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Parkinson's disease (PD) is a common neurodegenerative disease implicated
in multiple interacting neurotransmitter pathways. Glutamate is the central
excitatory neurotransmitter in the brain and plays critical influence in the
control of neuronal activity. Impaired Glutamate homeostasis has been shown
to be closely associated with PD. Glutamate is synthesized in the cytoplasm
and stored in synaptic vesicles by vesicular glutamate transporters (VGLUTSs).
Following its exocytotic release, Glutamate activates Glutamate receptors
(GluRs) and mediates excitatory neurotransmission. While Glutamate is quickly
removed by excitatory amino acid transporters (EAATs) to maintain its relatively
low extracellular concentration and prevent excitotoxicity. The involvement of
GluRs and EAATs in the pathophysiology of PD has been widely studied, but little
is known about the role of VGLUTs in the PD. In this review, we highlight the
role of VGLUTs in neurotransmitter and synaptic communication, as well as the
massive alterations in Glutamate transmission and VGLUTs levels in PD. Among
them, adaptive changes in the expression level and function of VGLUTs may exert
a crucial role in excitatory damage in PD, and VGLUTs are considered as novel
potential therapeutic targets for PD.

Parkinson'’s disease, glutamate, vesicular glutamate transporters, excitatory amino acid
transporters, glutamate receptors

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disease, implicated in multiple
neurotransmitter pathways and autonomic nervous system that is associated with a range of
clinical features (Schapira et al., 2017). Two types of clinical features are relied upon in its
diagnosis: motor symptoms, including bradykinesia, stiffness, resting tremor, and postural and
balance difficulties and non-motor symptoms, including autonomic dysfunction, sleep
disturbances, behavioral changes, sensory abnormalities, and other unclassifiable symptoms
(Kalia and Lang, 2015). The motor features are predominantly attributed to the formation of
intracytoplasmic inclusion called Lewy bodies and the loss of dopamine (DA) neurons in the
substantia nigra pars compacta (SNpc). The broad spectrum of non-motor symptoms of PD
usually precede motor dysfunction. With the increasing awareness of the importance and
presence of non-motor symptoms, PD is considered as a multisystem disorder involving various
neurotransmitters in the brain (Klingelhoefer and Reichmann, 2017). Considering that most
symptoms precede the complete loss of DA neurons in SNpc, it is likely that neuronal
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dysfunction precedes degeneration and other pathophysiological
mechanisms drive the vulnerability of DA neurons.

The current standard drug therapy for PD is dopamimetic drugs,
such as DA precursor levodopa (L-3,4-dihydroxyphenylalanine,
L-DOPA), DA receptor agonists, and monoamine oxidase-B (MAO-B)
inhibitors (Armstrong and Okun, 2020). In fact, the current DA
replacement therapies neither improve most non-motor symptoms
nor slow disease progression, highlighting the importance of studying
the intervention of non-DA systems (Schapira et al., 2017). Indeed,
various neurotransmitter systems are closely associated with the
pathophysiology of PD (Sanjari et al., 2017). Among them, glutamate
(Glu) is the most abundant transmitter in the central nervous system
(CNS), and exerts vital effects on mediating the continuous feedback
of basal ganglia circuits leading to DA dysregulation in the striatum
(Wang et al., 2020). Emerging evidence suggests that glutamatergic
transmission participates in the processes of PD, which is necessary
for further study (lovino et al, 2020; Pisano et al., 2020; Lyu
etal., 2021).

Glutamate-glutamine cycle

Glutamate is the primary excitatory neurotransmitter in the brain
and plays critical role in the control of neuronal activity. Glutamate is
released from presynaptic terminals, and then it interacts with
glutamate receptors (GluRs) on the plasma membrane of postsynaptic
neurons. When triggered by glutamate, several types of GluRs work
together to regulate excitatory postsynaptic neurotransmission
(Plaitakis and Shashidharan, 2000). The specific receptors activated by
glutamate can be divided into two main families: ionotropic and
metabotropic GluRs (iGluRs and mGluRs). The iGluRs, including
kainate receptors, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors, and N-methyl-d-aspartate (NMDA)
receptors, are multimeric ion channels in charge of rapid excitatory
transmission in the mammalian CNS (Bigge, 1999). mGluRs are
members of the G-protein-coupled receptor superfamily that contain
eight receptor subtypes, inducing slow excitatory responses, which
contribute to long-lasting effects in synaptic strength called long-term
potentiation (LTP) or long-term depression (LDP; Ferraguti and
Shigemoto, 2006). In presynaptic neurons, glutamine is converted to
glutamate by mitochondrial enzyme glutaminase, and then packaged
by vesicular glutamate transporters (VGLUTSs) into synaptic vesicles,
followed by releasing into the synaptic cleft by stimulation (El et al.,
2011). Glutamate in the synaptic cleft is removed by excitatory amino
acid transporters (EAATS) situated on the neuronal plasma membrane,
and is also able to transport glutamate to astrocyte or back to
presynaptic terminals. Within the astrocyte, glutamate is transformed
into glutamine by glutamine synthetase (GS), and then transported
back to neurons sequentially through glutamine transporters on the
membrane of astrocytes and neurons (Andersen and Schousboe, 2022;
Figure 1). All these transporters facilitate the transport of glutamate,
ensuring that glutamate is maintained with the appropriate
concentration in the correct compartment.

Extracellular glutamate concentrations are mainly regulated via
EAATSs with high affinity. EAATS have five characterized mammalian
subtypes, including glutamate/aspartate transporter (GLAST, also
named EAATI), glutamate transporter-1 (GLT-1, also named
EAAT2), excitatory amino acid carrier-1 (EAACI, also named
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EAAT3), EAAT4, and EAAT5. EAATS are proved to maintain the
balance of extracellular glutamate concentrations and protect neurons
from harmful overstimulation of GluRs (Magi et al, 2019).
Noteworthy, Glutamate concentration is also regulated by modulating
glutamate internalization into synaptic vesicles through VGLUTs
(Shigeri et al., 2004). The expression and function of VGLUTS play an
important role in glutamate release in presynaptic regions. The
expression level of VGLUTSs in each synaptic vesicle indicates the
relative intensity of presynaptic glutamatergic innervation and control
the quantal size of glutamatergic transmission (Daniels et al., 2006;
Liguz-Lecznar and Skangiel-Kramska, 2007). The involvement of
GluRs and EAATs in the pathophysiology of PD has been widely
studied, but little is known about the role of VGLUTs in PD. Therefore,
given that a comprehensive understanding of the pathophysiology and
therapeutic targets of VGLU'TS for PD can help in the development of
new therapeutic approaches for PD. This article highlights the role of
VGLUTSs in neurotransmitter and synaptic communication, as well as
the massive alterations in Glutamate transmission and VGLUTs
levels in PD.

Distribution and molecular
pharmacology of VGLUTSs

Three subtypes of VGLUTs have been identified and
characterized, named VGLUT1-3, which are encoded by solute vector
gene Slc17a6-8 (Bellocchio et al., 2000; Takamori et al., 2000). The
distributions of the three VGLUTs barely overlap, delineating 3
complementary glutamate systems that VGLUT1 (Slc17a7) and
VGLUT?2 (Slc17a6) exert dominating neurophysiological impacts on
almost all central neuronal circuits, whereas VGLUT3 (Slc17a8)
participates in local transmission regulation (Fremeau et al., 2001;
Schifer et al,, 2002). VGLUT1 and VGLUT? are specific markers of
glutamatergic neurons, which are co-expressed in most of the brain
region, including the cerebral cortex, occipital lobe, frontal lobe,
temporal lobe, cerebellum, amygdala, medulla, hippocampus, and
putamen. Additionally, VGLUT?2 is also expressed in many other
parts of the brain, including substantia nigra, caudate nucleus,
thalamus, subthalamic nucleus, and spinal cord (Fremeau et al., 2001;
Kaneko and Fujiyama, 2002; Herzog et al., 2004; Hackett et al., 2011).
Notably, VGLUT2 is the only vesicular glutamate transporter
expressed in transgenic ventral tegmental area (VTA)/substantia
nigra dopamine neurons (Kouwenhoven et al., 2020). VGLUTS3 is
only expressed in a few glutamate neurons in raphe nuclei, cerebral
cortex, and cochlear inner hair cells (IHCs; Gras et al., 2002; Ruel
et al., 2008; Hioki et al., 2010). VGLUT3 predominantly exists in
scattered group of “non-glutamatergic” neurons, including
cholinergic interneurons (Chls) in the ventral and dorsal striatum,
GABAergic neurons in the olfactory bulb, GABAergic cortical and
hippocampal interneurons, and 5-hydroxytryptaminergic olecranon
neurons (Somogyi et al., 2004; Gras et al., 2008; Tatti et al., 2014;
Fasano et al., 2017). Moreover, VGLUTS3 is widely expressed outside
the brain, particularly in cochleae, retina, and spinal cord (Lee et al.,
2014; Cheng et al., 2017).

These three transporters (VGLUT1-3) show strong sequence
homology, particularly in the transmembrane structural domains
that constitute the translocation pathway (Bellocchio et al., 2000;
Takamori et al., 2000). In addition, Inherent transport activities are
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Glutamate-glutamine cycle.

found no difference among them. VGLUTs have relatively low
affinity [K(m) = 1-2mM] for glutamate, which make it difficult to
identify VGLUTs inhibitors with high affinity (Thompson et al.,
2005). VGLUTs are highly selective for glutamate which make them
thus the effect
manipulations by small molecules do not disrupt other transport
phenomena, like EAATs or GluRs (Thompson and Chao, 2020). In
contrast to most plasma membrane transporters, the VGLUTS, like

selectively targeted, of pharmacological

other endosomal neurotransmitter transporters, rely on the proton
electrochemical gradient across the synaptic vesicle membrane
generated by vacuolar-type H+-ATPase (V-ATPase; Blakely and
Edwards, 2012).
transporters are driven by proton exchange and thus depend on the

The difference is vesicular neurotransmitter

chemical component of ApH+ (ApH), glutamate uptake by
VGLUTs depends on the membrane potential (Ay), suggesting a
1988).
Subsequently, chloride (Cl") ions are reported to greatly stimulate

mechanism of facilitated diffusion (Maycox et al.,

glutamate uptake by synaptic vesicles in vitro (Wolosker et al.,
1996). Increasing studies soon confirmed these initial results
(Martineau et al., 2017; Eriksen et al., 2020; Chen et al., 2021). In
conclusion, the vacuolar-type H + -ATPase generate transmembrane
proton electrical gradient provide powers for VGLUTs, while
VGLUTs binding with chloride, potassium, and protons regulate
VGLUTs activity as well (Pietrancosta et al., 2020).
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Molecular mechanism of VGLUTSs
in PD

In recent years, studies have indicated the subtle, but important,
participation of VGLUTs-dependent glutamate/DA co-transmission
and its roles in the regulation of different brain functions and
2021c, 2022). In-depth study in the
molecular mechanism of VGLUTs could result in decisive
breakthroughs in the treatment of PD.

dysfunctions (Buck et al.,

VGLUT1 and Parkinson's disease

Plenty of cortical excitatory neurons express VGLUT1, which
represents a major isoform in the brain, accounting for about 80% of
2001).
Glutamatergic neurotransmission in the striatum has been involved

total glutamatergic vesicular transports (Fremeau et al,

in the progression of PD. Biphasic and bilateral alterations in the levels
of VGLUT1 and VGLUT?2 protein expression of the striatum in
hemiparkinsonian rats suggest significant time-dependent changes in
glutamatergic neurotransmission from both types of striatal afferents
(Massie et al., 2010). Study has revealed that glutamate is significantly
reduced in synaptic vesicle-enriched membrane fractions of
VGLUT1—/— mice, the absence of VGLUT1 may alter the ability of
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releasing glutamate from nerve endings (Wojcik et al., 2004). The
glutamatergic pathways exert significant functions in neuronal circuits
related to PD.

The progressive degeneration of DA-capable cells in SNpc results
in the imbalance within the cortico-basal ganglia loop, related to
aberrant glutamatergic innervation in the brain (Orieux et al., 2000;
Cilia et al., 2009). It has been reported that compared to controls, the
protein level of VGLUT1 is decreased in the prefrontal cortex (PFC)
of PD patients, revealing that VGLUT1 exerts the significant effects on
glutamatergic damage in patients with PD (Kashani et al., 2007).
Whereas, the study of Raju et al. has revealed the significantly
increased total density of VGLUT1 in the striatum of PD monkeys
after treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP; Raju et al., 2008). In addition, El Arfani et al. have also noted
alterations of different glutamate transporter expression levels in the
bilaterally-lesioned 6-hydroxydopamine (6-OHDA) rat model,
bilateral SNpc lesions inhibit the expression of VGLUT1 and showed
a remarkable change after 2 weeks of injury in the striatum, but no
significant changes were observed in the motor cortex (El et al., 2015).
In a PD mouse model, the MPTP-induced expression of VGLUT1
protein is elevated in the medial PFC with loss of DA, while the
expression of VGLUT1 in the dorsolateral striatum is significantly
decreased (Pflibsen et al., 2015). These findings indicate that the
remarkable variations in glutamate delivery transported by VGLUT1
may related to motor and cognitive deficits of PD.

Increasing evidence has demonstrated that as a treatment method
for PD, electroacupuncture (EA) is able to facilitate the improvement
of motor function in PD (Jia et al., 2010). In clinical practice, the
subthalamic nucleus (STN) is considered as a pivotal target of deep
brain stimulation for PD treatment, and VGLUT1 is closely involved
in glutamate regulation of the cortical STN (Wang et al., 2018).
Electroacupuncture can reverse 6-OHDA-induced VGLUTI
in the STN (Zheng et al, 2019).
Electroacupuncture promotes VGLUT1 expression in the ipsilateral

expression reduction
STN and improves motor symptoms in PD rats, indicating that the
overexpression of VGLUT1 in the STN may be associated with the role
of EA in motor symptoms of PD via the cortical-STN pathway.

VGLUTZ2 and Parkinson’s disease

VGLUT1 and VGLUT2 have complementary distributions
throughout the adult brain. VGLUT2 predominantly exists in
glutamate neurons of subcortical brain regions, such as SNpc, VTA,
and thalamus (Kashani et al., 2007). Endogenous VGLUT?2 has also
been proved to express in a subpopulation of midbrain DA neurons
(Kawano et al., 2006; Yamaguchi et al., 2011, 2015). A few (<20%) DA
neurons in midbrain express detectable levels of VGLUT?2 in the
adulthood. However, the rate of co-localization of VGLUT2 and DA
may increase during development (Mendez et al., 2008; Bérubé-
Carriere et al., 2009). Consistently, it has been shown more than 90%
of SNpc DA neurons presented a reporter indicative of past expression
of VGLUT?2 based on a fate mapping strategy (Steinkellner et al.,
2018). VGLUT?2 is expressed in SNpc DA neurons early in life, while
most of these DA neurons present decreased expression of VGLUT2
at maturity. VGLUT?2 facilitates the encapsulation of glutamate into
synaptic vesicles in vitro (Kouwenhoven et al., 2020). Study have
shown that VGLUT2 contributes to vesicular DA loading by increasing
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the pH gradient of vesicles (or vesicular hyper-acidification; Aguilar
etal., 2017).

VGLUT?2 functionally regulates the core co-release of glutamate
and DA from VGLUT2+ DA neurons. VGLUT?2 is the dominant
subtype of VGLUTS existed in midbrain DA neurons (Bérubé-Carriére
et al., 2009; Chuhma et al., 2009; Morales and Root, 2014; Morales and
Margolis, 2017). Furthermore, VGLUT?2 selectively deleted from DA
neurons may influence the growth and survival of DA neurons in cell
culture and development in vivo (Hnasko et al., 2010). Similarly, the
loss of DA neurons in SNpc caused by overexpression of VGLUT?2 is
accompanied by changes in motor behavior of mice (Steinkellner
et al,, 2018). In general, these behavioral abnormalities are strongly
linked to decreased striatal DA neurotransmission in involved
hemispheres. Postmortem brain tissues from PD patients exhibit
marked variations in expression of VGLUTs in the cerebral cortex and
striatum, indicating the important role of VGLUTs in PD (Kashani
et al.,, 2007). Previous research has shown the essential roles of
VGLUT?2 expression in DA neurons in normal emotional responses
as well as behavioral activation mediated by psychostimulant (Birgner
et al.,, 2010). Several studies have shown that downregulation of
VGLUT?2 expression exclusively in the STN of mice leads to reduced
postsynaptic activity and behavioral hyperlocomotion, due to the
strong modifications in both the STN and the striatum DA system
(Schweizer et al., 2014, 2016). Moreover, MPTP-treated mouse model
of PD has increased expression of VGLUT2 in the striatum in
comparison to controls (Pflibsen et al., 2015).

VGLUT?2 is deemed to promote the survival of DA neurons. Shen
et al. have reported that VGLUT?2 selectively deleted from DA neurons
obviously increases the susceptibility of DA neurons to neurotoxin
MPTP, and furthermore, upregulation of VGLUT2 in DA neurons
prevented this vulnerability in VGLUT2 conditional Knock-out (KO)
mice (Shen et al., 2018). This finding suggests that the absence or
reduction of VGLUT2 expression in several DA neurons may
be considered as a novel risk factor for the occurrence and progression
of DA neurodegeneration in PD. Therefore, restoring the expression
of VGLUT?2 in DA neurons may be a potential and novel therapeutic
method for PD or other neurodegenerative diseases. In contrast,
Steinkellner et al. reported that the proportion of DA neurons
expressing VGLUT2 approximately doubled after 6-OHDA injection
in the striatum. Notably, although the neurotoxicity of 6-OHDA
reduced the total DA neurons, the number of DA neurons containing
elevated VGLUT?2 transcripts was definitely increased, suggesting that
6-OHDA caused upregulation of VGLUT2 in transcriptional levels in
adult SNpc DA neuron cells (Steinkellner et al., 2018). They further
demonstrated that VGLUT2+ DA neurons enriched in surviving
neurons in a-synuclein-induced dopaminergic neuronal injury, and
VGLUT?2 expression was found upregulated in brain tissue of PD
patients (Steinkellner et al., 2022). This result is consistent with
previous studies which revealed that neonatal striatal lesions or
6-OHDA treatment promote the expression of VGLUT2 (Dal Bo et al.,
2008; Bérubé-Carriere et al., 2009). Buck et al. also found that the
subpopulation of VGLUT2+ DA neurons are relatively protected from
rotenone neurotoxicity (Buck et al., 2021a). In summary, the effects of
different neurotoxicants produced an analogous change. The above
findings implied that the neurotoxins-induced upregulation of the
glutamatergic machinery in VTA and SNpc neurons and their
projections may be part of a broader neuroprotective mechanism.
Moreover, Buck et al. demonstrated that female drosophila has
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elevated expression level of dVGLUT in DA neurons compared with
male drosophila, and this finding is highly conserved across species,
including flies, rodents, and humans. Moreover, they found that
reducing the expression of dVGLUT in DA neurons eliminates
females’ better resilience to DA neuron loss throughout aging.
dVGLUT is the core role in the selective DA neuron vulnerability to
sex- and age-related DA neurodegeneration (Buck et al., 2021b).

Noteworthy, Heterologous expression of VGLUT2 with a sustained
or high level is toxic to DA neurons, while endogenous expression of
VGLUT?2 with a low level might exert a protective effect (Buck et al.,
2022). Glutamate co-entry through the vesicle of VGLUTs is able to drive
VMAT?2-mediated exchange, which can elevate the amount of DA and
other cationic transmitters, as well as contribute to isolate toxic VMAT?2
substrates, including 1-methyl-4-phenylpyridine (MPP*) or 6-OHDA,
away from sensitive cellular compartments (Dal Bo et al., 2008; Descarries
etal., 2008). Therefore, the expressing of VGLUT?2 is likely to explain the
enhancive resistance of DA neurons to neurotoxins. DA-depletion has no
influence in the expression of VGLUT1 and VGLUT3, but VGLUT2
expression is conspicuously reduced in almost all basal ganglia structures
(Favier et al., 2013). High-frequency stimulation of the subthalamic
nucleus (STN-HFS) can reverse the decrease in VGLUT2 expression,
which provides evidence for the involvement of VGLUT2 in the
regulation of basal ganglia circuitry, suggesting that VGLUT?2 exert an
important role in alleviating motor symptoms in PD (Favier et al., 2013).
Since VGLUT?2 is the only VGLUT produced by STN glutamatergic
projections to SNpr, we speculate that during STN-HFS, information
transmission through the trans-thalamic pathway has not been fully
interrupted, despite its roles in the expression of VGLUT2 in SNpr are
likely mediated by regulation of thalamic afferents.

VGLUT3 and Parkinson’s disease

Both VGLUT1 and VGLUT?2 are originally known as “typical”
cortical and subcortical VGLUTs. However, VGLUT3 predominantly
exists in scattered group of “non-glutamatergic” neurons, or only
expresses in a few glutamate neurons (El et al, 2011). VGLUT3
represents a unique modulator of glutamate release from both
non-glutamatergic and glutamatergic neurons in the brain (Favier et al.,
2021). Although the distribution and quantity of VGLUTS3 is limited, it
plays a vital role in regulation glutamate signaling and thus modulates
the activity of neural microcircuits (Favier et al., 2021). Currently, few
studies have explored the role of VGLUT3 in PD, most studies focus on
revealing the critical role of VGLUT3 in levodopa-induced dyskinesia
(LID), which usually occurs in PD patients with long-term L-DOPA
treatment (Divito et al., 2015; Gangarossa et al., 2016).

Reduction of DA transmission triggers profound adaptive changes
in DA-sensitive brain structures, particularly the dorsal striatum. Striatal
cholinergic interneurons (Chls) are the main source of acetylcholine in
the striatum. The increased striatal cholinergic tone is the main
pathogenic mechanism among all the alterations associated with PD, as
Chls potently regulates local striatal microcirculation, which attracts
intensive researchers to establish anticholinergic treatment for PD
(McKinley et al., 2019). However, regulation of striatal Chls directly
leads to alterations in local striatal glutamate transmission (Tubert et al.,
2016). VGLUTS3 is highly expressed in striatum, and plays an important
role in Chls-mediated glutamate release (Gras et al., 2008). Meanwhile,
the activity of GABAergic medium spiny neurons (MSNs) and fast-

spiking GABAergic interneurons (FSIs) are related to the

Frontiers in Molecular Neuroscience

10.3389/fnmol.2023.1118078

VGLUT3-dependent glutamate transmission (Favier et al., 2021).
VGLUT3-KO mice show circadian-dependent hyperlocomotor activity,
while conditional deletion of VGLUT3 from Chls does not alter evoked
DA release in the striatum or baseline locomotor activity (Divito et al.,
2015). Loss of DA in 6-OHDA-lesioned mice is accompanied by
increased expression of VGLUT3 and vesicular acetylcholine transporter
(VACHT) in the striatum, and the VAChT levels remain high whereas
the VGLUTS3 expression decreases in LID mice (Gangarossa et al., 2016).

Conclusion

In this review, we summarized the distribution and functional
characteristics of VGLUTs in the brain, and indicate the pivotal
influence of glutamate transmission in the functional organization of
neuronal circuits in PD, as well as the massive alterations in glutamate
transmission and VGLUTs levels in PD. Among them, adaptive changes
in the expression level and function of VGLUTs may exert a crucial role
in excitatory damage in PD, and VGLUTs are considered as novel
potential therapeutic targets for PD. Notably, recent years, there have
been several authoritative studies on VGLUT?2, and emerging evidence
highlights that the balance of VGLUT2 expression in select DA
neuronal populations may be a novel identified risk factor or therapeutic
target in the progression of PD or other neurodegenerative diseases.
Taken together, the structure, function, and regulatory mechanisms of
VGLUTs will be a promising area of research in PD clinical practice.

Author contributions

WY contributed to the conception of the study. CZ contributed
to search and organize literatures. WY and CZ wrote the manuscript.
CW and HZ contributed equally to this work in administrative and
material support. All authors contributed to the article and approved
the submitted version.

Funding

This research was supported by the grant of National Natural
Science Foundation of China (no. 81801123) to WY, Natural Science
Foundation of Hunan Province (no. 2023]J40865) to WY and Natural
Science Foundation of Hunan Province (no. 2021JJ41055) to CZ.

Conflict of interest

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

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1118078
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Zhao et al.

References

Aguilar, J. I, Dunn, M., Mingote, S., Karam, C. S., Farino, Z. J., Sonders, M. S., et al.
(2017). Neuronal depolarization drives increased dopamine synaptic vesicle loading via
VGLUT. Neuron 95, 1074-1088.¢7. doi: 10.1016/j.neuron.2017.07.038

Andersen, J. V., and Schousboe, A. (2022). Glial glutamine homeostasis in health and
disease. Neurochem. Res. 48, 1100-1128. doi: 10.1007/s11064-022-03771-1

Armstrong, M. ], and Okun, M. S. (2020). Diagnosis and treatment of parkinson
disease: a review. JAMA 323, 548-560. doi: 10.1001/jama.2019.22360

Bellocchio, E. E., Reimer, R. ], Fremeau, R. ], and Edwards, R. H. (2000). Uptake of
glutamate into synaptic vesicles by an inorganic phosphate transporter. Science 289,
957-960. doi: 10.1126/science.289.5481.957

Bérubé-Carriére, N., Riad, M., Dal Bo, G., Lévesque, D., Trudeau, L. E., and
Descarries, L. (2009). The dual dopamine-glutamate phenotype of growing
mesencephalic neurons regresses in mature rat brain. J. Comp. Neurol. 517, 873-891.
doi: 10.1002/cne.22194

Bigge, C. F. (1999). Ionotropic glutamate receptors. Curr. Opin. Chem. Biol. 3, 441-447.
doi: 10.1016/S1367-5931(99)80065-9

Birgner, C., Nordenankar, K., Lundblad, M., Mendez, J. A., Smith, C., le Greves, M.,
et al. (2010). VGLUT?2 in dopamine neurons is required for psychostimulant-induced
behavioral activation. Proc. Natl. Acad. Sci. U. S. A. 107, 389-394. doi: 10.1073/
pnas.0910986107

Blakely, R. D., and Edwards, R. H. (2012). Vesicular and plasma membrane
transporters for neurotransmitters. Cold Spring Harb. Perspect. Biol. 4:a005595. doi:
10.1101/cshperspect.a005595

Buck, S. A., de Miranda, B. R., Logan, R. W, Fish, K. N., Greenamyre, J. T., and
Freyberg, Z. (2021a). VGLUT2 is a determinant of dopamine neuron resilience in a
rotenone model of dopamine neurodegeneration. J. Neurosci. 41, 4937-4947. doi:
10.1523/JNEUROSCI.2770-20.2021

Buck, S. A., Erickson-Oberg, M. Q., Bhatte, S. H., McKellar, C. D., Ramanathan, V. P,
Rubin, S. A, et al. (2022). Roles of VGLUT2 and dopamine/glutamate co-transmission
in selective vulnerability to dopamine neurodegeneration. ACS Chem. Nerosci. 13,
187-193. doi: 10.1021/acschemneuro.1c00741

Buck, S. A., Steinkellner, T., Aslanoglou, D., Villeneuve, M., Bhatte, S. H.,
Childers, V. C., et al. (2021b). Vesicular glutamate transporter modulates sex differences
in dopamine neuron vulnerability to age-related neurodegeneration. Aging Cell
20:e13365. doi: 10.1111/acel.13365

Buck, S. A., Torregrossa, M. M., Logan, R. W,, and Freyberg, Z. (2021c). Roles of
dopamine and glutamate co-release in the nucleus accumbens in mediating the actions
of drugs of abuse. FEBS J. 288, 1462-1474. doi: 10.1111/febs.15496

Chen, I, Pant, S., Wu, Q, Cater, R. J., Sobti, M., Vandenberg, R. J,, et al. (2021).
Glutamate transporters have a chloride channel with two hydrophobic gates. Nature 591,
327-331. doi: 10.1038/s41586-021-03240-9

Cheng, L., Duan, B., Huang, T., Zhang, Y., Chen, Y, Britz, O., et al. (2017).
Identification of spinal circuits involved in touch-evoked dynamic mechanical pain. Nat.
Neurosci. 20, 804-814. doi: 10.1038/nn.4549

Chuhma, N., Choi, W. Y., Mingote, S., and Rayport, S. (2009). Dopamine neuron
glutamate cotransmission: frequency-dependent modulation in the mesoventromedial
projection. Neuroscience 164, 1068-1083. doi: 10.1016/j.neuroscience.2009.08.057

Cilia, R., Marotta, G., Landi, A., Isaias, I. U, Mariani, C. B., Vergani, E, et al. (2009).
Clinical and cerebral activity changes induced by subthalamic nucleus stimulation in
advanced Parkinson’s disease: a prospective case-control study. Clin. Neurol. Neurosurg.
111, 140-146. doi: 10.1016/j.clineuro.2008.09.018

Dal Bo, G., Bérubé-Carriére, N., Mendez, J. A., Leo, D., Riad, M., Descarries, L., et al.
(2008). Enhanced glutamatergic phenotype of mesencephalic dopamine neurons after
neonatal 6-hydroxydopamine lesion. Neuroscience 156, 59-70. doi: 10.1016/j.
neuroscience.2008.07.032

Daniels, R. W,, Collins, C. A., Chen, K., Gelfand, M. V., Featherstone, D. E., and
DiAntonio, A. (2006). A single vesicular glutamate transporter is sufficient to fill a
synaptic vesicle. Neuron 49, 11-16. doi: 10.1016/j.neuron.2005.11.032

Descarries, L., Bérubé-Carriére, N., Riad, M., Bo, G. D., Mendez, J. A., and
Trudeau, L. E. (2008). Glutamate in dopamine neurons: Synaptic versus diffuse
transmission. Brain Res. Rev. 58, 290-302. doi: 10.1016/j.brainresrev.2007.10.005

Divito, C. B., Steece-Collier, K., Case, D. T., Williams, S. P,, Stancati, J. A., Zhi, L., et al.
(2015). Loss of VGLUT3 produces circadian-dependent hyperdopaminergia and
ameliorates motor dysfunction and 1-Dopa-mediated dyskinesias in a model of
parkinsons  disease. J.  Neurosci. 35, 14983-14999.  doi: 10.1523/
JNEUROSCI.2124-15.2015

El, A. A, Albertini, G., Bentea, E., Demuyser, T., Van Eeckhaut, A., Smolders, I, et al.
(2015). Alterations in the motor cortical and striatal glutamatergic system and D-serine
levels in the bilateral 6-hydroxydopamine rat model for Parkinson’s disease. Neurochem.
Int. 88, 88-96. doi: 10.1016/j.neuint.2015.07.005

ElL, M. S., Wallén-Mackenzie, A., Fortin, G. M., Descarries, L., and Trudeau, L. E.
(2011). From glutamate co-release to vesicular synergy: vesicular glutamate transporters.
Nat. Rev. Neurosci. 12, 204-216. doi: 10.1038/nrn2969

Frontiers in Molecular Neuroscience

10.3389/fnmol.2023.1118078

Eriksen, ], Li, E, and Edwards, R. H. (2020). The mechanism and regulation of
vesicular glutamate transport: coordination with the synaptic vesicle cycle. Biochim.
Biophys. Acta Biomembr. 1862:183259. doi: 10.1016/j.bbamem.2020.183259

Fasano, C., Rocchetti, J., Pietrajtis, K., Zander, J. F, Manseau, E, Sakae, D. Y., et al.
(2017). Regulation of the hippocampal network by VGLUT3-positive CCK-GABAergic
basket cells. Front. Cell. Neurosci. 11:140. doi: 10.3389/fncel.2017.00140

Favier, M., Carcenac, C., Drui, G., Boulet, S., El, M. S., and Savasta, M. (2013). High-
frequency stimulation of the subthalamic nucleus modifies the expression of vesicular
glutamate transporters in basal ganglia in a rat model of Parkinsons disease. BMC
Neurosci. 14:152. doi: 10.1186/1471-2202-14-152

Favier, M., Pietrancosta, N., El, M. S., and Gangarossa, G. (2021). Leveraging VGLUT3
functions to untangle brain dysfunctions. Trends Pharmacol. Sci. 42, 475-490. doi:
10.1016/j.tips.2021.03.003

Ferraguti, E, and Shigemoto, R. (2006). Metabotropic glutamate receptors. Cell Tissue
Res. 326, 483-504. doi: 10.1007/s00441-006-0266-5

Fremeau, R. J., Troyer, M. D., Pahner, I, Nygaard, G. O., Tran, C. H., Reimer, R. ], et al.
(2001). The expression of vesicular glutamate transporters defines two classes of
excitatory synapse. Neuron 31, 247-260. doi: 10.1016/s0896-6273(01)00344-0

Gangarossa, G., Guzman, M., Prado, V. E, Prado, M. A., Daumas, S., El, M. S, et al.
(2016). Role of the atypical vesicular glutamate transporter VGLUT3 in 1-DOPA-
induced dyskinesia. Neurobiol. Dis. 87, 69-79. doi: 10.1016/j.nbd.2015.12.010

Gras, C., Amilhon, B., Lepicard, E. M., Poirel, O., Vinatier, J., Herb in, M., et al. (2008).
The vesicular glutamate transporter VGLUT3 synergizes striatal acetylcholine tone. Nat.
Neurosci. 11, 292-300. doi: 10.1038/nn2052

Gras, C., Herzog, E., Bellenchi, G. C., Bernard, V., Ravassard, P,, Pohl, M., et al. (2002).
A third vesicular glutamate transporter expressed by cholinergic and serotoninergic
neurons. J. Neurosci. 22, 5442-5451. doi: 10.1523/JNEUROSCI.22-13-05442.2002

Hackett, T. A., Takahata, T., and Balaram, P. (2011). VGLUT1 and VGLUT2 mRNA
expression in the primate auditory pathway. Hear. Res. 274, 129-141. doi: 10.1016/j.
heares.2010.11.001

Herzog, E., Gilchrist, ., Gras, C., Muzerelle, A., Ravassard, P, Giros, B., et al. (2004).
Localization of VGLUTS3, the vesicular glutamate transporter type 3, in the rat brain.
Neuroscience 123, 983-1002. doi: 10.1016/j.neuroscience.2003.10.039

Hioki, H., Nakamura, H., Ma, Y. E, Konno, M., Hayakawa, T., Nakamura, K. C., et al.
(2010). Vesicular glutamate transporter 3-expressing nonserotonergic projection
neurons constitute a subregion in the rat midbrain raphe nuclei. J. Comp. Neurol. 518,
668-686. doi: 10.1002/cne.22237

Hnasko, T. S., Chuhma, N., Zhang, H., Goh, G. Y,, Sulzer, D., Palmiter, R. D,, et al.
(2010). Vesicular glutamate transport promotes dopamine storage and glutamate
corelease in vivo. Neuron 65, 643-656. doi: 10.1016/j.neuron.2010.02.012

Iovino, L., Tremblay, M. E., and Civiero, L. (2020). Glutamate-induced excitotoxicity
in Parkinson’s disease: the role of glial cells. J. Pharmacol. Sci. 144, 151-164. doi:
10.1016/j.jphs.2020.07.011

Jia, J., Li, B., Sun, Z. L., Yu, E, Wang, X., and Wang, X. M. (2010). Electro-acupuncture
stimulation acts on the basal ganglia output pathway to ameliorate motor impairment
in parkinsonian model rats. Behav. Neurosci. 124, 305-310. doi: 10.1037/a0018931

Kalia, L. V,, and Lang, A. E. (2015). Parkinson’ disease. Lancet 386, 896-912. doi:
10.1016/S0140-6736(14)61393-3

Kaneko, T., and Fujiyama, F (2002). Complementary distribution of vesicular
glutamate transporters in the central nervous system. Neurosci. Res. 42, 243-250. doi:
10.1016/s0168-0102(02)00009-3

Kashani, A., Betancur, C., Giros, B., Hirsch, E., and El, M. S. (2007). Altered expression
of vesicular glutamate transporters VGLUT1 and VGLUT2 in Parkinson disease.
Neurobiol. Aging 28, 568-578. doi: 10.1016/j.neurobiolaging.2006.02.010

Kawano, M., Kawasaki, A., Sakata-Haga, H., Fukui, Y., Kawano, H., Nogami, H., et al.
(2006). Particular subpopulations of midbrain and hypothalamic dopamine neurons
express vesicular glutamate transporter 2 in the rat brain. J. Comp. Neurol. 498, 581-592.
doi: 10.1002/cne.21054

Klingelhoefer, L., and Reichmann, H. (2017). Parkinson’s disease as a multisystem
disorder. J. Neural Transm. 124, 709-713. doi: 10.1007/s00702-017-1692-0

Kouwenhoven, W. M., Fortin, G., Penttinen, A. M., Florence, C., Delignat-Lavaud, B.,
Bourque, M. ], et al. (2020). VGIuT2 expression in dopamine neurons contributes to
postlesional striatal reinnervation. J. Neurosci. 40, 8262-8275. doi: 10.1523/
JNEUROSCI.0823-20.2020

Lee, S., Chen, L., Chen, M., Ye, M., Seal, R. P, and Zhou, Z. J. (2014). An
unconventional glutamatergic circuit in the retina formed by vGluT3 amacrine cells.
Neuron 84, 708-715. doi: 10.1016/j.neuron.2014.10.021

Liguz-Lecznar, M., and Skangiel-Kramska, J. (2007). Vesicular glutamate transporters
(VGLUTS): the three musketeers of glutamatergic system. Acta Neurobiol. Exp. 67,
207-218.

Lyu, S., Guo, Y., Zhang, L., Tang, G., Li, R,, Yang, J,, et al. (2021). Downregulation of
astroglial glutamate transporter GLT-1 in the lateral habenula is associated with

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1118078
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neuron.2017.07.038
https://doi.org/10.1007/s11064-022-03771-1
https://doi.org/10.1001/jama.2019.22360
https://doi.org/10.1126/science.289.5481.957
https://doi.org/10.1002/cne.22194
https://doi.org/10.1016/S1367-5931(99)80065-9
https://doi.org/10.1073/pnas.0910986107
https://doi.org/10.1073/pnas.0910986107
https://doi.org/10.1101/cshperspect.a005595
https://doi.org/10.1523/JNEUROSCI.2770-20.2021
https://doi.org/10.1021/acschemneuro.1c00741
https://doi.org/10.1111/acel.13365
https://doi.org/10.1111/febs.15496
https://doi.org/10.1038/s41586-021-03240-9
https://doi.org/10.1038/nn.4549
https://doi.org/10.1016/j.neuroscience.2009.08.057
https://doi.org/10.1016/j.clineuro.2008.09.018
https://doi.org/10.1016/j.neuroscience.2008.07.032
https://doi.org/10.1016/j.neuroscience.2008.07.032
https://doi.org/10.1016/j.neuron.2005.11.032
https://doi.org/10.1016/j.brainresrev.2007.10.005
https://doi.org/10.1523/JNEUROSCI.2124-15.2015
https://doi.org/10.1523/JNEUROSCI.2124-15.2015
https://doi.org/10.1016/j.neuint.2015.07.005
https://doi.org/10.1038/nrn2969
https://doi.org/10.1016/j.bbamem.2020.183259
https://doi.org/10.3389/fncel.2017.00140
https://doi.org/10.1186/1471-2202-14-152
https://doi.org/10.1016/j.tips.2021.03.003
https://doi.org/10.1007/s00441-006-0266-5
https://doi.org/10.1016/s0896-6273(01)00344-0
https://doi.org/10.1016/j.nbd.2015.12.010
https://doi.org/10.1038/nn2052
https://doi.org/10.1523/JNEUROSCI.22-13-05442.2002
https://doi.org/10.1016/j.heares.2010.11.001
https://doi.org/10.1016/j.heares.2010.11.001
https://doi.org/10.1016/j.neuroscience.2003.10.039
https://doi.org/10.1002/cne.22237
https://doi.org/10.1016/j.neuron.2010.02.012
https://doi.org/10.1016/j.jphs.2020.07.011
https://doi.org/10.1037/a0018931
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1016/s0168-0102(02)00009-3
https://doi.org/10.1016/j.neurobiolaging.2006.02.010
https://doi.org/10.1002/cne.21054
https://doi.org/10.1007/s00702-017-1692-0
https://doi.org/10.1523/JNEUROSCI.0823-20.2020
https://doi.org/10.1523/JNEUROSCI.0823-20.2020
https://doi.org/10.1016/j.neuron.2014.10.021

Zhao et al.

depressive-like behaviors in a rat model of Parkinson’s disease. Neuropharmacology
196:108691. doi: 10.1016/j.neuropharm.2021.108691

Magi, S., Piccirillo, S., Amoroso, S., and Lariccia, V. (2019). Excitatory amino acid
transporters (EAATSs): glutamate transport and beyond. Int. J. Mol. Sci. 20:5674. doi:
10.3390/ijms20225674

Martineau, M., Guzman, R. E., Fahlke, C., and Klingauf, J. (2017). VGLUT1 functions
as a glutamate/proton exchanger with chloride channel activity in hippocampal
glutamatergic synapses. Nat. Commun. 8:2279. doi: 10.1038/s41467-017-02367-6

Massie, A., Schallier, A., Vermoesen, K., Arckens, L., and Michotte, Y. (2010). Biphasic
and bilateral changes in striatal VGLUT1 and 2 protein expression in hemi-Parkinson
rats. Neurochem. Int. 57, 111-118. doi: 10.1016/j.neuint.2010.04.019

Maycox, P. R., Deckwerth, T., Hell, J. W, and Jahn, R. (1988). Glutamate uptake by brain
synaptic vesicles. Energy dependence of transport and functional reconstitution in
proteoliposomes. J. Biol. Chem. 263, 15423-15428. doi: 10.1016/S0021-9258(19)37605-7

McKinley, J. W, Shi, Z., Kawikova, I, Hur, M., Bamford, I J., Sudarsana, D. S., et al. (2019).
Dopamine deficiency reduces striatal cholinergic interneuron function in models of
parkinson’s disease. Neuron 103, 1056-1072.€6. doi: 10.1016/j.neuron.2019.06.013

Mendez, J. A., Bourque, M. J., Dal Bo, G., Bourdeau, M. L., Danik, M., Williams, S.,
et al. (2008). Developmental and target-dependent regulation of vesicular glutamate
transporter expression by dopamine neurons. J. Neurosci. 28, 6309-6318. doi: 10.1523/
JNEUROSCI.1331-08.2008

Morales, M., and Margolis, E. B. (2017). Ventral tegmental area: cellular heterogeneity,
connectivity and behaviour. Nat. Rev. Neurosci. 18, 73-85. doi: 10.1038/nrn.2016.165

Morales, M., and Root, D. H. (2014). Glutamate neurons within the midbrain
dopamine regions. Neuroscience 282, 60-68. doi: 10.1016/j.neuroscience.2014.05.032

Orieux, G., Francois, C., Féger, J., Yelnik, J., Vila, M., Ruberg, M., et al. (2000).
Metabolic activity of excitatory parafascicular and pedunculopontine inputs to the
subthalamic nucleus in a rat model of Parkinson’s disease. Neuroscience 97, 79-88. doi:
10.1016/s0306-4522(00)00011-7

Pflibsen, L., Stang, K. A., Sconce, M. D., Wilson, V. B., Hood, R. L., Meshul, C. K., et al.
(2015). Executive function deficits and glutamatergic protein alterations in a progressive
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson’s disease. J.
Neurosci. Res. 93, 1849-1864. doi: 10.1002/jnr.23638

Pietrancosta, N., Djibo, M., Daumas, S., El, M. S., and Erickson, J. D. (2020).
Molecular, structural, functional, and pharmacological sites for vesicular glutamate
transporter regulation. Mol. Neurobiol. 57, 3118-3142. doi: 10.1007/s12035-020-01912-7

Pisano, C. A., Brugnoli, A., Novello, S., Caccia, C., Keywood, C., Melloni, E., et al.
(2020). Safinamide inhibits in vivo glutamate release in a rat model of Parkinson’s
disease. Neuropharmacology 167:108006. doi: 10.1016/j.neuropharm.2020.108006

Plaitakis, A., and Shashidharan, P. (2000). Glutamate transport and metabolism in
dopaminergic neurons of substantia nigra: implications for the pathogenesis of
Parkinson’s disease. J. Neurol. 247, 1125-135. doi: 10.1007/pl00007757

Raju, D. V,, Ahern, T. H., Shah, D. J., Wright, T. M., Standaert, D. G., Hall, R. A, et al.
(2008). Differential synaptic plasticity of the corticostriatal and thalamostriatal systems
in an MPTP-treated monkey model of parkinsonism. Eur. J. Neurosci. 27, 1647-1658.
doi: 10.1111/§.1460-9568.2008.06136.x

Ruel, J., Emery, S., Nouvian, R., Bersot, T., Amilhon, B., Van Rybroek, J. M., et al.
(2008). Impairment of SLC17A8 encoding vesicular glutamate transporter-3, VGLUT3,
underlies nonsyndromic deafness DFNA25 and inner hair cell dysfunction in null mice.
Am. J. Hum. Genet. 83, 278-292. doi: 10.1016/j.ajhg.2008.07.008

Sanjari, M. H., Zare-Shahabadi, A., Rahmani, E, and Rezaei, N. (2017). Neurotransmission
systems in Parkinson’s disease. Rev. Neurosci. 28, 509-536. doi: 10.1515/revneuro-2016-0068

Schifer, M. K., Varoqui, H., Defamie, N., Weihe, E., and Erickson, J. D. (2002).
Molecular cloning and functional identification of mouse vesicular glutamate
transporter 3 and its expression in subsets of novel excitatory neurons. J. Biol. Chem.
277, 50734-50748. doi: 10.1074/jbc.M206738200

Schapira, A., Chaudhuri, K. R., and Jenner, P. (2017). Non-motor features of Parkinson
disease. Nat. Rev. Neurosci. 18, 435-450. doi: 10.1038/nrn.2017.62

Schweizer, N., Pupe, S., Arvidsson, E., Nordenankar, K., Smith-Anttila, C. J.,
Mahmoudi, S., et al. (2014). Limiting glutamate transmission in a Vglut2-expressing
subpopulation of the subthalamic nucleus is sufficient to cause hyperlocomotion. Proc.
Natl. Acad. Sci. U. S. A. 111, 7837-7842. doi: 10.1073/pnas.1323499111

Frontiers in Molecular Neuroscience

07

10.3389/fnmol.2023.1118078

Schweizer, N., Viereckel, T., Smith-Anttila, C. J., Nordenankar, K., Arvidsson, E.,
Mahmoudi, S., et al. (2016). Reduced Vglut2/Slc17a6 gene expression levels throughout the
mouse subthalamic nucleus cause cell loss and structural disorganization followed by
increased motor activity and decreased sugar consumption. eNeuro. 3, ENEURO.0264-
ENEU16.2016. doi: 10.1523/ENEURO.0264-16.2016

Shen, H., Marino, R., McDevitt, R. A., Bi, G. H., Chen, K., Madeo, G, et al. (2018).
Genetic deletion of vesicular glutamate transporter in dopamine neurons increases
vulnerability to MPTP-induced neurotoxicity in mice. Proc. Natl. Acad. Sci. U. S. A. 115,
E11532-E11541. doi: 10.1073/pnas.1800886115

Shigeri, Y., Seal, R. P, and Shimamoto, K. (2004). Molecular pharmacology of
glutamate transporters, EAATs and VGLUTTSs. Brain Res. Brain Res. Rev. 45, 250-265. doi:
10.1016/j.brainresrev.2004.04.004

Somogyi, J., Baude, A., Omori, Y., Shimizu, H., El, M. S., Fukaya, M., et al. (2004).
GABAergic basket cells expressing cholecystokinin contain vesicular glutamate transporter
type 3 (VGLUT3) in their synaptic terminals in hippocampus and isocortex of the rat. Eur.
J. Neurosci. 19, 552-569. doi: 10.1111/j.0953-816x.2003.03091.x

Steinkellner, T., Conrad, W. S., Kovacs, I, Rissman, R. A., Lee, E. B., Trojanowski, J. Q.,
etal. (2022). Dopamine neurons exhibit emergent glutamatergic identity in Parkinson’s
disease. Brain 145, 879-886. doi: 10.1093/brain/awab373

Steinkellner, T., Zell, V., Farino, Z. J., Sonders, M. S., Villeneuve, M., Freyberg, R. J.,
etal. (2018). Role for VGLUT?2 in selective vulnerability of midbrain dopamine neurons.
J. Clin. Invest. 128, 774-788. doi: 10.1172/JC195795

Takamori, S., Rhee, J. S., Rosenmund, C., and Jahn, R. (2000). Identification of a
vesicular glutamate transporter that defines a glutamatergic phenotype in neurons.
Nature 407, 189-194. doi: 10.1038/35025070

Tatti, R., Bhaukaurally, K., Gschwend, O., Seal, R. P,, Edwards, R. H., Rodriguez, L,
et al. (2014). A population of glomerular glutamatergic neurons controls sensory
information transfer in the mouse olfactory bulb. Nat. Commun. 5:3791. doi: 10.1038/
ncomms4791

Thompson, C. M., and Chao, C. K. (2020). VGLUT substrates and inhibitors: a
computational viewpoint. Biochim. Biophys. Acta Biomembr. 1862:183175. doi: 10.1016/j.
bbamem.2020.183175

Thompson, C. M., Davis, E., Carrigan, C. N., Cox, H. D., Bridges, R. ], and
Gerdes, J. M. (2005). Inhibitor of the glutamate vesicular transporter (VGLUT). Curr.
Med. Chem. 12, 2041-2056. doi: 10.2174/0929867054637635

Tubert, C., Taravini, 1., Flores-Barrera, E., Sdnchez, G. M., Prost, M. A., Avale, M. E.,
etal. (2016). Decrease of a current mediated by kv1.3 channels causes striatal cholinergic
interneuron hyperexcitability in experimental parkinsonism. Cell Rep. 16, 2749-2762.
doi: 10.1016/j.celrep.2016.08.016

Wang, Y., Wang, Y., Liu, J., and Wang, X. (2018). Electroacupuncture alleviates motor
symptoms and up-regulates vesicular glutamatergic transporter 1 expression in the
subthalamic nucleus in a unilateral 6-Hydroxydopamine-lesioned hemi-parkinsonian
rat model. Neurosci. Bull. 34, 476-484. doi: 10.1007/512264-018-0213-y

Wang, J., Wang, E, Mai, D., and Qu, S. (2020). Molecular mechanisms of glutamate
toxicity in parkinson’s disease. Front. Neurosci. 14:585584. doi: 10.3389/
fnins.2020.585584

Wojcik, S. M., Rhee, . S., Herzog, E., Sigler, A., Jahn, R., Takamori, S., et al. (2004). An
essential role for vesicular glutamate transporter 1 (VGLUT1) in postnatal development
and control of quantal size. Proc. Natl. Acad. Sci. U. S. A. 101, 7158-7163. doi: 10.1073/
pnas.0401764101

Wolosker, H., de Souza, D. O., and de Meis, L. (1996). Regulation of glutamate
transport into synaptic vesicles by chloride and proton gradient. J. Biol. Chem. 271,
11726-11731. doi: 10.1074/jbc.271.20.11726

Yamaguchi, T., Qi, J., Wang, H. L., Zhang, S., and Morales, M. (2015). Glutamatergic
and dopaminergic neurons in the mouse ventral tegmental area. Eur. J. Neurosci. 41,
760-772. doi: 10.1111/ejn.12818

Yamaguchi, T, Wang, H. L, Li, X, Ng, T. H, and Morales, M. (2011).
Mesocorticolimbic glutamatergic pathway. J. Neurosci. 31, 8476-8490. doi: 10.1523/
JNEUROSCI.1598-11.2011

Zheng, X., Huang, Z., Zhu, Y, Liu, B,, Chen, Z., Chen, T., et al. (2019). Increase in
glutamatergic terminals in the striatum following dopamine depletion in a rat model
of parkinson’s disease. Neurochem. Res. 44, 1079-1089. doi: 10.1007/
s11064-019-02739-y

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1118078
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neuropharm.2021.108691
https://doi.org/10.3390/ijms20225674
https://doi.org/10.1038/s41467-017-02367-6
https://doi.org/10.1016/j.neuint.2010.04.019
https://doi.org/10.1016/S0021-9258(19)37605-7
https://doi.org/10.1016/j.neuron.2019.06.013
https://doi.org/10.1523/JNEUROSCI.1331-08.2008
https://doi.org/10.1523/JNEUROSCI.1331-08.2008
https://doi.org/10.1038/nrn.2016.165
https://doi.org/10.1016/j.neuroscience.2014.05.032
https://doi.org/10.1016/s0306-4522(00)00011-7
https://doi.org/10.1002/jnr.23638
https://doi.org/10.1007/s12035-020-01912-7
https://doi.org/10.1016/j.neuropharm.2020.108006
https://doi.org/10.1007/pl00007757
https://doi.org/10.1111/j.1460-9568.2008.06136.x
https://doi.org/10.1016/j.ajhg.2008.07.008
https://doi.org/10.1515/revneuro-2016-0068
https://doi.org/10.1074/jbc.M206738200
https://doi.org/10.1038/nrn.2017.62
https://doi.org/10.1073/pnas.1323499111
https://doi.org/10.1523/ENEURO.0264-16.2016
https://doi.org/10.1073/pnas.1800886115
https://doi.org/10.1016/j.brainresrev.2004.04.004
https://doi.org/10.1111/j.0953-816x.2003.03091.x
https://doi.org/10.1093/brain/awab373
https://doi.org/10.1172/JCI95795
https://doi.org/10.1038/35025070
https://doi.org/10.1038/ncomms4791
https://doi.org/10.1038/ncomms4791
https://doi.org/10.1016/j.bbamem.2020.183175
https://doi.org/10.1016/j.bbamem.2020.183175
https://doi.org/10.2174/0929867054637635
https://doi.org/10.1016/j.celrep.2016.08.016
https://doi.org/10.1007/s12264-018-0213-y
https://doi.org/10.3389/fnins.2020.585584
https://doi.org/10.3389/fnins.2020.585584
https://doi.org/10.1073/pnas.0401764101
https://doi.org/10.1073/pnas.0401764101
https://doi.org/10.1074/jbc.271.20.11726
https://doi.org/10.1111/ejn.12818
https://doi.org/10.1523/JNEUROSCI.1598-11.2011
https://doi.org/10.1523/JNEUROSCI.1598-11.2011
https://doi.org/10.1007/s11064-019-02739-y
https://doi.org/10.1007/s11064-019-02739-y

	A mini-review of the role of vesicular glutamate transporters in Parkinson’s disease
	Introduction
	Glutamate-glutamine cycle
	Distribution and molecular pharmacology of VGLUTs
	Molecular mechanism of VGLUTs in PD
	VGLUT1 and Parkinson’s disease
	VGLUT2 and Parkinson’s disease
	VGLUT3 and Parkinson’s disease
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

