 2016). Hsp90β is a promising new target that may be
partially responsible for GLT-1 dysfunction in many neurological
diseases that are accompanied by reactive astrogliosis. In
addition, many different Hsp90 inhibitors are in clinical trials
for cancer therapy (Jhaveri et al., 2014; Thakur et al., 2016;
Cavenagh et al., 2017).

CONCLUSION

Glutamate transporter-1 regulation is a critical component in
homeostasis of the glutamatergic system. GLT-1 downregulation
is a common occurrence seen across several neurological diseases
including HD, AD, Parkinson’s disease, ALS, and epilepsy. Here,
we have highlighted post-translational modifications (PTMs)
that can lead to the reduction of functional GLT-1. PTMs
are key mechanisms used to regulate function, localization
and degradation of proteins. Under normal physiological
conditions, PTMs are essential for allowing cells to respond
to stimuli; but in pathogenesis, PTM dysregulation can lead
to decreased function and mislocalization of proteins. In this
review, we have discussed PTMs of GLT-1 in the context of
neurological diseases. Selectively targeting PTMs could reveal
novel therapeutics in the context of disease. For example,
targeting PTMs, particularly ubiquitination, may be effective
in treating particular cancers. Inhibition of the ubiquitin
activating enzyme (UAE), using the small molecule inhibitor
TAK-243, was shown to have anti-proliferative activity in
human cancer cells (Hyer et al., 2018). Identifying changes
in GLT-1 PTMs will enable modulation of both localization
and function of GLT-1 in neurological diseases. Elucidation
of mechanisms underlying GLT-1 dysregulation will allow
design of therapeutic strategies not only to target GLT-1 at
the transcriptional level but also prevent post-translational
mislocalization and degradation.

AUTHOR CONTRIBUTIONS

AP did an exhaustive literature search and generated a complete
draft of the review, and prepared the tables and both the figures.
DB also reviewed the literature and provided detailed comments
and edits to the review and the tables and figures.

Frontiers in Molecular Neuroscience | www.frontiersin.org 8 July 2019 | Volume 12 | Article 164

https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-12-00164 July 5, 2019 Time: 15:16 # 9

Peterson and Binder GLT-1 Post-translational Regulation in Neurological Diseases

REFERENCES
Andre, V. M., Cepeda, C., and Levine, M. S. (2010). Dopamine

and glutamate in Huntington’s disease: a balancing act. CNS
Neurosci. Ther. 16, 163–178. doi: 10.1111/j.1755-5949.2010.00
134.x

Andrew, S. E., Goldberg, Y. P., Kremer, B., Telenius, H., Theilmann, J., Adam,
S., et al. (1993). The relationship between trinucleotide (CAG) repeat length
and clinical features of Huntington’s disease. Nat. Genet. 4, 398–403. doi:
10.1038/ng0893-398

Arhan, E., Serdaroglu, A., Ozturk, B., Ozturk, H. S., Ozcelik, A., Kurt, N.,
et al. (2011). Effects of epilepsy and antiepileptic drugs on nitric oxide, lipid
peroxidation and xanthine oxidase system in children with idiopathic epilepsy.
Seizure 20, 138–142. doi: 10.1016/j.seizure.2010.11.003

Bellesi, M., Vyazovskiy, V. V., Tononi, G., Cirelli, C., and Conti, F. (2012).
Reduction of EEG Theta Power and Changes in Motor Activity in Rats Treated
with Ceftriaxone. PLoS One 7:e34139. doi: 10.1371/journal.pone.0034139

Boje, K. M. (2004). Nitric oxide neurotoxicity in neurodegenerative diseases. Front.
Biosci. 9, 763–776. doi: 10.2741/1268

Boston-Howes, W., Gibb, S. L., Williams, E. O., Pasinelli, P., Brown, R. H. Jr., and
Trotti, D. (2006). Caspase-3 cleaves and inactivates the glutamate transporter
EAAT2. J. Biol. Chem. 281, 14076–14084. doi: 10.1074/jbc.m600653200

Bruijn, L. I., Becher, M. W., Lee, M. K., Anderson, K. L., Jenkins, N. A., Copeland,
N. G., et al. (1997). ALS-linked SOD1 mutant G85R mediates damage to
astrocytes and promotes rapidly progressive disease with SOD1-containing
inclusions. Neuron 18, 327–338. doi: 10.1016/s0896-6273(00)80272-x

Butland, S. L., Sanders, S. S., Schmidt, M. E., Riechers, S. P., Lin, D. T.,
Martin, D. D., et al. (2014). The palmitoyl acyltransferase HIP14 shares a
high proportion of interactors with huntingtin: implications for a role in the
pathogenesis of Huntington’s disease. Hum. Mol. Genet. 23, 4142–4160. doi:
10.1093/hmg/ddu137

Carbone, M., Duty, S., and Rattray, M. (2012a). Riluzole elevates GLT-1 activity
and levels in striatal astrocytes.Neurochem. Int. 60, 31–38. doi: 10.1016/j.neuint.
2011.10.017

Carbone, M., Duty, S., and Rattray, M. (2012b). Riluzole neuroprotection in a
Parkinson’s disease model involves suppression of reactive astrocytosis but not
GLT-1 regulation. BMC Neurosci. 13:38. doi: 10.1186/1471-2202-13-38

Cavenagh, J., Oakervee, H., Baetiong-Caguioa, P., Davies, F., Gharibo, M., Rabin,
N., et al. (2017). A phase I/II study of KW-2478, an Hsp90 inhibitor, in
combination with bortezomib in patients with relapsed/refractory multiple
myeloma. Br. J. Cancer 117, 1295–1302. doi: 10.1038/bjc.2017.302

Chen, W., Mahadomrongkul, V., Berger, U. V., Bassan, M., DeSilva, T., Tanaka,
K., et al. (2004). The glutamate transporter GLT1a is expressed in excitatory
axon terminals of mature hippocampal neurons. J. Neurosci. 24, 1136–1148.
doi: 10.1523/jneurosci.1586-03.2004

Cho, D. H., Nakamura, T., Fang, J., Cieplak, P., Godzik, A., Gu, Z., et al. (2009). S-
nitrosylation of Drp1 mediates beta-amyloid-related mitochondrial fission and
neuronal injury. Science 324, 102–105. doi: 10.1126/science.1171091

Chotibut, T., Meadows, S., Kasanga, E. A., McInnis, T., Cantu, M. A., Bishop,
C., et al. (2017). Ceftriaxone reduces L-dopa-induced dyskinesia severity in
6-hydroxydopamine parkinson’s disease model. Mov. Disord. 32, 1547–1556.
doi: 10.1002/mds.27077

Chun, H. S., Gibson, G. E., DeGiorgio, L. A., Zhang, H., Kidd, V. J., and Son,
J. H. (2001). Dopaminergic cell death induced by MPP(+), oxidant and specific
neurotoxicants shares the common molecular mechanism. J. Neurochem. 76,
1010–1021. doi: 10.1046/j.1471-4159.2001.00096.x

Cudkowicz, M. E., Titus, S., Kearney, M., Yu, H., Sherman, A., Schoenfeld, D., et al.
(2014). Safety and efficacy of ceftriaxone for amyotrophic lateral sclerosis: a
multi-stage, randomised, double-blind, placebo-controlled trial. Lancet Neurol.
13, 1083–1091. doi: 10.1016/S1474-4422(14)70222-4

Danbolt, N. C. (2001). Glutamate uptake. Prog. Neurobiol. 65, 1–105.
Danbolt, N. C., Furness, D. N., and Zhou, Y. (2016). Neuronal vs glial glutamate

uptake: resolving the conundrum. Neurochem. Int. 98, 29–45. doi: 10.1016/j.
neuint.2016.05.009

Deumens, R., Blokland, A., and Prickaerts, J. (2002). Modeling Parkinson’s disease
in rats: an evaluation of 6-OHDA lesions of the nigrostriatal pathway. Exp.
Neurol. 175, 303–317. doi: 10.1006/exnr.2002.7891

el-Husseini, A.-D., and Bredt, D. S. (2002). Protein palmitoylation: a regulator
of neuronal development and function. Nat. Rev. Neurosci. 3, 791–802. doi:
10.1038/nrn940

Estrada-Sanchez, A. M., Montiel, T., Segovia, J., and Massieu, L. (2009). Glutamate
toxicity in the striatum of the R6/2 Huntington’s disease transgenic mice is
age-dependent and correlates with decreased levels of glutamate transporters.
Neurobiol. Dis. 34, 78–86. doi: 10.1016/j.nbd.2008.12.017

Falnikar, A., Tamara, H. J., Poulsen, D. J., and Lepore, A. C. (2016). GLT1
Overexpression reverses established neuropathic pain-related behavior and
attenuates chronic dorsal horn neuron activation following cervical spinal cord
injury. Glia 64, 396–406. doi: 10.1002/glia.22936

Fang, J., Nakamura, T., Cho, D. H., Gu, Z., and Lipton, S. A. (2007). S-nitrosylation
of peroxiredoxin 2 promotes oxidative stress-induced neuronal cell death in
Parkinson’s disease. Proc. Natl. Acad. Sci. U.S.A. 104, 18742–18747. doi: 10.
1073/pnas.0705904104

Fei, E., Jia, N., Yan, M., Ying, Z., Sun, Q., Wang, H., et al. (2006). SUMO-
1 modification increases human SOD1 stability and aggregation. Biochem.
Biophys. Res. Commun. 347, 406–412. doi: 10.1016/j.bbrc.2006.06.092

Foot, N., Henshall, T., and Kumar, S. (2017). Ubiquitination and the Regulation
of Membrane Proteins. Physiol. Rev. 97, 253–281. doi: 10.1152/physrev.00012.
2016

Foran, E., Bogush, A., Goffredo, M., Roncaglia, P., Gustincich, S., Pasinelli, P., et al.
(2011). Motor neuron impairment mediated by a sumoylated fragment of the
glial glutamate transporter EAAT2. Glia 59, 1719–1731. doi: 10.1002/glia.21218

Foran, E., Rosenblum, L., Bogush, A., Pasinelli, P., and Trotti, D. (2014).
Sumoylation of the astroglial glutamate transporter EAAT2 governs its
intracellular compartmentalization. Glia 62, 1241–1253. doi: 10.1002/glia.
22677

Fumagalli, E., Funicello, M., Rauen, T., Gobbi, M., and Tiziana, M. (2007). Riluzole
enhances the activity of glutamate transporters GLAST, GLT1 and EAAC1. Eur.
J. Pharmacol. 578, 171–176. doi: 10.1016/j.ejphar.2007.10.023

Furness, D. N., Dehnes, Y., Akhtar, A. Q., Rossi, D. J., Hamann, M., Grutle, N. J.,
et al. (2008). A quantitative assessment of glutamate uptake into hippocampal
synaptic terminals and astrocytes: new insights into a neuronal role for
excitatory amino acid transporter 2 (EAAT2). Neuroscience 157, 80–94. doi:
10.1016/j.neuroscience.2008.08.043

Garcia-Tardon, N., Gonzalez-Gonzalez, I. M., Martinez-Villarreal, J., Fernandez-
Sanchez, E., Gimenez, C., and Zafra, F. (2012). Protein kinase C (PKC)-
promoted endocytosis of glutamate transporter GLT-1 requires ubiquitin ligase
Nedd4-2-dependent ubiquitination but not phosphorylation. J. Biol. Chem. 287,
19177–19187. doi: 10.1074/jbc.M112.355909

Hauser, W. A., Rich, S. S., Lee, J. R., Annegers, J. F., and Anderson, V. E. (1998).
Risk of recurrent seizures after two unprovoked seizures. N. Engl. J. Med. 338,
429–434. doi: 10.1056/nejm199802123380704

Hsu, C. Y., Hung, C. S., Chang, H. M., Liao, W. C., Ho, S. C., and Ho, Y. J. (2015).
Ceftriaxone prevents and reverses behavioral and neuronal deficits in an MPTP-
induced animal model of Parkinson’s disease dementia. Neuropharmacology 91,
43–56. doi: 10.1016/j.neuropharm.2014.11.023

Huang, K., Kang, M. H., Askew, C., Kang, R., Sanders, S. S., Wan, J., et al. (2010).
Palmitoylation and function of glial glutamate transporter-1 is reduced in the
YAC128 mouse model of Huntington disease. Neurobiol. Dis. 40, 207–215.
doi: 10.1016/j.nbd.2010.05.027

Hubbard, J. A., Szu, J. I., Yonan, J. M., and Binder, D. K. (2016). Regulation of
astrocyte glutamate transporter-1 (GLT1) and aquaporin-4 (AQP4) expression
in a model of epilepsy. Exp. Neurol. 283, 85–96. doi: 10.1016/j.expneurol.2016.
05.003

Hyer, M. L., Milhollen, M. A., Ciavarri, J., Fleming, P., Traore, T., Sappal, D., et al.
(2018). A small-molecule inhibitor of the ubiquitin activating enzyme for cancer
treatment. Nat. Med. 24, 186–193. doi: 10.1038/nm.4474

Ibáñez, I., Díez-Guerra, J. F., Giménez, C., and Zafra, F. (2016). Activity dependent
internalization of the glutamate transporter GLT-1 mediated by β-arrestin 1 and
ubiquitination. Neuropharmacology 107, 376–386. doi: 10.1016/j.neuropharm.
2016.03.042

Jacob, C. P., Koutsilieri, E., Bartl, J., Neuen-Jacob, E., Arzberger, T., Zander, N., et al.
(2007). Alterations in expression of glutamatergic transporters and receptors in
sporadic Alzheimer’s disease. J. Alzheimers Dis. 11, 97–116. doi: 10.3233/jad-
2007-11113

Frontiers in Molecular Neuroscience | www.frontiersin.org 9 July 2019 | Volume 12 | Article 164

https://doi.org/10.1111/j.1755-5949.2010.00134.x
https://doi.org/10.1111/j.1755-5949.2010.00134.x
https://doi.org/10.1038/ng0893-398
https://doi.org/10.1038/ng0893-398
https://doi.org/10.1016/j.seizure.2010.11.003
https://doi.org/10.1371/journal.pone.0034139
https://doi.org/10.2741/1268
https://doi.org/10.1074/jbc.m600653200
https://doi.org/10.1016/s0896-6273(00)80272-x
https://doi.org/10.1093/hmg/ddu137
https://doi.org/10.1093/hmg/ddu137
https://doi.org/10.1016/j.neuint.2011.10.017
https://doi.org/10.1016/j.neuint.2011.10.017
https://doi.org/10.1186/1471-2202-13-38
https://doi.org/10.1038/bjc.2017.302
https://doi.org/10.1523/jneurosci.1586-03.2004
https://doi.org/10.1126/science.1171091
https://doi.org/10.1002/mds.27077
https://doi.org/10.1046/j.1471-4159.2001.00096.x
https://doi.org/10.1016/S1474-4422(14)70222-4
https://doi.org/10.1016/j.neuint.2016.05.009
https://doi.org/10.1016/j.neuint.2016.05.009
https://doi.org/10.1006/exnr.2002.7891
https://doi.org/10.1038/nrn940
https://doi.org/10.1038/nrn940
https://doi.org/10.1016/j.nbd.2008.12.017
https://doi.org/10.1002/glia.22936
https://doi.org/10.1073/pnas.0705904104
https://doi.org/10.1073/pnas.0705904104
https://doi.org/10.1016/j.bbrc.2006.06.092
https://doi.org/10.1152/physrev.00012.2016
https://doi.org/10.1152/physrev.00012.2016
https://doi.org/10.1002/glia.21218
https://doi.org/10.1002/glia.22677
https://doi.org/10.1002/glia.22677
https://doi.org/10.1016/j.ejphar.2007.10.023
https://doi.org/10.1016/j.neuroscience.2008.08.043
https://doi.org/10.1016/j.neuroscience.2008.08.043
https://doi.org/10.1074/jbc.M112.355909
https://doi.org/10.1056/nejm199802123380704
https://doi.org/10.1016/j.neuropharm.2014.11.023
https://doi.org/10.1016/j.nbd.2010.05.027
https://doi.org/10.1016/j.expneurol.2016.05.003
https://doi.org/10.1016/j.expneurol.2016.05.003
https://doi.org/10.1038/nm.4474
https://doi.org/10.1016/j.neuropharm.2016.03.042
https://doi.org/10.1016/j.neuropharm.2016.03.042
https://doi.org/10.3233/jad-2007-11113
https://doi.org/10.3233/jad-2007-11113
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-12-00164 July 5, 2019 Time: 15:16 # 10

Peterson and Binder GLT-1 Post-translational Regulation in Neurological Diseases

Jhaveri, K., Chandarlapaty, S., Lake, D., Gilewski, T., Robson, M., Goldfarb, S., et al.
(2014). A phase II open-label study of ganetespib, a novel heat shock protein
90 inhibitor for patients with metastatic breast cancer. Clin. Breast Cancer 14,
154–160. doi: 10.1016/j.clbc.2013.12.012

Jimenez-Sanchez, M., Licitra, F., Underwood, B. R., and Rubinsztein, D. C. (2017).
Huntington’s disease: mechanisms of pathogenesis and therapeutic strategies.
Cold Spring Harb. Perspect Med. 7:a024240. doi: 10.1101/cshperspect.a024240

Kandratavicius, L., Hallak, J. E., Carlotti, C. G. Jr., Assirati, J. A. Jr., and Leite, J. P.
(2014). Hippocampal expression of heat shock proteins in mesial temporal lobe
epilepsy with psychiatric comorbidities and their relation to seizure outcome.
Epilepsia 55, 1834–1843. doi: 10.1111/epi.12787

Kang, R., Wan, J., Arstikaitis, P., Takahashi, H., Huang, K., Bailey, A. O., et al.
(2008). Neural palmitoyl-proteomics reveals dynamic synaptic palmitoylation.
Nature 456, 904–909. doi: 10.1038/nature07605

Kong, E., Peng, S., Chandra, G., Sarkar, C., Zhang, Z., Bagh, M. B., et al. (2013).
Dynamic palmitoylation links cytosol-membrane shuttling of acyl-protein
thioesterase-1 and acyl-protein thioesterase-2 with that of proto-oncogene
H-ras product and growth-associated protein-43. J. Biol. Chem. 288, 9112–9125.
doi: 10.1074/jbc.M112.421073

LaCrosse, A. L., O’Donovan, S. M., Sepulveda-Orengo, M. T., McCullumsmith,
R. E., Reissner, K. J., Schwendt, M., et al. (2017). Contrasting the Role of xCT
and GLT-1 Upregulation in the Ability of Ceftriaxone to Attenuate the Cue-
Induced Reinstatement of Cocaine Seeking and Normalize AMPA Receptor
Subunit Expression. J. Neurosci. 37, 5809–5821. doi: 10.1523/JNEUROSCI.
3717-16.2017

Laedermann, C. J., Cachemaille, M., Kirschmann, G., Pertin, M., Gosselin, R. D.,
Chang, I., et al. (2013). Dysregulation of voltage-gated sodium channels by
ubiquitin ligase NEDD4-2 in neuropathic pain. J. Clin. Invest. 123, 3002–3013.
doi: 10.1172/JCI68996

Lang, A. E., and Lozano, A. M. (1998). Parkinson’s disease. First of two parts.
N. Engl. J. Med. 339, 1044–1053.

Laprairie, R. B., Petr, G. T., Sun, Y., Fischer, K. D., Denovan-Wright, E. M.,
and Rosenberg, P. A. (2019). Huntington’s disease pattern of transcriptional
dysregulation in the absence of mutant huntingtin is produced by knockout of
neuronal GLT-1. Neurochem. Int. 123, 85–94. doi: 10.1016/j.neuint.2018.04.015

Lee, S. G., Su, Z. Z., Emdad, L., Gupta, P., Sarkar, D., Borjabad, A., et al. (2008).
Mechanism of Ceftriaxone Induction of Excitatory Amino Acid Transporter-2
Expression and Glutamate Uptake in Primary Human Astrocytes. J. Biol. Chem.
283, 13116–13123. doi: 10.1074/jbc.M707697200

Levy, L. M., Lehre, K. P., Walaas, S. I., Storm-Mathisen, J., and Danbolt, N. C.
(1995). Down-regulation of glial glutamate transporters after glutamatergic
denervation in the rat brain. Eur. J. Neurosci. 7, 2036–2041. doi: 10.1111/j.1460-
9568.1995.tb00626.x

Li, K., Nicaise, C., Sannie, D., Hala, T. J., Javed, E., Parker, J. L., et al. (2014).
Overexpression of the astrocyte glutamate transporter GLT1 exacerbates
phrenic motor neuron degeneration, diaphragm compromise, and forelimb
motor dysfunction following cervical contusion spinal cord injury. J. Neurosci.
34, 7622–7638. doi: 10.1523/JNEUROSCI.4690-13.2014

Li, Z., Zhou, L., Prodromou, C., Savic, V., and Pearl, L. H. (2017). HECTD3
Mediates an HSP90-Dependent Degradation Pathway for Protein Kinase
Clients. Cell. Rep. 19, 2515–2528. doi: 10.1016/j.celrep.2017.05.078

Lievens, J. C., Woodman, B., Mahal, A., Spasic-Boscovic, O., Samuel, D., Kerkerian-
Le Goff, L., et al. (2001). Impaired glutamate uptake in the R6 Huntington’s
disease transgenic mice. Neurobiol. Dis. 8, 807–821. doi: 10.1006/nbdi.2001.
0430

Lin, C. L., Bristol, L. A., Jin, L., Dykes-Hoberg, M., Crawford, T., Clawson, L., et al.
(1998). Aberrant RNA processing in a neurodegenerative disease: the cause for
absent EAAT2, a glutamate transporter, in amyotrophic lateral sclerosis. Neuron
20, 589–602. doi: 10.1016/s0896-6273(00)80997-6

Martinez-Ruiz, A., Cadenas, S., and Lamas, S. (2011). Nitric oxide signaling:
classical, less classical, and nonclassical mechanisms. Free Radic. Biol. Med. 51,
17–29. doi: 10.1016/j.freeradbiomed.2011.04.010

Matos-Ocasio, F., Hernandez-Lopez, A., and Thompson, K. J. (2014). Ceftriaxone,
a GLT-1 transporter activator, disrupts hippocampal learning in rats.
Pharmacol. Biochem. Behav. 122, 118–121. doi: 10.1016/j.pbb.2014.03.011

Melone, M., Bellesi, M., Ducati, A., Iacoangeli, M., and Conti, F. (2011). Cellular
and Synaptic Localization of EAAT2a in Human Cerebral Cortex. Front.
Neuroanat. 4:151. doi: 10.3389/fnana.2010.00151

Mookherjee, P., Green, P. S., Watson, G. S., Marques, M. A., Tanaka, K., Meeker,
K. D., et al. (2011). GLT-1 loss accelerates cognitive deficit onset in an
Alzheimer’s disease animal model. J. Alzheimers Dis. 26, 447–455. doi: 10.3233/
JAD-2011-110503

Munoz-Ballester, C., Berthier, A., Viana, R., and Sanz, P. (2016). Homeostasis of
the astrocytic glutamate transporter GLT-1 is altered in mouse models of Lafora
disease. Biochim. Biophys. Acta. 1862, 1074–1083. doi: 10.1016/j.bbadis.2016.
03.008

Nakamura, T., Wang, L., Wong, C. C., Scott, F. L., Eckelman, B. P., Han, X., et al.
(2010). Transnitrosylation of XIAP regulates caspase-dependent neuronal cell
death. Mol. Cell 39, 184–195. doi: 10.1016/j.molcel.2010.07.002

Omrani, A., Melone, M., Bellesi, M., Safiulina, V., Aida, T., Tanaka, K., et al. (2009).
Up-regulation of GLT-1 severely impairs LTD at mossy fibre–CA3 synapses.
J. Physiol. 587, 4575–4588. doi: 10.1113/jphysiol.2009.177881

Parenti, M., Viganó, M. A., Newman, C. M., Milligan, G., and Magee, A. I. (1993).
A novel N-terminal motif for palmitoylation of G-protein alpha subunits.
Biochem. J. 291(Pt 2), 349–353. doi: 10.1042/bj2910349

Perego, C., Vanoni, C., Bossi, M., Massari, S., Basudev, H., Longhi, R., et al.
(2000). The GLT-1 and GLAST glutamate transporters are expressed on
morphologically distinct astrocytes and regulated by neuronal activity in
primary hippocampal cocultures. J. Neurochem. 75, 1076–1084. doi: 10.1046/j.
1471-4159.2000.0751076.x

Petr, G. T., Sun, Y., Frederick, N. M., Zhou, Y., Dhamne, S. C., Hameed, M. Q.,
et al. (2015). Conditional deletion of the glutamate transporter GLT-1 reveals
that astrocytic GLT-1 protects against fatal epilepsy while neuronal GLT-1
contributes significantly to glutamate uptake into synaptosomes. J. Neurosci.
35, 5187–5201. doi: 10.1523/JNEUROSCI.4255-14.2015

Plant, L. D., Dowdell, E. J., Dementieva, I. S., Marks, J. D., and Goldstein, S. A.
(2011). SUMO modification of cell surface Kv2.1 potassium channels regulates
the activity of rat hippocampal neurons. J. Gen. Physiol. 137, 441–454. doi:
10.1085/jgp.201110604

Proper, E. A., Hoogland, G., Kappen, S. M., Jansen, G. H., Rensen, M. G., Schrama,
L. H., et al. (2002). Distribution of glutamate transporters in the hippocampus
of patients with pharmaco-resistant temporal lobe epilepsy. Brain 125, 32–43.
doi: 10.1093/brain/awf001

Raju, K., Doulias, P. T., Evans, P., Krizman, E. N., Jackson, J. G., Horyn, O.,
et al. (2015). Regulation of brain glutamate metabolism by nitric oxide and
S-nitrosylation. Sci. Signal 8:ra68. doi: 10.1126/scisignal.aaa4312

Rimmele, T. S., and Rosenberg, P. A. (2016). GLT-1: the elusive presynaptic
glutamate transporter. Neurochem. Int. 98, 19–28. doi: 10.1016/j.neuint.2016.
04.010

Robelet, S., Melon, C., Guillet, B., Salin, P., and Kerkerian-Le Goff, L. (2004).
Chronic L-DOPA treatment increases extracellular glutamate levels and GLT1
expression in the basal ganglia in a rat model of Parkinson’s disease. Eur. J.
Neurosci. 20, 1255–1266. doi: 10.1111/j.1460-9568.2004.03591.x

Rosenblum, L. T., Shamamandri-Markandaiah, S., Ghosh, B., Foran, E., Lepore,
A. C., Pasinelli, P., et al. (2017). Mutation of the caspase-3 cleavage site in the
astroglial glutamate transporter EAAT2 delays disease progression and extends
lifespan in the SOD1-G93A mouse model of ALS. Exp. Neurol. 292, 145–153.
doi: 10.1016/j.expneurol.2017.03.014

Rothstein, J. D., Patel, S., Regan, M. R., Haenggeli, C., Huang, Y. H., Bergles,
D. E., et al. (2005). Beta-lactam antibiotics offer neuroprotection by increasing
glutamate transporter expression. Nature 433, 73–77. doi: 10.1038/nature
03180

Sari, Y., Prieto, A. L., Barton, S. J., Miller, B. R., and Rebec, G. V. (2010).
Ceftriaxone-induced up-regulation of cortical and striatal GLT1 in the R6/2
model of Huntington’s disease. J. Biomed. Sci. 17:62. doi: 10.1186/1423-0127-
17-62

Schlag, B. D., Vondrasek, J. R., Munir, M., Kalandadze, A., Zelenaia, O. A.,
Rothstein, J. D., et al. (1998). Regulation of the glial Na+-dependent glutamate
transporters by cyclic AMP analogs and neurons. Mol. Pharmacol. 53, 355–369.
doi: 10.1124/mol.53.3.355

Schopf, F. H., Biebl, M. M., and Buchner, J. (2017). The HSP90 chaperone
machinery. Nat. Rev. Mol. Cell Biol. 18:345. doi: 10.1038/nrm.2017.20

Schreiner, A. E., Durry, S., Aida, T., Stock, M. C., Ruther, U., Tanaka, K.,
et al. (2014). Laminar and subcellular heterogeneity of GLAST and GLT-1
immunoreactivity in the developing postnatal mouse hippocampus. J. Comp.
Neurol. 522, 204–224. doi: 10.1002/cne.23450

Frontiers in Molecular Neuroscience | www.frontiersin.org 10 July 2019 | Volume 12 | Article 164

https://doi.org/10.1016/j.clbc.2013.12.012
https://doi.org/10.1101/cshperspect.a024240
https://doi.org/10.1111/epi.12787
https://doi.org/10.1038/nature07605
https://doi.org/10.1074/jbc.M112.421073
https://doi.org/10.1523/JNEUROSCI.3717-16.2017
https://doi.org/10.1523/JNEUROSCI.3717-16.2017
https://doi.org/10.1172/JCI68996
https://doi.org/10.1016/j.neuint.2018.04.015
https://doi.org/10.1074/jbc.M707697200
https://doi.org/10.1111/j.1460-9568.1995.tb00626.x
https://doi.org/10.1111/j.1460-9568.1995.tb00626.x
https://doi.org/10.1523/JNEUROSCI.4690-13.2014
https://doi.org/10.1016/j.celrep.2017.05.078
https://doi.org/10.1006/nbdi.2001.0430
https://doi.org/10.1006/nbdi.2001.0430
https://doi.org/10.1016/s0896-6273(00)80997-6
https://doi.org/10.1016/j.freeradbiomed.2011.04.010
https://doi.org/10.1016/j.pbb.2014.03.011
https://doi.org/10.3389/fnana.2010.00151
https://doi.org/10.3233/JAD-2011-110503
https://doi.org/10.3233/JAD-2011-110503
https://doi.org/10.1016/j.bbadis.2016.03.008
https://doi.org/10.1016/j.bbadis.2016.03.008
https://doi.org/10.1016/j.molcel.2010.07.002
https://doi.org/10.1113/jphysiol.2009.177881
https://doi.org/10.1042/bj2910349
https://doi.org/10.1046/j.1471-4159.2000.0751076.x
https://doi.org/10.1046/j.1471-4159.2000.0751076.x
https://doi.org/10.1523/JNEUROSCI.4255-14.2015
https://doi.org/10.1085/jgp.201110604
https://doi.org/10.1085/jgp.201110604
https://doi.org/10.1093/brain/awf001
https://doi.org/10.1126/scisignal.aaa4312
https://doi.org/10.1016/j.neuint.2016.04.010
https://doi.org/10.1016/j.neuint.2016.04.010
https://doi.org/10.1111/j.1460-9568.2004.03591.x
https://doi.org/10.1016/j.expneurol.2017.03.014
https://doi.org/10.1038/nature03180
https://doi.org/10.1038/nature03180
https://doi.org/10.1186/1423-0127-17-62
https://doi.org/10.1186/1423-0127-17-62
https://doi.org/10.1124/mol.53.3.355
https://doi.org/10.1038/nrm.2017.20
https://doi.org/10.1002/cne.23450
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-12-00164 July 5, 2019 Time: 15:16 # 11

Peterson and Binder GLT-1 Post-translational Regulation in Neurological Diseases

Schultz, B. R., and Chamberlain, J. S. (2008). Recombinant adeno-associated virus
transduction and integration. Mol. Ther. 16, 1189–1199. doi: 10.1038/mt.2008.
103

Scimemi, A., Meabon, J. S., Woltjer, R. L., Sullivan, J. M., Diamond, J. S., and
Cook, D. G. (2013). Amyloid-β1-42 slows clearance of synaptically released
glutamate by mislocalizing astrocytic GLT-1. J. Neurosci. 33, 5312–5318. doi:
10.1523/JNEUROSCI.5274-12.2013

Selkoe, D. J. (2000). The genetics and molecular pathology of Alzheimer’s disease:
roles of amyloid and the presenilins. Neurol. Clin. 18, 903–922.

Sha, L., Wang, X., Li, J., Shi, X., Wu, L., Shen, Y., et al. (2016). Pharmacologic
inhibition of Hsp90 to prevent GLT-1 degradation as an effective therapy for
epilepsy. J. Exp. Med. 214, 547–563. doi: 10.1084/jem.20160667

Shao, R., Zhang, F. P., Tian, F., Anders Friberg, P., Wang, X., Sjoland, H.,
et al. (2004). Increase of SUMO-1 expression in response to hypoxia: direct
interaction with HIF-1alpha in adult mouse brain and heart in vivo. FEBS Lett.
569, 293–300. doi: 10.1016/j.febslet.2004.05.079

Soukupova, M., Binaschi, A., Falcicchia, C., Palma, E., Roncon, P., Zucchini, S.,
et al. (2015). Increased extracellular levels of glutamate in the hippocampus
of chronically epileptic rats. Neuroscience 301, 246–253. doi: 10.1016/j.
neuroscience.2015.06.013

Sugimoto, J., Tanaka, M., Sugiyama, K., Ito, Y., Aizawa, H., Soma, M., et al. (2018).
Region-specific deletions of the glutamate transporter GLT1 differentially affect
seizure activity and neurodegeneration in mice. Glia 66, 777–788. doi: 10.1002/
glia.23281

Swanson, R. A., Liu, J., Miller, J. W., Rothstein, J. D., Farrell, K., Stein, B. A., et al.
(1997). Neuronal regulation of glutamate transporter subtype expression in
astrocytes. J. Neurosci. 17, 932–940. doi: 10.1523/jneurosci.17-03-00932.1997

Tanaka, K., Watase, K., Manabe, T., Yamada, K., Watanabe, M., Takahashi, K.,
et al. (1997). Epilepsy and Exacerbation of Brain Injury in Mice Lacking the
Glutamate Transporter GLT-1. Science 276, 1699–1702. doi: 10.1126/science.
276.5319.1699

Tapia, R. (2014). Cellular and molecular mechanisms of motor neuron death
in amyotrophic lateral sclerosis: a perspective. Front. Cell Neurosci. 8:241.
doi: 10.3389/fncel.2014.00241

Thakur, M. K., Heilbrun, L. K., Sheng, S., Stein, M., Liu, G., Antonarakis, E. S.,
et al. (2016). A phase II trial of ganetespib, a heat shock protein 90 Hsp90)
inhibitor, in patients with docetaxel-pretreated metastatic castrate-resistant
prostate cancer (CRPC)-a prostate cancer clinical trials consortium (PCCTC)
study. Invest. New Drugs 34, 112–118. doi: 10.1007/s10637-015-0307-6

Uehara, T., Nakamura, T., Yao, D., Shi, Z. Q., Gu, Z., Ma, Y., et al.
(2006). S-nitrosylated protein-disulphide isomerase links protein misfolding to
neurodegeneration. Nature 441, 513–517. doi: 10.1038/nature04782

Unemura, K., Kume, T., Kondo, M., Maeda, Y., Izumi, Y., and Akaike, A.
(2012). Glucocorticoids decrease astrocyte numbers by reducing glucocorticoid
receptor expression in vitro and in vivo. J. Pharmacol. Sci. 119, 30–39. doi:
10.1254/jphs.12047fp

Urbani, A., and Belluzzi, O. (2000). Riluzole inhibits the persistent sodium current
in mammalian CNS neurons. Eur. J. Neurosci. 12, 3567–3574. doi: 10.1046/j.
1460-9568.2000.00242.x

van Niekerk, E. A., Willis, D. E., Chang, J. H., Reumann, K., Heise, T., and Twiss,
J. L. (2007). Sumoylation in axons triggers retrograde transport of the RNA-
binding protein La. Proc. Natl. Acad. Sci. U.S.A. 104, 12913–12918. doi: 10.
1073/pnas.0611562104

Vetrivel, K. S., Meckler, X., Chen, Y., Nguyen, P. D., Seidah, N. G., Vassar, R., et al.
(2009). Alzheimer disease Abeta production in the absence of S-palmitoylation-
dependent targeting of BACE1 to lipid rafts. J. Biol. Chem. 284, 3793–3803.
doi: 10.1074/jbc.M808920200

Watanabe, M., Takahashi, K., Tomizawa, K., Mizusawa, H., and Takahashi, H.
(2008). Developmental regulation of Ubc9 in the rat nervous system. Acta.
Biochim. Pol. 55, 681–686.

Yanpallewar, S., Wang, T., Koh, D. C., Quarta, E., Fulgenzi, G., and Twiss,
J. L. (2016). Nedd4-2 haploinsufficiency causes hyperactivity and increased
sensitivity to inflammatory stimuli. Sci. Rep. 6:32957. doi: 10.1038/srep32957

Yasuda, H., Fujii, M., Fujisawa, H., Ito, H., and Suzuki, M. (2001). Changes in
nitric oxide synthesis and epileptic activity in the contralateral hippocampus
of rats following intrahippocampal kainate injection. Epilepsia 42, 13–20. doi:
10.1046/j.1528-1157.2001.083032.x

Zeng, L. H., Bero, A. W., Zhang, B., Holtzman, D. M., and Wong, M. (2010).
Modulation of astrocyte glutamate transporters decreases seizures in a mouse
model of Tuberous Sclerosis Complex. Neurobiol. Dis. 37, 764–771. doi: 10.
1016/j.nbd.2009.12.020

Zhang, Y., He, X., Meng, X., Wu, X., Tong, H., Zhang, X., et al. (2017). Regulation
of glutamate transporter trafficking by Nedd4-2 in a Parkinson’s disease model.
Cell Death Dis. 8, e2574–e2574. doi: 10.1038/cddis.2016.454

Zhou, R., Patel, S. V., and Snyder, P. M. (2007). Nedd4-2 catalyzes ubiquitination
and degradation of cell surface ENaC. J. Biol. Chem. 282, 20207–20212. doi:
10.1074/jbc.m611329200

Zhou, Y., Hassel, B., Eid, T., and Danbolt, N. C. (2019). Axon-terminals expressing
EAAT2 (GLT-1; Slc1a2) are common in the forebrain and not limited to the
hippocampus. Neurochem. Int. 123, 101–113. doi: 10.1016/j.neuint.2018.03.006

Zona, C., Siniscalchi, A., Mercuri, N. B., and Bernardi, G. (1998). Riluzole interacts
with voltage-activated sodium and potassium currents in cultured rat cortical
neurons. Neuroscience 85, 931–938. doi: 10.1016/s0306-4522(97)00604-0

Zschocke, J., Bayatti, N., Clement, A. M., Witan, H., Figiel, M., Engele, J.,
et al. (2005). Differential promotion of glutamate transporter expression and
function by glucocorticoids in astrocytes from various brain regions. J. Biol.
Chem. 280, 34924–34932. doi: 10.1074/jbc.m502581200

Conflict of Interest Statement: 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.

Copyright © 2019 Peterson and Binder. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 11 July 2019 | Volume 12 | Article 164

https://doi.org/10.1038/mt.2008.103
https://doi.org/10.1038/mt.2008.103
https://doi.org/10.1523/JNEUROSCI.5274-12.2013
https://doi.org/10.1523/JNEUROSCI.5274-12.2013
https://doi.org/10.1084/jem.20160667
https://doi.org/10.1016/j.febslet.2004.05.079
https://doi.org/10.1016/j.neuroscience.2015.06.013
https://doi.org/10.1016/j.neuroscience.2015.06.013
https://doi.org/10.1002/glia.23281
https://doi.org/10.1002/glia.23281
https://doi.org/10.1523/jneurosci.17-03-00932.1997
https://doi.org/10.1126/science.276.5319.1699
https://doi.org/10.1126/science.276.5319.1699
https://doi.org/10.3389/fncel.2014.00241
https://doi.org/10.1007/s10637-015-0307-6
https://doi.org/10.1038/nature04782
https://doi.org/10.1254/jphs.12047fp
https://doi.org/10.1254/jphs.12047fp
https://doi.org/10.1046/j.1460-9568.2000.00242.x
https://doi.org/10.1046/j.1460-9568.2000.00242.x
https://doi.org/10.1073/pnas.0611562104
https://doi.org/10.1073/pnas.0611562104
https://doi.org/10.1074/jbc.M808920200
https://doi.org/10.1038/srep32957
https://doi.org/10.1046/j.1528-1157.2001.083032.x
https://doi.org/10.1046/j.1528-1157.2001.083032.x
https://doi.org/10.1016/j.nbd.2009.12.020
https://doi.org/10.1016/j.nbd.2009.12.020
https://doi.org/10.1038/cddis.2016.454
https://doi.org/10.1074/jbc.m611329200
https://doi.org/10.1074/jbc.m611329200
https://doi.org/10.1016/j.neuint.2018.03.006
https://doi.org/10.1016/s0306-4522(97)00604-0
https://doi.org/10.1074/jbc.m502581200
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Post-translational Regulation of GLT-1 in Neurological Diseases and Its Potential as an Effective Therapeutic Target
	Introduction
	Expression and Roles of Glt-1 in Neurons Vs. Astrocytes
	Post-Translational Regulation of Glt-1
	Palmitoylation
	S-Nitrosylation
	Sumoylation
	Ubiquitination
	Subcellular Localization

	Therapeutic Strategies
	Dexamethasone
	Ceftriaxone
	AAV8-GLT1
	Riluzole
	HSP90 Inhibitors

	Conclusion
	Author Contributions
	References


