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Preface

The human brain is often described as the most intricate structure in the known 
universe. At the heart of its complexity lie neurotransmitters—chemical messengers 
that shape thought, behavior, emotion, and cognition. Like two sides of the same 
coin, neurotransmitters play a dual role: they are essential for maintaining health and 
equilibrium, yet their imbalance or dysregulation can underlie a broad spectrum of 
neurological and psychiatric disorders.

This book, Two Sides of the Same Coin – Neurotransmitters in Health and Disease, seeks 
to explore the paradoxical nature of these powerful molecules. It presents a compre-
hensive yet accessible journey through the physiological roles of neurotransmitters 
in normal brain function, while also delving into how their alterations contribute to 
diseases such as depression, schizophrenia, Alzheimer’s disease, stroke, and other 
neurodegenerative and neurovascular conditions.

Drawing upon decades of research and clinical insight, this volume bridges the gap 
between fundamental neuroscience and translational medicine. It is intended for 
students, researchers, and clinicians who wish to deepen their understanding of the 
chemical language of the brain—both in harmony and in disruption.

The title reflects the central thesis of this book: that neurotransmitters are neither 
inherently beneficial nor harmful, but context-dependent agents of change. Their 
duality is what makes them both fascinating and vital to understanding the human 
condition.

We are grateful to IntechOpen for initiating this book project and for asking us to 
serve as its editors. Many thanks are due to Ms. Valentina Jolic at IntechOpen for 
guiding us through the publication process and for advancing the book in a timely 
manner. Thanks are due to all contributors of this book for taking the time to first 
write a chapter proposal, compose their chapter, and, lastly, make the requested 
revisions to it.

Dr. Heinbockel would like to thank his wife, Dr. Vonnie D.C. Shields, Professor at 
Towson University, Towson, MD, and their son, Torben Heinbockel, for the time he 
was able to spend working on this book project during the past year. He is grateful to 
his parents, Erich and Renate Heinbockel, for their continuous support and interest 
in his work over many years.

Hopefully, all contributors will continue their research, facing many intellectual 
challenges and exploring exciting new directions. We hope that this work not only 
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informs but also inspires further inquiry into the delicate balance that governs brain 
chemistry, and ultimately, human life.
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Professor,

University of Technology Sydney,
Sydney, Australia
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Chapter 1

Introductory Chapter: Glutamate, 
a Double Edge Sword
Kaneez Fatima-Shad

1.  Introduction

Glutamate is a major excitatory neurotransmitter responsible for synaptic plastic-
ity and other essential processes, such as learning and memory, in the central nervous 
system [1]. This amazing amino acid seems to be involved in the biosynthesis of 
almost all proteins and nucleic acids [2]. Glutamate regulates various metabolic path-
ways and signaling mechanisms by interacting with both its ionic and metabotropic 
receptors [3].

2.  Dual nature of glutamate

Glutamate is a molecule that can have both positive and negative effects on the 
body, so it can be considered both “wonderful” and “dreadful” in certain situations.

2.1  Wonderful molecule

Nonessential amino acid glutamate cannot cross the blood-brain barrier and is 
synthesized in the presynaptic neuron from glutamine via the mitochondrial enzyme 
glutaminase. Non-neuronal cells, such as astrocytes, also produce glutamate via the 
enzyme pyruvate carboxylase. This synthesis increases during brain activation, for 
example, during memory formation [4].

2.1.1  Neuromodulator

Huang et al. [5] demonstrated that type III gustatory cells are stimulated by 
low concentrations of glutamate and release serotonin, which in turn reduces ATP 
release from type II gustatory cells. ATP is known to be an afferent transmitter in 
taste buds.

2.1.2  Metabolic regulator

In many organisms, the amino acid glutamate is not only involved in the synthe-
sis of proteins, nucleotides, and other amino acids but also plays a role in nitrogen 
assimilation and catabolism of certain amines. For these reasons, it is often referred to 

XIV
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as “metabolic hub” [6]. In numerous metabolic pathways, including the tricarboxylic 
acid (TCA) cycle and the glutamine-glutamate cycle glutamate acts as an important 
metabolic intermediate. It synthesizes the inhibitory neurotransmitter gamma-
aminobutyric acid (GABA) along with other important molecules.

2.2  Dreadful molecule

Glutamate is involved in the onset of many cardiovascular, cerebrovascular, neu-
rodegenerative, and psychiatric disorders such as hypertension, stroke, Alzheimer’s 
disease, and schizophrenia.

2.2.1  Hypertension

Expression of different subunits in pre and postsynaptic NMDA receptors dysregu-
late blood pressure. Interaction between the neuropeptide orexin and glutamatergic 
receptor N-Methyl-D Aspartate (NMDA) was recently observed [7]. They also identified 
that the resultant molecules produced from the increased influx of calcium ions through 
NMDA receptors (NMDARs) could serve as predictive biomarkers of hypertension.

2.2.2  Stroke and Alzheimer’s disease

Qin et al. [8], demonstrated that increased activities of excitatory amino acid, along 
with glucose deprivation and ischemic conditions, cause excitotoxicity and neuronal 
death. The sequence of events in such conditions includes an excess of calcium, leading 
to ionic imbalance, membrane depolarization, and unrestricted activation of glutamater-
gic receptors, mitochondrial dysfunction, and alterations in gene expression [9].

This glutamate-gated excitotoxicity is recognized as a major contributing factor to 
the early stages of Alzheimer’s disease and ischemic stroke [10].

2.2.3  Schizophrenia

We and others observed that human platelets mimic neuronal receptors, such as 
NMDA and serotonin type 3 receptors, as well as ionic currents. Experiments per-
formed on platelets from both healthy individuals and patients with schizophrenia 
revealed a very similar baseline electrophysiological profile.

Significant differences in the ionic currents were observed when serotonin was 
applied to the platelets from normal individuals and patients with schizophrenia. We 
found that the serotonin-induced currents in platelets from patients with schizophrenia 
were four times greater than those in normal individuals, indicating a marked difference 
in the sensitivity and distribution of the serotonin receptors between the two groups.

We also observed that D-serine at micromolar concentrations decreased the ampli-
tude and sensitivity of serotonin receptors present in the platelets of patients with 
schizophrenia and that D-serine can reduce 5-HT3 receptor sensitivity, bringing the 
values closer to those of normal subjects [11].

3.  Conclusion

The balance between the production and consumption of glutamate is essential for 
retaining homeostasis of excitatory neurotransmission in both the brain and the body.
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Chapter 2

Glutamate Signaling and NMDA 
Receptor Dynamics in Healthy 
Aging and Alzheimer’s Disease
Ammarah Baig, Javeria Tanveer, Rukhsana Rubeen, 
Shazia Shakoor, Kanza Khan and Kaneez Fatima-Shad

Abstract

This chapter provides a comprehensive overview of glutamate, the primary excitatory 
neurotransmitter in the central nervous system, and its interaction with N-methyl-D-
aspartate receptors (NMDARs), pivotal for synaptic plasticity, neural transmission, and 
cognitive functions. We highlight the critical role of glutamate signaling in aging and 
Alzheimer’s disease (AD), emphasizing how dysregulated glutamatergic activity contrib-
utes to neuronal damage and neurodegeneration through excitotoxicity. A central focus 
is the pathological overactivation of extrasynaptic NMDARs, which elevates intracellular 
calcium levels and triggers neurotoxic cascades involving oxidative stress, mitochon-
drial dysfunction, and apoptosis. Furthermore, hallmark AD pathologies, such as Tau 
tangles and amyloid-beta (Aβ) plaques, exacerbate glutamate dysregulation, enhancing 
NMDAR-mediated calcium influx and excitotoxicity. The chapter also explores the role 
of glutamate transporters in cognitive decline, highlighting age-related impairments in 
the glutamate-glutamine cycle that reduce extracellular glutamate clearance. Therapeutic 
strategies targeting glutamate homeostasis and NMDAR signaling may offer novel 
avenues for mitigating synaptic dysfunction and improving outcomes in AD and age-
related cognitive decline. This review aims to lay the foundation for developing targeted 
interventions to address these neurodegenerative processes.

Keywords: neurodegenerative diseases, Alzheimer’s disease, glutamate receptors, 
cognitive decline, NMDA receptor

1.  Introduction

Glutamate is the most abundant free amino acid and the primary excitatory 
neurotransmitter in the mammalian brain, situated at the intersection of multiple 
metabolic pathways. It plays a crucial role in fundamental brain processes, including 
synaptic plasticity, which underlies learning, memory formation, and the develop-
ment of neural networks. Additionally, glutamate is essential for regulating motor 
control through its involvement in neuronal circuits within the basal ganglia [1]. 
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However, under pathological conditions, dysregulated glutamate signaling can induce 
excitotoxicity, contributing to neuronal damage and is implicated in various neuro-
logical disorders, including Alzheimer’s disease (AD).

1.1 Glutamate synthesis, release, and metabolism

Glutamate is classified as a non-essential amino acid because it is synthesized endog-
enously within the central nervous system (CNS) through the glutamate-glutamine cycle. 
Although glutamate has limited direct access from the bloodstream to the brain, neigh-
boring glial cells release glutamine, which is taken up by neuronal presynaptic terminals 
via excitatory amino acid transporters (EAATs). Within the presynaptic terminals, 
glutamine is converted to glutamate by the mitochondrial enzyme glutaminase. The syn-
thesized glutamate is then packaged into synaptic vesicles through the action of vesicular 
glutamate transporters (VGLUTs). Upon the arrival of an action potential, voltage-gated 
ion channels in the presynaptic membrane open, allowing Na+ and Ca2+ influx, which 
triggers the release of glutamate into the synaptic cleft. The released glutamate interacts 
with receptors on the postsynaptic neuron to mediate excitatory neurotransmission, 
playing a critical role in synaptic communication and neuronal signaling [2]. The influx of 
Ca2+ triggers the fusion of glutamate-containing vesicles with the presynaptic membrane, 
leading to the release of glutamate into the synaptic cleft. To prevent excitotoxicity and 
maintain synaptic homeostasis, excitatory amino acid transporters (EAATs) rapidly clear 
glutamate from the synaptic cleft, transporting it into either glial cells or presynaptic 
terminals. In glial cells, glutamate is enzymatically converted back into glutamine-by-
glutamine synthetase. This glutamine is subsequently shuttled back to neurons, where it 
is reconverted to glutamate, completing the glutamate-glutamine cycle. The coordinated 
interaction between neurons and glial cells ensures a continuous and efficient supply of 
glutamate for neurotransmission while preventing excessive extracellular accumulation 
[3]. See Figure 1.

Figure 1. 
Simple representation of glutamate-glutamine cycle.
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1.2 Glutamate receptors

Alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), N-methyl-
D-aspartate (NMDA), and kainate receptors are the three main types of ionotropic 
glutamate receptors responsible for fast excitatory neurotransmission in the central 
nervous system (CNS). While they share a similar structural framework, they differ 
in amino acid composition, subunit assembly, and agonist sensitivity. These recep-
tors are distributed across pre-synaptic, post-synaptic, and extra-synaptic regions, 
contributing to synaptic transmission and plasticity.

AMPA receptors primarily mediate rapid synaptic responses, while NMDA 
receptors are involved in slower, calcium-dependent synaptic responses essential for 
synaptic plasticity. Kainate receptors, formed from distinct genes (GluR5-7, KA-1, 
and KA-2), are widely distributed throughout the brain and have been implicated in 
processes such as epileptogenesis and cell death, although their precise physiological 
roles remain less well understood [4].

In addition to ionotropic receptors, there are eight metabotropic glutamate recep-
tors (mGluR1–8) belonging to the G-protein-coupled receptor family, which modulate 
neuronal excitability and synaptic transmission over slower timescales. Metabotropic 
receptors, on the other hand, lack ion channels. Glutamate binds to a metabotropic recep-
tor and activates an intracellular G-protein, which starts signaling cascades that indirectly 
affect postsynaptic ion channels. In contrast to ionotropic receptors, these receptors have 
a slower postsynaptic response and can either increase or decrease excitability [5].

Group I mGluRs are located on postsynaptic membranes and are thought to 
improve responses mediated by ionotropic receptors. On the other hand, group II and 
III mGluRs, which are mainly found on presynaptic membranes, might act as auto 
receptors and control glutamate release by means of feedback processes.

This comprehensive distribution and functional diversity highlight the central 
role of glutamate receptors in both normal CNS function and pathological conditions. 
(Refer to Figure 2 and Table 1).

Figure 2. 
Classification of glutamate receptors.
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1.3 Changes in glutamate levels during aging

With aging, the brain function declines [6], which is associated by a decrease 
in mitochondrial energy production in the thalamus-cortical neurons, reflected 
by a reduced rate of the glutamate-glutamine cycle [7]. During physiological aging 
memory function also tends to decline, due to hypo glutamatergic activities.

In rodents [8, 9] and in humans, not necessarily in all humans, there is a 
decline of cerebral glutamate levels with the age was observed via proton MR 
spectroscopy (1H-MRS) especially in the cortical areas [6, 7, 10–12]. Studies were 
made to quantify glutamine within the cortical region showed subtle results in 
healthy aging [6, 10].

1.4 Glutamate and neurodegeneration

Glutamate has gained significant interest from neurologists because of its poten-
tial role in acute and chronic neurodegenerative disorders. The following three basic 
underlying mechanisms were suggested:

1. Exogenous dietary glutamate (for instance, MSG compounds) can cause excito-
toxicity by stimulating glutamate receptors.

2. In conditions such as cerebral ischemia and brain injury, glutamate released 
endogenously from neurons contributes to acute neurodegeneration.

3. Excitotoxicity i.e. hyperactivity of glutamatergic receptors can contribute to cell 
death in neurodegenerative disorders like ALS (Amyotrophic lateral sclerosis), 
Huntington’s disease, Parkinson’s disease and Alzheimer’s disease [13].

1.5 Glutamate dysfunction in Alzheimer’s disease (AD)

The leading cause of pathogenesis of Alzheimer’s disease is excitotoxicity of 
glutamate receptors, especially N-methyl-D-aspartate receptors (NMDARs) [14]. 
The underlying mechanism of this excitotoxicity is disruption of astrocyte mediated 
glutamate uptake and excessive release of glutamate in presynaptic terminals induced 
by beta amyloid plaques [15]. Studies have revealed that the overexcitation, leads to 
influx of calcium ions, causing neuronal loss and cognitive decline of Alzheimer’s 
disease [16, 17].

This chapter offers a comprehensive review of glutamate, the central nervous 
system’s primary excitatory neurotransmitter and its complex interaction with 
N-methyl-D-aspartate receptors (NMDARs), critical to synaptic plasticity, neu-
ral transmission, and cognitive health. The chapter starts with a description of 
normal physiological glutamatergic signaling and its significance to healthy brain 

Receptor type Subtypes Key features Signaling mechanism

iGluRs NMDA, AMPA, KA Fast synaptic transmission, ion flow Ligand-gated ion channels

mGluRs mGluR1—mGluR8 Modulation, plasticity, slow effects G protein-coupled signaling

Table 1. 
A comparison table of iGluR/mGluR properties.
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health, followed by discussion of how this system gets dysregulated with age and in 
Alzheimer’s disease (AD). A centralized focus is given to the pathological overactiva-
tion of extrasynaptic NMDARs, which triggers a cascade of intracellular calcium 
overloading, oxidative stress, mitochondrial damage, and apoptosis which are major 
drivers of neuronal loss and cognitive decline. The chapter also borrows from nascent 
knowledge of how common AD pathologies, i.e., amyloid-beta (Aβ) deposition and 
tau pathology, lead to glutamate-mediated excitotoxicity. Furthermore, we assess the 
loss of glutamate transporter function and the impaired glutamate-glutamine cycle, 
especially in the aging brain, that further aggravate extracellular glutamate accumula-
tion. On this mechanistic foundation, the chapter discusses current and experimental 
treatment strategies to restore glutamate homeostasis, modulate NMDAR function, 
and maintain synaptic health. By integrating these lines of evidence, this chapter 
seeks not only to explain the multifaceted role of glutamatergic dysfunction in AD but 
also to lay bare its therapeutic potential, paving the way for future intervention into 
this critical neurotransmitter system.

2.  Glutamate transporters dysfunction in Alzheimer’s disease

The concentrations of extracellular glutamate are also regulated by glutamate 
transporters, expressed on neurons and astrocytes. The glutamate transporters play a 
critical role in preserving synaptic homeostasis, by withdrawing the excess amount of 
glutamate from the cleft of the synaptic membrane. Glutamate transporter failure is 
a major cause of excitotoxicity and neuronal injury in neurodegenerative diseases like 
Alzheimer’s [13].

There are two types of glutamate transporters involved in the removal of extra 
levels of glutamate from synaptic cleft [18]. These EAAT1 and EAAT2T are integral 
membrane proteins, responsible for clearing excess glutamate from the synaptic cleft 
into glial cells and neurons [19]. EAAT1 is mostly found in cerebellum and EAAT2 is 
present on astrocytes in the cerebral cortex and hippocampus to maintain the gluta-
mate level by transporting the excess amount of glutamate in the brain [20].

In AD, the dysregulation of glutamate transporters, specifically EAAT2, results in 
high extracellular glutamate levels due to decreased astrocytic glutamate uptake and 
resultant excitotoxicity [21]. Genetic variations of EAAT2 is associated with lower 
glutamate uptake, contributing to the onset of Alzheimer’s disease [22].

2.1 Consequences of impaired glutamate clearance in Alzheimer’s disease

The inadequate activities of glutamate transporters i.e. Excitatory Amino Acid 
Transporters (EAATs) may lead to symptoms of Alzheimer’s disease. EAAT1 and EAAT2 
transporters maintaining the homeostasis of glutamate levels in the brain [23, 24].

EAAT1 and EAAT2 are predominantly localized on astrocytes, with EAAT1 highly 
expressed in the cerebellum and EAAT2 in the hippocampus. Their activity prevents 
excessive glutamate accumulation, thereby avoiding excitotoxicity [25, 26], EAAT2 
is not exclusively astrocytic; it has also been detected in neurons, particularly in the 
hippocampus and retina [27]. Upon glutamate release from presynaptic neurons, a 
substantial portion diffuses out of the synaptic cleft. Astrocytic EAATs, especially 
EAAT2, are critical in clearing this excess glutamate, preventing spillover to neigh-
boring synapses and avoiding overactivation of extrasynaptic NMDA receptors. This 
regulatory mechanism is disrupted in AD.
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Amyloid β, a hallmark of AD, has been shown to reduce both EAAT1 and EAAT2 
function and expression in rat hippocampal and cortical astrocytes. Human studies have 
similarly documented decreased expression of these transporters in the hippocampi and 
cortices of AD patients, correlating with reduced glutamate uptake [27]. While the role of 
EAAT2 has been relatively well characterized, EAAT1’s involvement remains ambiguous. 
Some studies suggest increased EAAT1 expression in the hippocampus of AD patients, 
potentially as a compensatory response [26], while others note reduced expression in 
platelets, indicating systemic glutamate dysregulation [28].

EAAT2 alterations are more consistent: protein levels and function are significantly 
decreased in the AD frontal cortex despite stable mRNA levels, suggesting post-transcrip-
tional regulation problems [29]. This downregulation is linked with astrocyte dysfunc-
tion, increased gliosis, and is associated with, but not fully explained by, amyloid and tau 
burden [29, 30]. Notably, both astrocytic and neuronal EAAT2 are implicated in memory, 
with astrocytic deficiency being more strongly tied to AD pathology [31]. Peripheral 
changes have also been observed, such as reductions in platelet EAAT1 and EAAT3 during 
aging and AD, indicating potential peripheral biomarkers [28].

Mechanistically, multiple factors link EAAT dysfunction to AD. 
Neuroinflammation, driven by microglial and astrocyte activation, alters EAAT1/2 
expression and impairs synaptic plasticity [32]. Moreover, beta-amyloid disrupts 
insulin/Akt/EAAT signaling pathways, lowering EAAT protein levels and potentially 
promoting excitotoxic damage—a process reversible with insulin treatment [33]. 
Altered EAAT2 is also associated with abnormal expression of the amyloid precursor 
protein (APP), linking transporter dysfunction with amyloidogenesis [29].

Given that EAAT expression is influenced by neuronal and endothelial signaling, 
the decline in transporter function in AD may stem from disrupted intercellular com-
munication. Thus, targeting EAAT1 and EAAT2 for therapeutic upregulation holds 
promise for mitigating glutamate toxicity and slowing disease progression.

In addition, the release of excitotoxicity leads to the generation of reactive microg-
lial cells, which produce cytokines resulting in neuroinflammation [34] and the 
generation of the neurofibrillary tangles. (Refer to Table 2 for a brief summary of the 
role of EAAT1/2 in AD pathology.

2.1.1 Amyloid-beta (Aβ) toxicity

The neuronal death and synaptic dysfunction in Alzheimer’s disease is mainly due 
to abnormal accumulation of amyloid-beta (Aβ) peptides, which are produced by the 
proteolytic cleavage of amyloid precursor protein (APP) [35]. The primary pathogenic 

Protein Gene Localization Alterations in AD

EAAT1 SLC1A3 Astrocytes (including 
Bergmann & Müller glia)
Predominant in cerebellum
Present in retina [27].

Upregulated in the medial temporal lobe (suggesting 
compensation) [26]
Downregulated in platelets and some brain areas [28].

EAAT2 SLC1A2 Astrocytes (and some sparse 
neurons)
Predominant in hippocampus 
and cortex [27].

Reduced protein levels and function in AD brains [29]
Post-transcriptional regulation issues despite stable 
mRNA levels.
Associated with gliosis and abnormal amyloid 
precursor protein APP dysregulation [30, 31].

Table 2. 
Localization and alterations of EAAT 1/2 in AD pathology.
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characteristic of AD, insoluble plaques, can be formed by the oligomerization and aggre-
gation of these peptides leading to severe neurotoxicity and synaptic function, especially 
in soluble forms [36]. They cause synaptic depression and disrupt long-term potentiation 
(LTP), a neuronal process that underlies learning and memory [37]. Furthermore, Aβ 
oligomers exacerbate excitotoxicity by interfering with the release of neurotransmitters, 
especially glutamate [38]. In addition to causing oxidative stress, mitochondrial malfunc-
tion, and disruption of intracellular signaling cascades, Aβ toxicity also results in neuronal 
damage and cell death [39]. Researchers have also suggested that Aβ peptides can stimu-
late astrocytes and microglia, resulting in neuroinflammatory reactions that worsens 
neurodegeneration [39]. Postmortem examinations of brains affected by Alzheimer’s 
disease have consistently revealed indications of underlying neuroinflammation. These 
alterations are indicative of the presence of activated microglia surrounding amyloid 
plaques and elevated levels of pro-inflammatory cytokines [40]. It is vital to address the 
underlying processes of Aβ toxicity to explore effective treatment options, which should 
be aimed at reducing its deleterious effects and stopping the course of Alzheimer’s disease.

2.1.2 Tau pathology

Alzheimer’s disease cognitive impairment and disease progression are significantly 
correlated with tau pathology [41]. It is suggested that the underlying mechanism 
causing neurodegeneration of Alzheimer’s disease is abnormal accumulation of 
hyperphosphorylated Tau proteins.

Tau protein is present in neuronal axons, where it is responsible for intracellular 
facilitation and stabilization of microtubules. In Alzheimer’s disease, the tau proteins 
become phosphorylated leading to accumulation of neurofibrillary tangles (NFTs) 
which cause disruption of regular cellular activities like synaptic dysfunction, inter-
ference with axonal transport, neuronal damage and cell death [42, 43]. Transgenic 
animal models have been used in studies to show that overexpression of mutant tau 
protein recapitulates important characteristics of the pathogenesis of Alzheimer’s 
disease, such as neurodegeneration and synaptic dysfunction [44, 45].

3.  The NMDAR paradox

In the central nervous system (CNS), a multitude of excitatory neurotransmission 
is regulated, via the vesicular discharge of glutamates stimulating ionotropic gluta-
mate receptors (iGluRs) and pre- and postsynaptic G-protein-coupled metabotropic 
glutamate receptors [46].

N-methyl-d-aspartate receptor (NMDAR) is distinguished from other glutamate 
receptors, for an increased Ca2+ permeability extracellular Mg2+ blockade in a voltage 
dependent manner, as well as the necessity of two co agonists binding to the agonist 
recognition site i.e. glutamate and glycine (or d-serine), to activate the channel [47].

3.1 Localization of NMDAR

In growing brain circuits, NMDARs placed post synaptically serve as detector, 
while NMDARs located presynaptic-ally mediate synaptic transmission and activity-
dependent synaptic plasticity [48].

The temporal cortex and hippocampus of developing brains exhibit modest 
expression of the NR1, NR2A, and NR2C subunits of the NMDA receptor, but in 
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neonates, this expression is distributed across the brain. Although NR2B is hardly 
noticeable in adults, the NR2B subunit is minimally expressed in the fetal hippocam-
pal and temporal cortex [49]. From weeks 7–21, NR3A levels plummet and rapidly 
increases post-birth, and decline gradually into adulthood [50], and NR3B levels rise 
as postnatal development advances, in adulthood, NR3A remains low while NR3B 
stays high. NR1 expression is low during gestation and escalates until adolescence 
[51]. Long-term potentiation (LTP) and long-term depression (LTD), two processes 
underpinning synaptic plasticity, depend on NMDA receptors, which are the princi-
pal mediators of calcium signaling in hippocampal neurons [52]. Both NR2A along 
with NR2B subunits are paramount for inducing of LTD and LTP [53]. See Figure 3.

3.2 Synaptic and extra synaptic NMDAR

Extra synaptic NMDARs are the ones that are found outside of the synapse, on the 
sides of spines or dendrites. They also cluster at sites of contact with nearby structures i.e. 
axons, axon terminals, or glia [54], while synaptic NMDARs are situated on the postsyn-
aptic membrane of the synapse. When glutamate binds to NMDARs, it causes an unfold-
ing chain of events resulting in the opening of the receptor’s ion channel, letting calcium 
ions (Ca2+) pass through the postsynaptic neurons. In conclusion, Ca2+ excess is not the 
only factor determining neurotoxicity; rather, Ca2+ influx through NMDARs positioned 
beyond the synapse is particularly detrimental to neurons [49]. See Figure 4.

Aβ, a protein linked to Alzheimer’s disease, initiates extra synaptic NMDA recep-
tors (NMDARs) in neurons, causing astrocytes to release glutamate. The activation 
of these extra synaptic NMDARs could bring about a drop in miniature excitatory 
postsynaptic currents (mEPSCs), which are small, spontaneous shifts in the electrical 
characteristics of neurons at synapses. A drop in mEPSCs may indicate early synaptic 
damage, contributing to the course of Alzheimer’s disease [55].

Synaptic NMDARs are impeded by d-serine degradation, the magnitude of LTP 
expression is reduced, whereas glycine degradation has no effect on LTP, imply-
ing that synaptic NMDARs play an important role in LTP but not extra synaptic. 
Conversely, both synaptic and extra synaptic NMDARs are necessary for LTD [56].

Figure 3. 
Developmental timeline of NMDAR receptor subunits.
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3.3 Activation of NMDAR

During the resting state, there is a voltage-dependent blockade on NMDA pore 
by extracellular Mg2+, the block (Figure 5) is released upon depolarization of the 
receptor, hence, the activation is dependent on the membrane potential at the post 
synaptic end and the frequency of Glutamate being released from the presynaptic 
terminal, rendering these receptors with a unique potential to simultaneously 
respond to both presynaptic glutamate release and postsynaptic depolarization 
with a slow synaptic current, resulting in the ample influx of external Ca2+ into 
the dendritic spine [57, 58]. Consequently, increasing intracellular Ca2+ signals 
the initiation of the cascade of events leading to a multitude of changes in the 
postsynaptic neuron, resulting in short-term or long-term changes in synaptic 
strength and excitatory glutamatergic neurotransmission which is critical for 
survival of neurons and synaptic plasticity [46, 52, 59–62]. The duration and 
frequency of the activation of synaptic NMDA receptor influences the nature of 
these changes [63, 64]. Although apparently the synapsis of the NMDAR seems to 
be directly affected by the glutamate, but the activation through glutamate is only 
temporary, owing to the continuous presence of extracellular glycine (or d-serine) 
at a fairly constant concentration [65–67].

Figure 4. 
Postsynaptic changes brought about in a cell by synaptic and extra synaptic receptors.
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3.4 The tripartite glutamate synapse

The presynaptic terminal, postsynaptic spine, and astrocytic cell engage 
during glutamate-mediated synaptic transmission. Glutamate is stored in synap-
tic vesicles by presynaptic glutamate transporters (VGLUTs) [68]. The calcium 
channels open, allowing calcium to enter, which discharges glutamate into the 
synapse upon the fusion of the vesicles with the membrane. Once the presynaptic 
neuron depolarizes glutamate thereafter activates receptors on postsynaptic and 
presynaptic neurons, as well as on the astrocytes, increasing internal calcium 
levels in astrocytes results in the release of neurotransmitters that dictate synaptic 
strength [69].

Glutamate is extracted from the extracellular environment into the astrocytes by 
excitatory amino acid transporters 1/2 (EAAT1/2) in astrocytes and EAAT2/5 in the 
presynaptic terminal and stored in vesicles where glutamine synthase turns glutamate 
into glutamine. The glutamine is transported back to glutamatergic neurons and con-
verted back into glutamate [70]. This glutamate and a co-agonist which can either be 
glycine or D-serine, binds to the postsynaptic neuron, thereby, depolarizing it, opens 
the NMDA channels, letting Ca2+ influx through the postsynaptic terminal. This can 
trigger signals which support long-term potentiation (LTP), a process essential for 
learning and memory [71]. However, the surplus of Ca2+ through prolonged stimula-
tion of NMDAR is deleterious to the cell [72].

Glutamate transport systems could shut off excitatory signaling, transport 
glutamate to extra synaptic receptors, and protect neurons from excitotoxic dam-
age. The sodium-dependent EAATs mediate most of the glutamate transport in the 
CNS, notably during excitatory transmission. When glutamate release surpasses the 
capacity of astrocyte clearance systems, or EAAT expression drops, excitotoxicity 
may occur. Both chronic and acute neurological disorders have been linked to GLT-1/
EAAT-2 dysfunction or reduced expression (Figure 6) [73].

Figure 5. 
A comparison of NMDAR in both active and inactive state.
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3.4.1 Role of NMDAR in Alzheimer’s disease

Alzheimer’s disease (AD) is the most common neurodegenerative disorder, con-
tributing to cognitive decline and memory loss in almost 40 million people worldwide 
[74]. AD primarily affects the hippocampus and neocortex—critical regions for 
cognitive function and memory.

Features of AD

• Synaptic loss

• Deposition of Aβ plaques

• Neurofibrillary tangles (NFTs)

• Hyperphosphorylated tau.

These pathological features contribute to oxidative stress and NMDAR activation, 
leading to glutamatergic dysfunction and Ca2+ dyshomeostasis, both of which play 
significant roles in AD, particularly in its early stages. Recent studies highlight the 
involvement of tripartite glutamatergic synapses in AD pathogenesis [75]. The result-
ing high Ca2+ influx and free radical generation further phosphorylate tau, leading 
to mitochondrial dysfunction, permeability transition pore activation, cytochrome 
c release, ATP depletion, and ROS formation [49]. Multiple regulatory sites within 
the tripartite synapse modulate extracellular glutamate levels and are sensitive to 

Figure 6. 
Overview of the tripartite glutamate synapse. (1) Glutamate is stored in presynaptic vesicles and released into the 
synaptic cleft. (2) It binds to postsynaptic NMDARs, triggering calcium influx and action potential propagation. 
(3) Glutamate uptake occurs via EAAT transporters in astrocytes and presynaptic terminals. (4) Glycine and 
D-serine, released by neurons and astrocytes, modulate receptor activation and are recycled through transporters.
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AD-related changes. Interruptions in these synapses contribute to AD pathogenesis 
through:

1. Overstimulation of NMDARs, contributing to excessive intracellular Ca2+ and 
subsequent cell death [76].

2. Low during gestation Impaired astrocytic glutamate clearance or reduced ex-
pression of EAATs, leading to excitotoxicity [73].

3. Dysfunction or downregulation of GLT-1/EAAT-2, which may exacerbate 
AD [73].

3.5 Pathways and molecular mechanisms involved in the pathology of AD

3.5.1 CREB (cAMP response element binding protein) and synaptic plasticity

CREB is the prototypical signal-regulated transcription factor essential for long-
term potentiation (LTP), Within the hippocampus, CREB-mediated gene expression 
associated with synaptic plasticity, learning and memory, Phosphorylation of CREB 
at residue ser-133 is particularly important for its transcriptional activity, which is 
decreased in AD [74].

3.5.2 Activation of CREB

A broad range of signaling processes can trigger the phosphorylation of CREB, 
which leads to its activation. Some of these processes include an increase in intracel-
lular Ca2+ through NMDARs, by growth factors activating receptor tyrosine kinase. 
This calcium entry through synaptic NMDARs induces CREB phosphorylation and 
Brain-derived neurotrophic factor (BDNF) expression, while extra synaptic NMDARs 
shuts-off the CREB pathway [77].

3.5.3 Amyloid-β (Aβ) and CREB

Amyloid-β (Aβ) accumulation in Alzheimer’s disease is linked to memory loss, 
synaptic dysfunction, and a decrease in brain-derived neurotrophic factor (BDNF). 
Aβ dephosphorylates CREB through inactivation of protein kinase A (PKA) and thus 
inhibits of long-term potentiation (LTP) generation [78].

3.5.4 Jacob and synaptic plasticity

Jacob is a caldendrin-binding protein in the brain that is localized to the nucleus, 
it promotes synaptic contact loss while impeding CREB phosphorylation. Elevated 
NMDAR activity has been shown to aid in Jacob’s nuclear accumulation [43]. Cell 
death or cell survival and synaptic plasticity depend on the level of Jacob phosphory-
lation. Upon synaptic NMDAR stimulation, phosphorylated Jacob is carried to the 
nucleus and is believed to be associated with neuroprotection while non-phosphor-
ylated Jacob, on the other hand, has been correlated with decreased CREB activity, 
dendritic complexity, and synaptic density and is translocated during extra synaptic 
NMDAR stimulation [79].
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3.5.5 FoxO3a and ERK signaling

FoxO3a, a fork head transcription factor, influences neuronal function via 
pathways regulating oxidative stress, autophagy, apoptosis, and mitochondrial 
activity. FoxO3a modulation affects cognitive decline in AD, stroke, and Parkinson’s 
disease. Increased extrasynaptic NMDAR activity translocate FoxO3a to the nucleus, 
promoting excitotoxic cell death. Synaptic NMDARs, however, restrict FoxO3a 
activity through Akt-mediated phosphorylation [71, 80]. Synaptic and extra syn-
aptic NMDARs have opposite effects on the ERK1/2 pathway, which plays a role in 
neuroprotection mediated by NMDAR. Extra synaptic NMDAR stimulates Calpain, 
a calcium-dependent protease that is evoked by raised intracellular calcium levels, 
and a cascade of events lead to the cleavage of striatal enriched tyrosine phosphatase 
(STEP)61 into STEP33. Unlike STEP61, STEP33 is devoid of a regulatory domain and 
exhibits continuous activity, which can lead to the dephosphorylation and inactiva-
tion of proteins influencing synaptic function. Synaptic NMDAR activation leads to 
the reduced degeneration of STEP because of STEP61 ubiquitination and degrada-
tion, which is associated with ERK1/2 phosphorylation [81].

The ERK1/2 pathway activates CREB which has been linked to NMDAR-mediated 
neuroprotection. NMDARs play a bi-directional role in ERK regulation based on 
their localization i.e. synaptic or extra synaptic. Synaptic NMDARs activate ERK, 
whereas extra synaptic NMDARs deactivate it [82]. Thus, synaptic and extra synaptic 
NMDARs are mutually antagonistic compared to ERK signaling (Figure 7).

4.  Therapeutic targets in Alzheimer’s disease

The National Institute on Aging identifies two classes of FDA-approved drugs for 
AD treatment: cholinesterase inhibitors and memantine, an NMDAR antagonist [59]. 

Figure 7. 
Synaptic (green) and extrasynaptic (red) NMDAR signaling pathways. Synaptic NMDARs phosphorylate Jacob, 
activate ERK1/2, and promote CREB activation, enhancing BDNF expression, cell viability, and neuroprotection. 
Extrasynaptic NMDARs facilitate Jacob nuclear import, FOXO activation, calpain-mediated STEP activation, 
ER-mitochondrial disruption, and excitotoxicity, leading to cell death.
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Memantine reduces tau phosphorylation and prevents neuronal necrosis, impaired 
axonal transport, DNA damage, and neurite retraction [83]. Trodusquemine miti-
gates Aβ toxicity [84]. while Neramexane, another NMDAR antagonist, improves 
memory in animal models [85].

AD disrupts the balance between protective GluN2A-containing synaptic 
NMDARs and excitotoxic GluN2B-containing extrasynaptic NMDARs. Ifenprodil 
(a GluN2B antagonist) and D-cycloserine (a co-activator of NMDARs) together 
showed better protective effects against Aβ toxicity than either alone [86], Enhancing 
GluN2A activity alone through positive allosteric modulation (e.g., GNE-0723) also 
improved cognitive function in AD models [47],

These findings suggest that modulating synaptic and extrasynaptic NMDAR activ-
ity could be a viable AD treatment strategy. Altering co-agonist levels (glycine and 
D-serine) may also regulate NMDAR activity [19, 79].

Repetitive transcranial magnetic stimulation (rTMS) has shown promise in AD, 
Parkinson’s, and schizophrenia. Low-frequency rTMS improves NMDAR levels, LTP, 
and spatial memory in Aβ-induced AD mice, with positive cognitive effects in human 
trials [56, 87]. Selenium-methionine (Se-Met) restores synaptic integrity by modulat-
ing Ca2+ influx via NMDARs, leading to improved cognitive function [88].

Table 3 below summarizes aforementioned evidence into Glutamate Modulation, 
NMDAR subunit targeting and Novel approaches.

Category Therapy Mechanism Effect in AD models/
Humans

Reference

1.  Glutamate 
Modulation

Memantine 
(FDA-approved)

Non-competitive 
NMDAR antagonist

Reduces tau 
phosphorylation, neuronal 
necrosis, axonal transport 
defects, DNA damage, 
neurite retraction

[59, 83]

Neramexane NMDAR antagonist 
(memantine 
derivative)

Improves memory and 
learning in animal AD 
models

[85]

Trodusquemine Indirect glutamate 
modulator via Aβ 
inhibition

Mitigates Aβ toxicity, 
reducing synaptic damage

[84]

2.  NMDAR 
Subunit 
Targeting

Ifenprodil Selective GluN2B 
subunit antagonist 
(extrasynaptic 
NMDAR)

Reduces excitotoxicity; 
enhances Aβ protection 
when combined with 
D-cycloserine

[86]

D-cycloserine Partial NMDAR 
co-agonist (at glycine 
site)

Enhances synaptic NMDAR 
function; synergistic 
neuroprotection with 
Ifenprodil

[86]

GNE-0723 Positive allosteric 
modulator of GluN2A-
containing NMDARs

Enhances synaptic NMDAR 
activity; improves cognitive 
function

[47]

Glycine / D-serine 
modulation

Co-agonist level 
alteration to fine-tune 
NMDAR activity

May restore NMDAR 
homeostasis in AD brains

[19, 79, 89]

3.  Novel 
Approaches

rTMS (Repetitive 
Transcranial Magnetic 
Stimulation)

Non-invasive brain 
stimulation; enhances 
NMDAR activity and 
LTP

Improves spatial memory, 
synaptic plasticity; positive 
human trial outcomes

[56, 87]
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4.1  Biomarker-based monitoring in Alzheimer’s disease: Key challenges and 
emerging approaches

4.1.1 Key challenges

Monitoring treatment efficacy in Alzheimer’s disease (AD) using biomarkers 
remains a formidable challenge, despite significant advancements in their diagnostic 
utility. Currently established biomarkers—such as amyloid-β and tau; while use-
ful for early and differential diagnosis, fall short in reliably tracking therapeutic 
response and disease progression, particularly in clinical trials that target amyloid-β 
pathways [90–94]. This underscores a critical limitation in their scope and sensitivity. 
Furthermore, a major gap exists in the availability of biomarkers that reflect non-
amyloid and non-tau pathologies. Key pathological processes such as neuroinflam-
mation, oxidative stress, lipid metabolism, vascular damage, and impaired protein 
clearance are underrepresented in current biomarker panels, yet they play essential 
roles in AD pathogenesis [90, 92–95].

Validation and standardization also pose significant barriers; Although novel 
biomarkers like neurofilament light (NfL), neurogranin, and YKL-40 show poten-
tial, they remain inadequately validated and lack standardized protocols across 
research centers. This hampers their utility in multi-center trials and clinical trans-
lation [92–94]. Additionally, there are practical challenges concerning biomarker 
accessibility. Cerebrospinal fluid (CSF)-based tests, while reliable, are invasive and 
less suited for routine clinical monitoring. Although blood-based biomarkers are a 
promising alternative, they are influenced by patient heterogeneity, blood-brain bar-
rier permeability, and preanalytical variability—factors that complicate consistent 
measurement [93, 94].

4.1.2 Emerging solutions and approaches

To overcome these limitations, several innovative strategies are under exploration. 
One promising approach is the use of combination biomarker panels that integrate 
markers of neurodegeneration, synaptic function, and inflammation. These com-
posite profiles can provide a more nuanced and comprehensive understanding of AD 
pathology, thus improving the accuracy of treatment monitoring [90, 92, 93, 95]. In 
parallel, digital and multimodal technologies, such as electroencephalography (EEG) 
and functional near-infrared spectroscopy (fNIRS), are being paired with fluid 
biomarkers to enable real-time tracking of cognitive changes and therapeutic impact 
[96]. This reflects a shift toward dynamic and personalized monitoring. Additionally, 
the integration of systems bioloy, where biomarker data is combined with cognitive 
assessments, clinical measures, and neuroimaging—holds promise for capturing 
disease heterogeneity and progression more effectively [92].

Category Therapy Mechanism Effect in AD models/
Humans

Reference

Selenium-methionine 
(Se-Met)

Regulates Ca2+ influx 
through NMDARs; 
antioxidant

Restores synaptic integrity; 
improves cognition in Aβ 
mouse models

[88]

Table 3. 
Summary of therapeutic strategies in AD.
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While biomarkers have revolutionized the diagnosis of AD, their role in moni-
toring treatment remains constrained by limited specificity, standardization, and 
practicality. Addressing these issues requires a multi-pronged strategy: expanding the 
biomarker repertoire beyond amyloid and tau, validating emerging candidates across 
diverse populations and centers, and embracing multimodal data integration. Such 
advances are essential for enabling precision medicine approaches in AD therapy.

5.  Conclusion

In summary, glutamate is a foundation of CNS neurotransmission, acting as 
the main excitatory neurotransmitter that provides synaptic communication and 
facilitates such important processes as synaptic plasticity, learning, and memory. 
Glutamate levels are tightly regulated by neurons and glial cells to maintain effective 
signaling and protect neurons from excitotoxicity. The balance has to be maintained; 
even minor imbalances will have serious effects on brain health.

Glutamatergic signaling dysregulation has come to be increasingly acknowledged 
as a core contributor to a variety of neurological and neurodegenerative diseases. In 
Alzheimer’s disease (AD), such disruption is especially marked. Exaggerated activa-
tion of glutamate receptors—particularly NMDA receptors—results in prolonged 
excitotoxicity, propelling neuronal damage and hastening cognitive deterioration. 
This situation is compounded by dysfunctional glutamate transporters, which are 
unable to effectively remove surplus extracellular glutamate, further fueling the 
neurotoxic milieu.

Figure 8. 
This figure summarizes how disrupted glutamate clearance in Alzheimer’s disease shifts NMDAR activation 
from synaptic to extrasynaptic sites, driving excitotoxicity and neurodegeneration, and highlights therapeutic 
approaches to restore glutamate balance.
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Despite our great strides, a few knowledge gaps persist. The most important of 
these are the timing of NMDA receptor–targeted therapies, identification of a con-
sistent biomarker to determine predisposition to excitotoxicity, and the optimal way 
to combine these interventions with current amyloid-β and tau-based treatments. 
Resolving these unknowns is important to transform our current understanding into 
effective, individualized therapeutic regimens.

Directions for the future need to center on the disentanglement of the complex 
regulation of glutamatergic signaling pathways and pathological derangement in 
disorders such as AD. Interventions that restore glutamate homeostasis, diminish 
receptor-mediated toxicity, and enhance synaptic resilience are extremely promising. 
With future advancements in research, addressing glutamatergic dysfunction may 
not just be able to slow disease progression but also provide a bridge to maintaining 
cognition and enhancing outcome for the persons with neurodegenerative disorders 
(Figure 8).
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Chapter 3

Glutamate Dysregulation in 
Cingulated Cortices Is Associated 
with Autism Spectrum Disorder 
Traits
Carmen Jimenez-Espinoza, Francisco Marcano Serrano  
and José González-Mora

Abstract

Autism spectrum disorder (ASD) is a severe developmental syndrome that arises 
largely as a disorder of the neural systems. Despite unclear etiology, one of the most 
studied causes is the increase in the excitation/inhibition relationship in the sen-
sory and social systems which may explain certain phenotypic expressions in ASD. 
Glutamate (Glu) is the most important excitatory neurotransmitter in mammals, 
and the excessive activation of once N-methyl-D-aspartate (NMDA) receptors leads 
to neuronal death. Crucially, in this study, the finding of elevated Glu concentration 
[12.10 ± 3.92 (mM) *p = 0.02] by 1H-MRS in the anterior cingulate cortices (ACC) 
provides strong empirical support for increased arousal in ASD. The imbalance of Glu 
in cingulated cortices was correlated to dysfunction of social skills, attention switch-
ing/tolerance to change, attention to detail, communication, and imagination, (the 
five deficits present in ASD described in the Autism Quotient test), suggesting new 
therapeutic avenues.

Keywords: autism spectrum disorders, excitotoxicity, cingulated cortices, spectroscopy 
resonance magnetic, social skills, attention switching/tolerance to change, attention to 
detail, imagination, communication

1.  Introduction

Autism spectrum disorder (ASD) is a severe developmental syndrome that arises 
largely as a disorder of neural systems in early childhood. Currently, the etiology 
remains unclear, and therapeutic options for ASD are limited; however, one of the 
most studied causes currently is the imbalance in the excitation/inhibition relation-
ship in the sensory systems that can explain the extensive phenotypic variations in 
ASD, which are generally characterized by deficits in social reciprocity, communica-
tion, imagination, and restrictions interests and behaviors [1, 2]. Moreover, it might 
present secondary medical symptoms that include sleep and eating disorders, anxiety, 
depression, attention problems, aggressive behavior toward others or themselves, 
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epilepsy, and gastrointestinal problems. Given this scenario, treating a person with 
ASD is a serious health problem for specialized medical care, not to mention the high 
costs they generate.

Through the different magnetic resonance techniques applied in research, many 
studies have been carried out to observe the involvement the glutamate (Glu) in 
people with ASD. However, currently, data referring to adults with ASD are scarce, 
given that most studies have been carried out in childhood, increasingly aggravating 
the lack of specific pharmacotherapies for adults. The specific pharmacotherapeutic 
approach in ASD is one of the main objectives of research studies, hence the need 
to delve deeper into the search for biomarkers that lead to the development of novel 
drugs for therapeutic application in the clinic. In this sense, the evidence suggests that 
an imbalance in glutamatergic metabolism and its products is linked to pathophysi-
ological changes in ASD [3–12]. The interest in the different resonance magnetic 
modalities highlights specific brain areas such as the involvement of the ACC, and 
posterior cingulate cortex (PCC) in ASD symptoms, specifically magnetic resonance 
spectroscopy which relates cingulated cortices dysfunction to deficits in joint atten-
tion and social skills in ASD [13–21]. Increasing of these, neuropathology advances 
[22–27], structural MRI [28–32], fMRI [33–40], PET [41, 42], and SPECT [43, 44], 
including EEG-evoked potentials [45–48] indicate the cingulated cortices as one of 
the most affected areas of the brain responsible for the symptoms of the autism triad 
mainly [49].

Taking into account the plentiful evidence mentioned above, our objective is to 
study the role of Glu metabolism in the ACC and PCC, and its correlation with the 
five phenotypical characteristics as domains of interest (social, communication, 
imagination, attention to detail, and attention shifting/change tolerance), evaluated 
in the psychometric Autism Spectrum Quotient (AQ ) test for adults, which we will 
describe later [2]. Here, we report an independent study of glutamate metabolism in 
the cingulated cortices in adults with ASD. A deeper follow-up investigation leads to 
larger when related to highlighted symptoms and/or severity within the AQ test for 
adults with ASD.

2.  The brain metabolism

From the physiological point of view, the metabolism of the brain is made up of 
a wide variety of molecules, including peptides, neurotransmitters, enzymes, etc., 
interacting with water. All these molecules, due to their functions and activity, can 
maintain the physiological balance necessary for the healthy functioning of the brain. 
A very controlled balance, which represents 80% of the mass of the brain and (2–3) 
% of the body weight that receives 15% of the blood flow at rest (quote), it is also one 
of the organs with greater energy demand, which consumes 20% of the oxygen and 
25% of the glucose ingested by the body [50]. All this neurometabolic exchange must 
be rapid and effective, precisely because the brain has few energy reserves and only 
receives them through the cerebral vascular system, which implies a correct supply of 
cerebral circulation through the circle of Willis [51, 52].

There is a group of biomolecules in the brain that are detected by proton mag-
netic resonance spectroscopy, we refer to neurotransmitters, defined as endogenous 
substances that act as chemical messengers transmitting signals, and that are nor-
mally released by neurons into the synaptic space where they exert their function on 
other neurons or other target cells through a synapse. Although neurotransmitters are 
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related to their overall excitatory or inhibitory activity, some neurotransmitters can 
exert both excitatory and inhibitory effects depending on the type of receptors that 
are present.

There are other molecules that can be released from the same axon terminals as 
neurotransmitters, and they are known as endogenous neuromodulators [53] of the 
central nervous system (CNS), also known as neuropeptides, which can increase, 
prolong, inhibit, or limit the effect of the main neurotransmitter on the postsyn-
aptic membrane, which acts through a system of second messengers [54]. It has 
also been pointed out that defects in the synthesis, release, or degradation of some 
neurotransmitters are involved in the pathogenesis of many neurological, muscular, 
and psychiatric diseases [55]. Evaluating the dynamics of neurotransmitters and 
neuromodulators in both health and neurological diseases is a challenge, precisely due 
to the lack of in vivo tools to monitor them with high spatiotemporal resolution and 
thus have a clear understanding of their functions within the nervous system.

2.1  Glutamate

Glutamate is an amino acid that has the four basic criteria to be considered a 
neurotransmitter. It is one of the most important neurotransmitters in our nervous 
system and it has a very high concentration. Recognized for functions such as a 
mediator of memory formation, the management of attention, or the regulation of 
emotions, in addition to intervening in 80% of all synapses necessary in processes 
such as neuroplasticity, learning, or movement. The physiological role of glutamate 
and its dysfunction has gained importance in neurology and psychiatry to the extent 
that knowledge has deepened about its metabolism, types of receptors, transporters, 
and homeostasis mechanisms, whose dysfunction can lead to neuronal death.

Additionally, glutamate and aspartate are the brain’s dominant excitatory amino 
acids and constitute the main transmitters of pyramidal cells, the dominant neurons 
of the cortex where developmental changes occur capable of carrying out transient 
steps in the visual cortex and the hippocampus, especially during critical periods [56].

The glutamatergic system is distributed throughout the CNS, unlike other neu-
rotransmission systems with more discrete metabolic pathways, which is why Glu is 
considered a general activator of the CNS [57, 58]. Under physiological conditions, 
endogenous Glu is one of the most abundant amino acids in our body and is the 
main excitatory neurotransmitter whose main purpose is to provide energy to the 
brain. However, exogenous Glu can be dangerous for our brain health in excessive 
concentrations, causing neurotoxicity. From a functional point of view, Glu acts as 
an “on switch” in nerve pathways and requires the neurotransmitter g-aminobutyric 
acid (GABA) as an “off switch” providing the necessary balance between these two 
neurotransmitters for at proper functioning of the CNS and essential for regulating 
cognition, learning, memory, and emotional behaviors. The imbalance between Glu 
excitation and GABA inhibition leads to hyperarousal of CNS related to ASD symp-
toms [59, 60].

2.1.1  Compartmentalization of glutamate in nervous system cells

One of the functional characteristics of glutamate is the establishment of com-
partmentalization in neurons and astrocytes. Within glutamatergic transmission, the 
release of gliotransmitters is an event that occurs by astrocytes through calcium waves 
[61, 62], where the elevation of intracellular calcium upon physiological neuronal 
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stimulation is initiated by the activation of the mGluR5 receptor. This fact makes the 
difference in the vision of astrocytes as neuronal support cells to cells actively partici-
pating in neurotransmission and therefore in the processes mediated by neurotrans-
mission [63, 64], glutamate itself being one of the gliotransmitters released [65–67].

This is an indication of the biochemical participation of glial cells in the gluta-
matergic system, also called the glutamate-glutamine cycle. Here, astrocytes express 
two key enzymes in glutamate metabolism that are not expressed in neurons and one 
enzyme that is not expressed in astrocytes but is expressed in neurons. One of the 
enzymes expressed in astrocytes but not in neurons is glutamate dehydrogenase (GD) 
[68], indicative of glutamate compartmentalization in the CNS. Thus, the glia-neuron 
glutamate-glutamine coupling mechanism demonstrates that the expression of the 
enzyme glutamine synthetase (GS) is glia-specific [69].

There is also another important compartmentalization establishment for Glu, we 
are referring to the synthesis of the neuromodulator N-acetyl-aspartyl-glutamate 
(NAAG), which has been the target of study in recent decades. This dipeptide is 
synthesized from N-acetyl-aspartate (NAA) and Glu by the enzyme NAA-synthase 
following the anabolic pathway, forming a reservoir of Glu that cannot be metabo-
lized, and the NAAG produced is hydrolyzed, under the catabolic pathway by the 
NAAG enzyme-peptidase, which releases glutamate by activating the mGluR3 recep-
tor, where its metabolic activity occurs by interconnecting neurons, astrocytes, and 
oligodendrocytes.

This dipeptide derivative of NAA and L-glutamate acts as a neurotransmitter and 
neuromodulator and is widely distributed in the CNS and peripheral in millimolar 
[mM] concentrations [70, 71]. Here, the establishment compartmentalization of 
Glu involves the participation of neurons, oligodendrocytes, and astrocytes where 
development an important metabolic activity develops known as the tri-cellular 
metabolism system [72]. This is the only metabolic cycle of amino acids in the brain 
known yet, that requires the three types of nervous cells. One of the main functions 
of NAAG is precisely the activation of glutamate (mGluRs) receptors that act as selec-
tive agonists of group II metabotropic receptors (mGluR, mGluR3) and involved the 
potential importance of metabotropic glutamate receptors, showing the neuromodu-
lator NAAG a good candidate for elucidate the glutamatergic pathway ASD targeting. 
Considering that NAAG is distributed together with different neurotransmitters 
including Glu and GABA.

2.2  Autism spectrum quotient test (AQ )

The AQ is an instrument to measure the degree to which an adult with normal 
intelligence has the traits associated with the autism spectrum. Baron-Cohen and 
colleagues have described the adult test as a new self-assessment screening instru-
ment to measure the degree to which an individual of normal intelligence displays 
autistic traits and was translated into Spanish by Betty Trabal, Editorial Amat, S.L., 
Barcelona, [73] with reasonable construct validity in that item that is intended to 
measure each one of the five domains of interest (social, communication, imagina-
tion, attention to detail, and attention shifting/change tolerance) showing moderate 
to high alpha coefficients.

To carry out this study, the AQ test was previously validated in an aleatory sample 
of adults with Spanish as their mother tongue [74], the Spanish version of the AQ has 
shown satisfactory levels of internal consistency and supports the use of the Spanish 
version of the AQ for the evaluation of ASD. In this sense, is considered a valuable 
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instrument to quickly quantify where a given individual falls on the continuum from 
autism to normality.

3.  Materials and methods

To further understand the role of the glutamatergic imbalance in the cingulated 
cortices and their relationship with the development of ASD symptoms related to psy-
chometric test AQ scores, we conducted a clinical study of proton magnetic resonance 
spectroscopy (1H-MRS) to explore the cerebral glutamate levels in ACC and PCC, 
and determine its correlation with the five undergo change characteristics in ASD 
development (social skills, attention to detail, attention shifting/tolerance of change, 
communication, and imagination) compared to control subjects.

3.1  Population recruitment, demographic, and behavioral evaluations

3.1.1  Participants

We recruited 61 adult participants: Nineteen subjects with ASD (3 females; 
mean ± age SD: 20.58 ± 0.71 years, range: 17.8–30.9 years) and 42 typical develop-
mental (TD) control subjects (25 females; 23.2 ± 0.71 years, 18.4–31.5 years) free of 
psychiatric or developmental disorders participated (see Table 1). The 61 participants 
were further divided into four subtypes (AQ1, AQ2, AQ3, and AQ4) according to the 
AQ test for adult’s cause met the AQ test score cut-off criteria in all five characteristics 
domains. All participants with ASD were recruited through the research program 
through the faculty of Health Sciences. Dept. of Basic Medical Sciences of University 
of La Laguna (ULL), Tenerife, Spain. Potential participants were excluded if they had 
a comorbidity, psychiatric, or medical disorder that affects brain development (e.g., 
schizophrenia or psychosis), a history of head injury, or a genetic disorder associated 
with ASD, for example, tuberous sclerosis or fragile X syndrome [75]. The partici-
pants with ASD who suffered from anxiety or depressive disorders, gastrointestinal 
disorders, and muscular hypotonia were not excluded, given the high frequency of 
these comorbidities in ASD. In addition, based on participants’ self-report, all partici-
pants were without previous medication at the time of the examination.

Informed written consent was obtained from all participants or from their legal 
guardians, as well as ethical approval for this study provided by the ethical standards 
and the Helsinki Declaration of 1964, revised in 2000 and approved by our local eth-
ics committee. This study was approved by the Research Ethics and Animal Welfare 
Committee (CEIBA) (registration number: CEIBA2013–0056) of the University of La 
Laguna.

Additionally, participants were assessed and stratified into four subgroups accord-
ing to established categories, empirically derived from Baron-Cohen & collaborators, 
AQ test scores, where the subgroup algorithm, which combines scores on the five 
domains of the AQ: Social skills, attention shifting/tolerance to change, attention to 
detail, communication, and imagination defined the cut-off threshold for producing 
reliable ASD subgroups [73]. This approach is consistent with previous publications 
on this sample, providing a description of participant characteristics [74].

The AQ test score for adult, included the five symptom domains and was 
divided into four subtypes, each with the following cutoff and meaning: AQ1 (0 
to 10 points) = below average; AQ2 (11–21 points) = average values of the normal 
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population (female mean is 15 and male mean is 17); AQ3 (22–31 points) = above 
average; AQ4 (32–50 points) = very high index of autistic characteristics (Asperger 
syndrome or high-functioning autism has an average score of 35). Due to the differ-
ences in the results of the AQ test domains, we carried out a follow-up to evaluate the 
neurometabolic pattern of the four subtypes (AQ1, AQ2, AQ3, and AQ4) in the stud-
ied population, according to the implication of autistic characteristics. Considering 
the AQ1 subtype as a typical development control group (TD).

3.2  Proton magnetic resonance spectroscopy (1H-MRS) data acquisition

Proton magnetic resonance spectroscopy (1H-MRS) is a non-invasive imaging 
method that provides spectroscopic information that allows us to infer the metabolic 
cellular activity of the individual studied. 1H-MRS data were acquired using a 3 T 
Signa-HD MR scanner (GE Healthcare, Waukesha, WI, USA). T2-weighted images 
were used for positioning the volumes of interest (VOIs). The single voxel acquisition 
used a spin-echo sequence recorded within the following parameters: TE = 23 ms, 
TR = 1070 ms, NEX = 2, flip angle = 90°, and 256 acquisitions with the point-resolved 
spectroscopy (PRESS) technique. During data acquisition, the same experienced 
neuroradiologist, blind to the clinical data, placed the voxels (2 × 2 × 2) cm3 at the 
ACC and PCC (See Figure 1) so careful to exclude contamination of signal from the 

Demographic characteristics ASD (n = 19) mean 
(S.D.)

(TD) (n = 42) mean 
(S.D.)

Statistics p 
value

Gender (male/female) 16/3 16/25 P = 0.016

Age (years) 20.58 /0.71) 23.19 (0.71) P = 0.049

AQ (0–50) points 33.84 (6.36) 11.67 (7.07) P < 0.0001

Social skills 5.92 (2.54) 1.22 (0.61) P < 0.0001

Attention switching/tolerance 
to change

6.81 (1.41) 3.49 (2.06) P < 0.0001

Attention to detail 4.3 (1.91) 5.03 (2.3) P < 0.0001

Communication 7.5 (1.75) 2.15 (1.63) P < 0.0001

Imagination 5.9 (1.82) 2.22 (1.59) P < 0.0001

Muscular hypotonia 14 0 P < 0.0001

Gastrointestinal disorders 17 0 P < 0.0001

Epilepsy 5 0 P < 0.0015

Familial hypothyroidism 15 0 P < 0.0001

Special education/transition to 
adult life

6 0 P < 0.0008

Elementary school 13 41 P < 0.0002

Middle school 6 41 P < 0.0008

High school 3 41 P < 0.008

ASD (autism spectrum disorder), TD (Typical development). *p, 0.05 vs. controls; values for age and AQ are group 
mean ± standard deviation (range). AQ = Autism Quotient.

Table 1. 
Demographic data, neuropsychological, and physical measures.
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skull and subcutaneous fat. The 1H-MRS data sets collected showed the quantifica-
tion of the absolute concentrations of brain metabolites, expressed in millimoles per 
kilogram of wet weight, involving the correction of many factors, such as the tissue 
composition of the voxel (relative amounts of cerebrospinal fluid and gray and white 
matter), the T1 and T2 relaxation times of the metabolites in the patient, the location 
of the voxels and their relationship with the electromagnetic properties of the coil, 
and any temporary variation in the scanner [76].

3.2.1  Automatic quantitation of localized in vivo 1H spectra

LCModel is automatic (non-interactive) software version 6–1-0 (Stephen 
Provencher Incorporated, Oakville, Canada) [77] with no subjective input. 
Approximately maximum-likelihood estimates of the metabolite concentrations, 
phases, referencing shift, line shape, baseline, etc., and their uncertainties in the 
concentrations (Cramér-Rao lower bounds) are obtained [78]. The main metabolite 
resonances were limited for NAA, creatine and phosphocreatine, together abbrevi-
ated (Cr), choline-containing compounds phosphocholine, glycerophosphocholine, 
choline proper, and acetylcholine, together abbreviated (Cho), myo-inositol (mI), 
glutamate (Glu), glutamine (Gln), and the peak, “Glx,” was for the sum of glutamate 
and glutamine [79]. One possible weakness of our method is the reliance on accurate 
suppression of the NAAG signal in the NAA scan, particularly the NAA signal in the 
NAAG scan (due to the higher concentration of NAA) [80]. An intense peak at 2 ppm 
is generally assigned to NAA (which is responsible for the greater part of the signal), 
but in this work, it was assumed to correspond to NAA + NAAG. Considered also, any 
small N-acetyl molecules in the brain will contribute to the peak, and moreover, small 
contributions from other N-acetyl species (e.g., N-acetyl-glutamate) could result in 

Figure 1. 
Locations of the volume studied in the anterior (ACC) and posterior (PCC) cingulated cortices. The single 
voxel acquisition used a spin-echo sequence recorded within the following parameters: Echo time (TE) = 23 ms, 
repetition time (TR) = 1070 ms, 2 NEX, flip angle = 90, and 256 acquisitions with the point-resolved spectroscopy 
(PRESS) technique. During data acquisition, the same experienced neuroradiologist blinded the clinical data to 
place the voxels at interesting brain areas.
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overestimation of the NAA and NAAG concentrations. Notwithstanding, the para-
digm used here allowed us to resolve the NAAG peak with a %SD of <20% based on 
the reliability indicators or lower levels of Cramér–Rao. Each spectrum was reviewed 
to ensure an adequate signal-to-noise ratio, as well as the absence of artifacts which 
allowed us to define previously which were the best times TE/TR for the spectra 
obtained to show the highest number of metabolites.

The different metabolites were resolved using Cr as an internal reference accord-
ing to LCModel, following standard clinical practice, because it is considered the 
most stable metabolite in cell tissue, [78]. Nor can the ratios of a metabolite represent 
all possible differences, if a single specific denominator is used (as is the case for 
creatine), if the signals recorded in all subjects were obtained in the same scanner 
unit and using the same protocol. Therefore, the excellent reproducibility for each 
metabolite allows us to quantify their absolute concentration in the ACC and PCC (see 
Table 2), and consequently to observe the different alterations in ASD (see Figure 2).

Anteriorly, studies have also used the LCModel in Ref. to disorders in epilepsy, 
[81–83] multiple sclerosis, [84–86] tumors, [87, 88] Alzheimer’s disease, [89, 90] and 
other pathologies, [91–95] including the identification and quantitation of unusual 
metabolites, increasing the robustness of the results.

Brain area 
[mM]

ASD (n = 19) mean 
(S.D.)

TD (n = 42) mean 
(S.D.)

Statistics P value

Anterior cingulate cortex

NAA + NAAG 9.78 (0.49) 10.44 (0.29) *p = 0.02

NAA 9.37 (1.36) 9.91 (0.68) n.s.

Glx(Glu+Gln) 16.10 (6.87) 15.19 (9.02) n.s.

Glu 12.10 (3.92) 10.54 (5.64) *p = 0.02

GPC+PCh 2.08 (0.14) 2.08 (0.13) n.s.

Cr+PCr 6.98 (1.56) 7.40 (1.87) n.s.

mI 5.40 (0.78) 5.25 (0.27) n.s.

Posterior cingulate cortex

NAA + NAAG 10.80 (0.86) 11.02 (0.68) n.s.

NAA 10.47 (1.39) 10.68 (0.20) n.s.

Glx(Glu+Gln) 13.87 (4.09) 14.08 (2.15) n.s.

Glu 10.22 (3.19) 10.71 (2.06) n.s.

GPC+PCh 1.55 (0.44) 1.61 (0.38) n.s.

Cr+PCr 6.72 (0.90) 6.99 (0.42) n.s.

mI 4.98 (0.68) 5.13 (1.94) n.s.

The different metabolites concentrations detectable in ASD vs. TD, N-acetyl-aspartate (NAA), N-acetyl-aspartate + 
N-acetylaspartyl-glutamate (NAA + NAAG), glutamate+ glutamine Glx = (Glu + Gln), glutamate (Glu), creatine 
(PCr), choline (PCG + PCh), and myo-inositol (mI). Brain areas = anterior cingulate cortex (ACC) and posterior 
cingulate cortex (PCC). values for metabolites’ absolute concentration are group mean ± standard deviation (range). 
*p < 0.05 considered significantly different, while n.s. represents non-significant results.

Table 2. 
Absolute metabolic concentrations detected by 1H-MRS.
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4.  Results

4.1  Demographic characteristics data

Following our objective of characterizing the glutamate dysfunctions in adult 
subjects with ASD by quantifying (1) glutamate levels in the anterior and poste-
rior cingulate cortex using proton magnetic resonance spectroscopy and, (2) its 
correlation with the AQ test on their different domains, of characteristics of ASD 
compared to the TD group presented in materials and method section. The ASD 
group differed significantly from the TD in the total AQ , which prompted us to 
use this psychometric test to correlate the Glu concentrations with each domain 
evaluated in the test.

4.2  Cingulate cortices neuro metabolites pattern in ASD

The 1H-MRS results showed an overall increase in Glu concentration in adults 
with ASD, which was only observed in ACC. This suggests that functional changes in 
Glu concentration could reflect an adaptation to previous glutamatergic dysfunctions 
rather than being key to the pathophysiology of ASD (see Figure 3).

However, when we diversified the population using the AQ test, a pattern was 
observed in the variation of Glu concentration linked to the severity of autistic 

Figure 2. 
The correlation matrix was used as a statistical technique to evaluate the relationship between two variables in 
metabolites’ absolute concentrations set present in ACC and PCC, represented by values for N-acetyl aspartyl-
glutamate (NAA + NAAG), glutamate + glutamine (Glx = Glu + Gln), glutamate (Glu), creatine (Cr + PCr), 
N-acetyl-aspartate (NAA), choline (GPC + PCh), and myo-inositol (mI) in ASD (n = 19) vs. TD (42). In this 
sense, we can summarize a large amount of data to identify patterns. Every cell contains a correlation coefficient, 
where 1 is considered a strong relationship between variables, 0 is a neutral relationship, and −1 is a not strong 
relationship. Above, the observed metabolic pattern is evidence of differences between subjects with or without 
autism. (*p < 0.05) considers statistical significance.
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Figure 4. 
Pattern of variability of neurometabolites present in the cingulate cortices, when the ASD and TD groups 
were stratified into the AQ groups (AQ1, AQ2, AQ3, and AQ4), according to autistic characteristics. Graphic 
representation of the metabolic differentiation pattern and symptoms’ severity between ACC and PCC. 
(*p < 0.05) considered significantly different.

characteristics, evidencing the commitment of this neurotransmitter in the cingu-
lated cortices. The compartmentalization of Glu with NAAG (see the introduction 
section) is also observed in ACC indicating a marked difference with PCC, which 
marks an important finding linked to ASD syndrome. (see Figure 4).

Figure 3. 
Normalized data metabolic variability of the different metabolites present in ACC and PCC in the ASD group 
(n = 19) and the TD group (n = 42), allows bias problems to be minimized. Glutamate is significantly elevated 
in the ACC, revealing a dysfunction pattern in excitatory/inhibitory metabolism in ACC patients with autism. 
(*p < 0.05) considers statistical significance.
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4.3  Correlation of Glu with the autistic characteristics evaluated within the AQ

Here, interesting results were observed regarding Glu’s commitment to each one of 
the five domains of interest (social, communication, imagination, attention to detail, and 
attention shifting/tolerance to change), suggesting how much it affects TD and the ASD 
group. Observing a direct correlation between Glu concentration and social skills, com-
munication, and imagination in the AQ1 group (autistic characteristics below average). In 
contrast to the AQ4 group (very high index of autistic characteristics), where this direct 
correlation was observed with social skills only. However, the AQ3 group (above aver-
age), showed a direct correlation to social skills, attention switching/tolerance of change, 
and communication in ACC (see Figure 5). Suggest a broad interpretation of the effect 
caused by Glu dysfunction on the development of autistic triad mainly characteristics.

However, the results obtained in the PCC reflect that [Glu] concentration is 
directly correlated only with communication in the AQ1 group. Compared to the AQ4 
group, which correlates directly with attention to detail and imagination. However, 
the AQ3 group shows a direct correlation with social skills, imagination, attention to 
detail, and attention shifting/tolerance to change, highlighting the biggest compro-
mising of Glu dysfunction in this group.

One of the biggest concerns in children with autism is the development of speech 
or communication. This leads us to consider the importance of Glu dysfunction in 
PCC for groups AQ3 and AQ4 where autistic characteristics are more exacerbated, 
and its correlation with the development of communication.

5.  Discussion

Herein, we presented evidence demonstrating a potential connection of ASD with 
glutamatergic dysfunction. We focused specifically on biochemical links, between 
ACC and PCC, and its functional connectivity.

Figure 5. 
Graph of correlation pattern Pearson’s coefficient of [Glu] concentration present in ACC and PCC, and the 
different autistic characteristics represented by AQ2, AQ3, and AQ4 groups with the AQ1 group taken as a 
reference or control of healthy AQ index, which can be used as a marker of the severity of symptoms in ACC and 
PCC. *p < 0.05 considered significantly different.
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The glutamatergic pathways in the brain are extensive. Glutamate is excreted into 
the synaptic cleft by the process of exocytosis or glutamatergic neurotransmission 
which involves processes of glial reuptake, presynaptic reuptake, AMPA agonism, 
NMDA agonism, and Kainate and Quisqualate receptor agonism.

In this 1H-MRS study, the finding of a significant increase in Glu concentration 
in the ACC, observed in adults with ASD, is in line with previous studies that reflect 
an imbalance of excitation/inhibition in the children and young brain [96–98], and 
support the hypothesis of excitatory/inhibitory imbalance in ASD.

The excitotoxicity induced by an increase in the level of Glu in the brain can have 
pathological consequences, due to the deregulation of intracellular Ca2+ concentrations. 
This delicate balance between the mechanisms that allow the entry of physiologi-
cal Ca2+ and those that can limit the intracellular excess to avoid neurodegenerative 
processes are the ones that determine the loss of neuronal viability [99]. This statement 
allows us to conjecture, that this significant increase in glutamate levels in the ACC 
would be a possible cause of disorder within the autism spectrum, either due to deregu-
lation of intracellular Ca2+ and/or, due to neurotoxicity due to excessive activation of 
NMDA receptors. Since they are the most permeable to calcium Ca2+, and act coopera-
tively with AMPA-kainate-type receptors, fundamentally permeable to sodium [100].

Other studies have found atypical undergrowth of auditory and visual networks 
which was associated with the severity of autistic core socio-communication symp-
toms, that of the visual network was correlated with the severity of restricted and 
repetitive behaviors in ASD adults [101].

In this sense, in deregulation due to excess glutamate, there is a risk of losing cogni-
tive capacity and even cell death, even in adults. Therefore, due to the role that glutamate 
has in various neurodegenerative pathologies, it results in an important – although also 
complex – pharmacological target. In this study, it was observed how an excess of glu-
tamate in the cingulate cortex intervenes in the cognitive development of adult subjects 
with autism from childhood, when comparing them with neurotypical subjects. From 
the cognitive impairment that affects the functioning of functions such as attention, 
imagination, communication, and detail, as well as tolerance to change, to the main and 
most studied to date in the autistic condition - social skills - as seen in Figure 5.

An important milestone is the finding presented here of the metabolic deregulation 
of Glu, reported in the cingulate cortices, that justifies the hypofunction of the princi-
pal networks: The salience network (SAN), the default network (DMN), and the fron-
totemporal visual networks; as well as the motor skills which confirm the functional 
and neurochemical differences between ACC and PCC in subjects with ASD [102]. In 
addition to this, the dendritic complexity of the PCC is much lower than that present in 
the ACC, as other authors have shown [103], which would explain the metabolic differ-
ences between both regions in ASD and that are balanced in neurotypical subjects.

6.  Conclusions

• The effects of excess glutamate in the ACC in subjects with ASD are directly 
correlated with the three central characteristics within the autism spectrum.

• The study of Glu receptors is ambitious in allowing greater knowledge of the 
functioning of the nervous system in people with ASD, which will open the doors 
for the development of more effective therapeutic strategies based on the regula-
tion of glutamatergic neurotransmission.
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• Currently, numerous NMDA receptor antagonists have been synthesized to reduce 
the entry of cal2+ through the targets of the AMPA-Kainate and NMDA receptors 
and thus reduce the excitotoxic effect of glutamate in the brain, but their clinical 
development is limited and has been hampered by the appearance of important 
adverse effects that would make its implementation in therapeutics difficult.

• Not surprisingly, drugs developed through animal models for ASD have not had 
enough success in human trials to justify their use in the clinic, and therefore 
there may be little enthusiasm for investing in Glu-regulating drugs as a possible 
therapeutic approach. Perhaps it is time to consider the investments that will 
bring this knowledge to the clinic.
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Chapter 4

Glutamate Transporters in Health 
and Disease
Katelyn L. Reeb, Simran K. Gill, Rhea Temmermand 
and Andréia C.K. Fontana

Abstract

Glutamate transporters, or excitatory amino acid transporters (EAATs), are key 
proteins that regulate the excitatory tone in the central nervous system (CNS) by 
clearing synaptic glutamate, maintaining extracellular glutamate concentrations low 
enough to prevent receptor desensitization and/or glutamate-mediated excitotoxicity. 
Dysregulation of the function and/or expression of the EAATs is implicated in several 
diseases, including epilepsy, stroke, traumatic brain injury, drug abuse disorders, 
neurodegenerative disorders, and neuropathic pain, among others. In this chapter, 
we will discuss the regulatory mechanisms of EAATs in health and disease states. We 
will discuss post-translational modifications, trafficking deficits, reverse transport, 
and other regulatory processes. We will also discuss current approaches on poten-
tial therapeutic strategies targeting these transporters for many neuropsychiatric 
diseases.

Keywords: glutamate, glutamate transporters, EAAT, EAAT2, expression enhancers, 
GLT-1, ischemia, neuropathic pain, stroke, drug use disorder, allosteric modulation

1.  Introduction

Glutamate transporters, or excitatory amino acid transporters (EAATs), play a 
crucial role in regulating excitatory activity in the central nervous system (CNS). 
Thus, studying their regulation is essential for understanding health and diseased 
states. In physiological states, glutamate is involved in memory, learning, and other 
processes, and EAATs exert a tight control of the synaptic concentration of gluta-
mate, through clearance into glial and neuronal cells. In diseased states, glutamate 
transporter function and/or expression can be dysregulated, leading to devastating 
effects in the CNS. Under conditions of prolonged glutamate activation, cells become 
overexcited by glutamate and go through degeneration and, ultimately, death, in a 
process called excitotoxicity [1]. Glutamate-mediated excitotoxicity has been shown 
to be involved in numerous conditions, such as ischemic stroke, epilepsy, and trau-
matic brain injury. Further, dysregulated levels of glutamate transporters that result 
in abnormal synaptic glutamate concentration are observed in several pathologies, 
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such as drug abuse disorders, neurodegenerative disorders, and neuropathic pain, 
among others. In this chapter, we will discuss the regulatory mechanisms of EAATs 
in physiological states and the implication of glutamate transporter dysregulation in 
neurological and neuropsychiatric disorders.

2.  Glutamate transporters in health

In the mammalian CNS, glutamate serves as the main excitatory neurotransmitter 
and is a critical signal for neural communication and plasticity. Once released into 
the synaptic cleft, glutamate promotes specific signaling pathways in post-synaptic 
neurons by interacting with ionotropic and metabotropic glutamate receptors, which 
initiate downstream signaling. As extracellular glutamate cannot be enzymatically 
degraded, glutamate must be removed from the synaptic cleft through glutamate 
transporters [2]. Therefore, EAATs are imperative for proper neuronal functioning, as 
they clear synaptic glutamate and maintain excitatory balance.

2.1  Subtypes and localization in the nervous system

There are two main classes of glutamate transporters: EAATs, which are dependent 
on an electrochemical gradient of sodium (Na+) ions, and the vesicular glutamate 
transporters (VGLUT-1-3) and cystine-glutamate antiporters (xCT), which are Na+-
independent (Table 1). EAATs and xCT are both found in cell membranes; however, 
xCT has much lower expression than the EAATs, whereas vGLUTs are found in the 
membrane of glutamate-containing synaptic vesicles. In this chapter, we will focus on 
EAATs. For a review of the xCT system, see [3]; for a review of vGLUTs, see [4].

EAATs are classified into five subtypes (rat/human homolog/gene): GLAST/
EAAT1/SLC1A3, GLT-1/EAAT2/ SLC1A2, EAAC1/EAAT3/ SLC1A1, EAAT4/
SLC1A6, and EAAT5/SLC1A7 [2]. EAAT1 and EAAT2 are mainly localized in 
astrocytes, whereas EAAT3-5 are neuronal [5]. The main transporters responsible 
for the uptake of synaptic glutamate are astrocytic EAAT1 and EAAT2; thus, 
they are key for preventing the accumulation of synaptic glutamate an avoid 
excitotoxicity [6]. EAAT1 is predominantly expressed in astrocytes within the 
cerebellar Purkinje cell layer [7]. EAAT2 is the predominant subtype of glutamate 
transporter in the CNS [8] and is expressed in astrocytes, select presynaptic neu-
rons, and oligodendrocytes within the brain and spinal cord [9]. EAAT2 expression 
contributes to around 95% of total glutamate transport activity and represents 
approximately 1% of the total brain protein in the CNS [10], therefore, playing a 
key role in the maintenance of extracellular glutamate homeostasis. While both 
EAAT1 and EAAT2 are expressed within the same astrocytic plasma membrane, 
they are regulated differently; exogenous glutamate levels affect the cell-surface 
expression of EAAT1, but not EAAT2; EAAT2 is regulated by neuronal soluble 
factors, unlike EAAT1 [11]. Several splice variants of EAAT2 have been identified, 
with EAAT2b (or GLT-1b) being the most extensively studied. However, apparent 
functional differences between each of the variants are not readily apparent [12]. 
EAAT3 exhibits ubiquitous expression in the brain, playing a crucial role in 
regulating local glutamate concentrations, as it is predominantly located within 
post-synapsis, which allows for the buffering of nearby glutamate receptors, 
influencing excitatory neurotransmission and synaptic plasticity [13]. EAAT4, 
which is expressed in cerebellar neurons, is primarily responsible for maintaining 
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low extracellular glutamate levels and preventing neurotoxicity in the cerebellum, 
together with glial EAAT1 [14]. EAAT5, a neuronal transporter mainly expressed 
in retina, plays a vital role in controlling glutamate release and mediating light 
responses in depolarizing bipolar cells in the retina [15].

See Figure 1 for an overview of the localization of EAATs in the CNS.

2.2  Stoichiometry and structure of the EAATs

EAATs function through an electrogenic process that is dependent on the co-
transport of three Na+ (sodium) ions and one proton with glutamate and the counter-
transport of one K+ (potassium) ion out of the cell, in addition to an uncoupled 
Cl− (chloride) current (Figure 2A) [16, 17]. This process is also known as an “induced 
fit mechanism,” as Na+ binding is required for glutamate binding, which also con-
tributes to the high selectivity of EAATs for glutamate [18]. As EAATs are secondary 

Glutamate 
transporter 
subtype-Human 
homolog

Glutamate 
transporter 
subtype-Rodent 
homolog

Gene Cell type Anatomic localization

EAAT1 GLAST SLC1A3 Astrocytes, 
oligodendrocytes

Cerebellum, cortex, 
spinal cord
Also, in testis and bone

EAAT2 GLT-1 SLC1A2 Mainly astroglia Throughout brain and 
spinal cord
Also, in liver

EAAT2b GLT-1b SLC1A2 Mainly astroglia, also 
expressed in neurons

Throughout brain and 
spinal cord
Also in intestine, kidney, 
liver, and heart

EAAT3 EAAC1 SLC1A1 Neurons (dendrites 
and axon terminals)

Hippocampus, 
cerebellum, striatum

EAAT4 EAAT4 SLC1A6 Neurons (Purkinje 
cells)

Cerebellum, 
hippocampus, and basal 
ganglia
Also, in placenta

EAAT5 EAAT5 SLC1A7 Neurons 
(photoreceptors and 
bipolar cells)

Retina
Also, in liver

VGLUT1 VGLUT1 SLC17A7 Neurons Cerebral cortex, 
hippocampus, and 
cerebellum

VGLUT2 VGLUT2 SLC17A6 Neurons Thalamus and brainstem

VGLUT3 VGLUT3 SLC17A8 Neurons Cerebral cortex, 
hippocampus, striatum, 
and raphe nuclei

xCT xCT SLC7A11 Neurons and glia Hippocampus, cortex, 
hypothalamus, and 
dentate gyrus

Table 1. 
Glutamate transporters: nomenclature (human/rodent/genes), cell type and anatomic localization.
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active transporters, the ionic gradients of these substrates facilitate the glutamate 
transport cycle. EAATs rely indirectly on Na+/K+-ATPase (NKA) to generate these ion 
gradients [19].

EAATs are transmembrane integral proteins that traverse the cell membrane eight 
times (Figure 2B). EAATs consist of three protomers that can independently trans-
port glutamate [16]. They have four key domains: a scaffold domain, or trimerization 
domain (comprised of transmembrane domains 1, 2, 4, 5), which remains station-
ary; a transporter domain (transmembrane domains 3, 6, 7, 8) that moves as a large 
rigid body along the scaffold domain in a twisting elevator-like motion to transport 
glutamate and its cosubstrates into the cell, and two hairpin domains (hairpin domains 
1 and 2) that act as intracellular and extracellular gates [20]. These transporters follow 
an “alternating-access model” through this motion, which brings the transporter from 
an outward-facing conformation, where glutamate and cosubstrates bind, to an inward-
facing conformation, where they are released (Figure 2C) [21]. While transporters 

Figure 1. 
Localization of neuronal and astrocytic excitatory amino acid transporters (EAATs) in the CNS. A. Overview 
of a glutamate tripartite synapse (pre- and post-synaptic neurons and astrocytes) showing the localization of 
astrocytic transporters EAAT1 and EAAT2 and neuronal transporter EAAT3, in the cerebrum and hippocampus. 
After glutamate (Glu, red dots) is released from the presynaptic terminal and stimulates postsynaptic glutamate 
receptors AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic) and NMDA (N-methyl-D-aspartate), 
and metabotropic glutamate receptors (mGluRs), it undergoes reuptake through EAATs present in astrocytes 
and neurons. In astrocytes, glutamate is converted into glutamine (Gln, green dots), which is shuttled back to 
neurons. In addition to glutamate, EAAT3 also transports the glutathione precursor cysteine (not shown) into 
neurons, which is required to produce glutathione. B. Overview of a glutamate tripartite synapse (pre- and 
post-synaptic neurons and astrocytes) showing the localization of astrocytic transporters EAAT1 and EAAT2 and 
neuronal transporters EAAT3 and EAAT4 in the cerebellum. Note that EAAT4 is only expressed in synapses in 
the cerebellum. C. Overview of a glutamate tripartite synapse (pre- and post-synaptic neurons and astrocytes) 
showing the localization of astrocytic transporter EAAT1 and EAAT2. Note that EAAT2, in the retina, is mainly 
expressed in neurons such as photoreceptors and bipolar cells, and neuronal transporter EAAT5 is only expressed 
in bipolar cells neurons in the retina. EAAT5 is restricted to. Created with BioRender.
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and ion channels have historically been viewed as distinct proteins, EAATs also 
function as anion channels, which open during an intermediate state of the transport 
cycle [22]. This anion channel in EAATs is selective for chloride and is stoichiometri-
cally uncoupled from glutamate transport [23]. Additionally, this chloride conduc-
tance may mediate neuronal excitability and ion homeostasis [24]. The malfunction 
of this chloride channel has also been linked to neurological diseases such as episodic 
ataxia [25]. Recent cryo-EM studies have reported the structures of EAAT1 [26], 
EAAT3 [27], and EAAT2 [28, 29] in several states in the presence of substrate gluta-
mate or inhibitors. These studies are highly relevant as they revealed the structural 
basis of coupled substrate and ion binding.

2.3  Modulators of the activity of EAATs

In the last decades, compounds that modulate EAAT functions, directly or indi-
rectly, have been identified and developed (some examples are outlined in Table 2).

Several compounds indirectly interact with EAATs, augmenting their catalytic 
activity, usually acting through multiple mechanisms, such as riluzole [30–43, 66]. 
Inhibitors of EAAT activity are grouped into competitive (bind to the same binding 
sites as glutamate) and non-competitive (bind somewhere else, i.e., to an allosteric 

Figure 2. 
Molecular properties of EAATs. A. Schematic displaying substrate stoichiometry associated with glutamate 
transport, displayed as trimer in the membrane. Glutamate (Glu) uptake is driven by co-transport of three 
Na+ ions and one proton (H+) and by counter-transport of one K+ ion. EAATs also show an uncoupled Cl− 
conductance (shown as dotted arrow). B. Transmembrane topology of glutamate transporters consisting of eight 
transmembrane domains and two hairpin loops (HP1 and HP2). Transmembrane domains are shown in dark 
blue, and scaffold domains in light blue. C. Glutamate transport cycle of a single protomer. Transport domain 
(magenta) of protomer moves along the scaffold domain (green) to go from an outward-facing conformation (far 
left) to an inward conformation (far right), passing through an intermediate conformation in which chloride 
conductance can occur. Created with BioRender.
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site). Some of these inhibitors are substrates themselves, and some are exchanged 
with internal glutamate, thereby inducing glutamate release [52].

An emerging approach to drug design focuses on allosteric modulators, which 
bind to allosteric sites and alter the conformation of the orthosteric binding site, 
affecting transport by either enhancing (positive allosteric modulation, PAM) or 
inhibiting (negative allosteric modulation, NAM) binding affinity and transport. 

Compound Mechanisms References

Indirect activators

Riluzole (2-amino 6-(trifluoromethoxy)
benzothiazole)

• Increases activity and expres-
sion of EAAT2

• Blocks sodium channels

[30–43]

Positive allosteric modulators (PAMs)

Parawixin1 (unknown chemical structure) • Activates EAAT2 activity [44]

GT949 (3-((4-Cyclohexylpiperazin-1-yl) 
(1-phenethyl-1H-tetrazol-5-yl) methyl)-
6-methoxyquinolin-2(1H)-one and GT951 
6-methoxy-3-((1-phenethyl-1H-tetrazol-5-yl) 
(4-(3-(trifluoromethyl) phenyl) piperazin-1-yl) 
methyl) quinolin-2(1H)-one)

• EAAT2 PAMs, activity, no 
effect on NMDA-mediated 
currents

• In vitro neuroprotection 
in glutamate-mediated 
excitotoxicity models

[45, 46]

Parawixin10 (S)-N1-(3-(2-amino-5-
guanidinopentanamido)propyl)-N4-(3-
(2-(4-hydroxy-1H-indol-3-yl)acetamido)
propyl)-N1,N1,N4,N4-tetramethylbutane-1,4-
diaminium iodide)

• Increases glutamate uptake in 
rat brain synaptosomes.

• PAM of EAAT1 and EAAT2

• Offers neuroprotection in in 
vitro stroke models and in vivo 
epilepsy models

[47–50]

[(R)-AS-1] [(R)- N-Benzyl-2-(2,5-dioxopyrrolidin-
1-yl)propanamide)]

• Selective EAAT2 PAM

• Offers in vivo protection from 
seizures

[51]

Competitive Inhibitors

DL-TBOA and analogs (DL-threo-beta-benzyloxy 
aspartate)

• Non-transportable blocker of 
all subtypes of EAATs

[52–60]

TFB-TBOA [(3S)-3-[[3-[[4-(Trifluoromethyl)
benzoyl] amino] phenyl] methoxy]-L-aspartic 
acid]

• Selective inhibitor of EAAT1 
and EAAT2

[61–64]

Non-competitive inhibitors

Several putative negative allosteric modulators • Selective and non-selective 
inhibition of EAAT1, EAAT2, 
and/or EAAT3

[65]

The table includes indirect activators (compounds that interact indirectly with EAATs augmenting their catalytic 
activity, usually acting through multiple mechanisms), positive allosteric modulators (PAMs, compounds that interact 
directly with EAATs at an allosteric site and putatively increase their activity), competitive inhibitors (compounds that 
bind to the same binding sites as glutamate, competing with glutamate for binding to the transporter protein; some of 
these inhibitors are substrates themselves, some are exchanged with internal glutamate and induce glutamate release), 
and non-competitive inhibitors (or negative allosteric modulators, NAMs, that act by binding EAATs at an allosteric 
site, often leading to a conformational change that impacts transporter dynamics). In addition, we provide some of their 
known mechanisms and include further references.

Table 2. 
Examples of modulators of excitatory amino acid (EAAT) activity.
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Allosteric modulation may offer advantages such as targeted drug therapy and 
increased specificity, thus offering promising prospects for drug discovery and the 
development of novel therapeutics [67]. Recently, allosteric sites have been described 
in EAATs [45, 46]. The development of selective EAAT PAMs and NAMs may be 
useful tools to decipher how drugs can affect the transport cycle and to investigate the 
intrinsic properties and functions of the EAATs [68].

Further research on allosteric modulators of EAATs is necessary to address several 
outstanding questions. These include determining the precise location and physi-
ological significance of the allosteric binding sites, investigating whether these com-
pounds can stabilize specific conformations of the transporter, understanding how 
different conformations of EAATs transmit signals into the cell, and exploring the 
possibility of allosterically modulating transporter-mediated efflux. Ultimately, this 
knowledge could be invaluable for advancing our understanding of EAAT modulation 
and for informing the drug development process [69].

2.4  Modulators of the expression of EAATs

The expression of EAATs is altered in certain disease states, leading to changes in 
neuronal excitation. This regulation can occur through transcriptional and transla-
tional processes [70]. However, the exact mechanisms underlying EAATs expression 
regulation are not well understood; hence, synthetic modulators of expression could 
serve as valuable tools for investigating the functions and regulation of EAATs in 
both physiological and disease contexts. There are exogenous drugs, endogenous 
molecules, and proteins that increase EAATs expression (transcriptional and level, 
i.e., increase gene transcription, and translational, i.e., increase the protein expres-
sion) and inhibitors of EAAT expression. Additional research is needed to evaluate 
whether a compound that enhances GLT-1 expression and has good brain penetrance, 
favorable pharmacokinetic properties, and low risk of side effects and toxicity can be 
developed into a therapeutic drug [71]. Some commonly studied EAAT expression 
modulators are outlined in Table 3.

2.5  Trafficking and post-translational modifications of EAATs

The expression and function of EAATs are regulated at the genetic, epigenetic, 
transcriptional, post-transcriptional, and translational levels [132]. Dysregulation 
of these processes can lead to severe outcomes such as high levels of extracellular 
glutamate and excitotoxicity [6]. The activity of transporters can be regulated by 
many means, such as ubiquitination, phosphorylation glycosylation, and sulfhydryl 
oxidation, among others [133–135].

Post-translational modification of GLT-1 by ubiquitin conjugation to lysine 
residues has been found to mediate the transporters constitutive internalization 
and degradation. This regulated clathrin-mediated endocytosis in basal conditions 
determines the availability of transporter on the cell surface and therefore relates 
directly to activity levels and rate of glutamate transport [123, 136]. Additionally, 
the palmitoylation of GLT-1 has been shown to drive glutamate uptake kinetics. 
Palmitoylation involves the covalent attachment of palmitic acid to one of more 
cysteine residues of the target protein. Studies suggest that palmitoylation of GLT-1 is 
important for glutamate uptake capacity, as a reduction in palmitoylated GLT-1 leads 
to impairments in glutamate clearance [137]. The sumoylation of GLT-1 in physi-
ological signaling has also been identified, which involves the attachment of a SUMO 
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Compound Mechanism References

Expression enhancers

Ceftriaxone ((6R,7R)-7-{[(2Z)-2-(2-amino-1,3-
thiazol-4-yl)- > 2-(methoxyimino) acetyl]amino}
MI-3-{[(2-methyl-5,6-dioxo-1,2,5,6-tetrahydro-
1,2,4-triazin-3-yl)thio]methyl}-8-oxo-5-thia-1-
azabicyclo[4.2.0]oct-2-ene-2-carboxylic acid)

• β-Lactam antibiotic

• Selective enhancer of EAAT2 
expression, through transcrip-
tional activation via mechanisms 
involving PI3K/Akt/NF-κB

[72–100]

Clavulanic acid ((2R,5R, Z)-3-(2-
hydroxyethylidene)-7-oxo-4-oxa-1-aza-bicyclo 
[3.2.0] heptane-2-carboxylic acid)

• Structural analog β-lactam but 
lacks antibiotic effects

• Increases EAAT2 expression 
(has better oral availability and 
blood-brain barrier penetration 
than ceftriaxone)

[77, 79, 101–106]

LDN/OSU-0212320 (Thiopyridazine and pyridazine 
derivatives)

• Increases EAAT2 expression 
through translational activation

[107–112]

Amitriptyline (3-(10,11-dihydro-5H-
dibenzo [a, d] cycloheptene-5-ylidene)-N, 
N-dimethylpropan-1-amine)

• Tricyclic antidepressant

• Induces EAAT2 expression and 
ameliorates neuropathic pain

[113, 114]

N-acetylcysteine ((2R)-2-acetamido-3-
sulfanylpropanoic acid))

• Increases EAAT2 expression-

• Reduces drug-seeking/taking 
behavior for cocaine, nicotine, 
and ethanol

[115–121]

Minocycline 
((2E,4S,4aR,5aS,12aR)-2-(Amino-hydroxy
-methylidene)-4,7-bis(dimethylamino)-10,11,12a-
trihydroxy-4a,5,5a,6-tetrahydro-4H-tetracene-
1,3,12-trione)

• Broad-spectrum tetracycline 
antibiotic

• Ameliorates downregulation of 
GLT-1 expression in neuropathy 
model

[122]

Expression inhibitors

PMA (phorbol 12-myristate 13-acetate) • Activator of PKC

• Decreases the activity and expres-
sion of GLT-1 through clathrin-
mediated endocytosis

• (Also has actions on EAAT3)

[123–128]

Synthetic cathinone MDPV 
(3,4-methylenedioxypyrovalerone methylenedioxy 
pyrovalerone)

• Downregulates GLT-1 expression, 
and norepinephrine-dopamine 
reuptake

[129]

Amphetamine (1-phenylpropan-2-amine) • Potent CNS stimulant

• Downregulates EAAT3 expression

• Enters dopamine neurons via 
DAT and triggers endocytosis of 
EAAT3, in a process involving 
dynamin- and Rho-mediated 
mechanisms

[130, 131]

The table includes examples of drugs that enhance EAATs expression (at the transcriptional and translational level), 
and examples of drugs that inhibit EAATs expression, along with some of their known mechanisms and further 
references.

Table 3. 
Examples of modulators of Excitatory Amino Acid Transporters (EAAT) expression.
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protein to a lysine residue on the target protein and was found to regulate GLT-1 
subcellular localization [138]. Notably, several groups have reported aberrations in 
the constitutive trafficking, expression, and activity levels of glutamate transporters 
due to alterations in post-translational modifications in many disease states, which 
will be further discussed in Section 3.

3.  Glutamate transporters in disease

Dysregulation of EAATs plays a significant role in many neuropsychiatric diseases/
disorders. Below, we briefly discuss two mechanisms of EAAT dysregulation involved 
in several disorders: glutamate efflux via transporter reversal and downregulation of 
the expression of glutamate transporters. We also briefly describe studies of knockout 
of EAAT that were pivotal for our understanding of the role of glutamate transporters 
in health and disease.

3.1  Glutamate transporter reversal

Under physiological conditions, the direction of glutamate transport is inward; 
however, in pathological conditions, the function of Na+/K+-ATPase (NKA) becomes 
dysfunctional, with subsequent disruption of Na+/K+ electrochemical gradient needed 
for glutamate translocation, resulting in increases in extracellular K+ and decreases 
in Na+ decreases, which leads to glutamate transport in the outward direction [139]. 
In support of this, massive increases in extracellular K+ and indiscriminate release of 
glutamate have been reported following concussive and lateral fluid percussion brain 
injuries [140], ischemia [141], and oxidative stress in a SOD1 mutation amyotrophic 
lateral sclerosis (ALS) model [142, 143].

It remains to be clarified whether EAAT functional activators or expression enhanc-
ers will facilitate glutamate clearance under excitotoxic conditions or will intensify 
reverse transport. However, previous preclinical studies suggest neuroprotective proper-
ties of these compound classes against ischemia, which encourages future drug develop-
ment using this strategy. Nevertheless, as glutamatergic signaling plays crucial roles in 
brain development, cell survival, and synaptogenesis, these pharmacological strategies 
encounter similar challenges to other drugs targeting glutamate-mediated mechanisms, 
such as the potential for significant adverse effects [71, 144].

3.2  Glutamate transporter downregulation

Reduced expression and function of EAATs has been reported in numerous neuro-
logical disorders. Although the exact mechanism of downregulation has yet to be fully 
established, it results in impairment of the overall function of glutamate transporters, 
which plays an important role in the etiology of neurological diseases (see below).

For an overview of the role of EAATs at glutamatergic synapses at physiological 
(A) and pathological (B) states, see Figure 3.

3.3  Studies with knockout of EAATs

Studies with knockout of glutamate transporters reveal a major role for EAATs in 
clearance of glutamate, excitotoxicity, and associated neurotransmission. A key study by 
Tanaka’s group in the 1990s demonstrated that EAAT2 gene knockout resulted in lethal 
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spontaneous seizures and increased susceptibility to acute cortical injury in mice [145]. 
Later studies confirmed severe disturbances in mice lacking GLT-1 and GLAST [146], 
including elevated extracellular glutamate levels, exacerbated hippocampal neuronal 
damage after brain injury [147], impairment of several essential aspects of neuronal 
development [148], neurodegeneration and progressive paralysis [149]. Mice lack-
ing EAAT1 have decreased cerebellar function, reduced motor coordination, hearing 
loss, and disturbed retinal function. Antisense knockdown of GLAST compromises 
retinal function [150], and constitutive deletion of GLAST results in markedly reduced 
alcohol consumption and preference [151]. Mice lacking EAAT3 develop dicarboxylic 
aminoaciduria (Kegg’s disease), exhibit reduced spontaneous locomotor activity, and 
may age prematurely [152]. Additionally, they experience depletion of glutathione and 
neuronal cell loss [153], suggesting that EAAT3 plays a critical role in providing cysteine 
for glutathione synthesis [154]. Humans lacking EAAT3 develop dicarboxylic aminoac-
iduria, a rare metabolic disorder that causes the body to excrete too much aspartate and 
glutamate in urine, and human EAAT3 polymorphisms have been reported to be associ-
ated with obsessive-compulsive disorders [155]. In EAAT4 knockout mice, Purkinje 
cells are more likely to die [156], and in a double knockout of EAAT1 and EAAT4, both 
highly expressed in the cerebellum, a differential effect was observed in the spontaneous 
firing pattern and survival of Purkinje cells [14], demonstrating the essential role of 
these transporters in the cerebellum. Finally, EAAT5 was shown to shape the retinal light 
responses, in an EAAT5 knockout model [157].

3.4  Stroke

Stroke is the third leading cause of death in the United States, accounting for 
700,000 fatalities each year [158]. Following an ischemic event, inadequate blood 

Figure 3. 
Tripartite glutamatergic synapse in physiological and pathological conditions. Schematic representing 
glutamatergic transmission in the context of physiological (A) and pathological (B) states that are associated 
with glutamate-induced excitotoxicity and EAAT2 protein dysregulation. A. In B. Hyper-glutamatergic signaling 
results in excess glutamate (red dots) release, overactivation of ionotropic glutamate receptors AMPA and 
NMDA, and aberrant calcium (blue dots) influx leading to the activation of various cell death pathways. In 
many disease states, glutamatergic dysfunction can lead to transporter reversal (shown by the arrow pointing 
to glutamate efflux from the astrocytes to the extracellular environment) and downregulation (shown as lower 
EAAT2 expression than in A), further exacerbating excitotoxic outcomes, such as in ischemic stroke. Na+/K+ 
ATPase (NKA) dysfunction also contributes to the dysregulation of EAAT activity. Downregulation of EAAT2 
expression is also observed in pathologies such as in drugs of abuse disorders (depicted in the figure as drug-seeking 
behavior) and neuropathic pain. Created with BioRender.
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flow to the brain prevents the delivery of oxygen and glucose. The deprivation 
of these substrates to neurons causes cell death and lasting brain damage [159]. 
Following a focal ischemic event, the resulting damage manifests into two distinct 
regions that are classified as the infarction core and the penumbra. The core is the 
region of the brain in which the primary occlusion occurs, which undergoes rapid 
and irreversible cellular death within minutes of ischemic onset, usually due to 
necrosis [160]. The penumbra is classified as the region that surrounds the core, 
which receives reduced blood supply but remains partially metabolically active and 
therefore contains salvageable tissue. However, this region is at risk of cell death if 
blood flow is not quickly restored [159], making the penumbra the primary area of 
interest for new targeted therapies.

Glutamatergic dysfunction is a key factor contributing to neuronal cell death 
following ischemic stroke [161, 162]. The lack of oxygen due to cessation of blood 
flow results in depleted ATP stores, thereby disrupting the ionic gradients respon-
sible for regulating neuronal firing, resulting in increased action potentials and 
aberrant glutamatergic signaling. Excessive release of glutamate during ischemia 
leads to overactivation of postsynaptic ionotropic glutamate receptors. Released 
glutamate may also diffuse out of the synaptic cleft, causing activation of distant 
(extrasynaptic) receptors and subsequent elevated calcium influx into the cytosol. 
This affects calcium-sensitive organelles such as the mitochondria and endoplasmic 
reticulum [163] and causes the release of calcineurin and calpains, mediators of cell 
death [164]. Mitochondrial dysfunction and oxidative stress also play key parts in 
the excitotoxic phenotype [165]. Thus, minimizing glutamate-induced excitotoxicity 
by regulating the aberrant signaling cascade following stroke can be therapeutically 
beneficial in improving post-stroke outcomes.

As EAATs are responsible for removing glutamate from the synaptic space to help 
end neurotransmission, these proteins play a key role in mitigating excitotoxic out-
comes. Recent research has focused on better understanding the regulation of EAATs 
during or after an ischemic event as well as on strategies to modulate their expression 
and/or activity to bolster glutamate clearance and promote cell recovery. Many groups 
have identified temporal and spatial alterations in glutamate transporter expression 
over the course of ischemic injury [166]. Additionally, the activity and function of 
glutamate transporters can be significantly affected by the severity of ischemic insult, 
with severe insults even causing a reversal in glutamate transport due to disruptions 
in the ionic gradients that drive these transporters [167]. Membrane translocation of 
glutamate transporters after ischemia has also been suggested, with elevations in glu-
tamate release causing rapid changes in the diffusion and clustering of EAAT2 along 
the plasma membrane [168]. Taken together, the regulatory movement and response 
of glutamate transporters to ischemic insult is complex and multifaceted.

An extensively researched pathway in addressing ischemic injury involves the 
modulation of glutamate transporter expression. Pharmacological preconditioning 
with several β-lactam antibiotics, most notably ceftriaxone, an EAAT2 expression 
enhancer, has shown promising results as a treatment option in several neurological 
disorders including ischemic stroke. Previous work has found that ceftriaxone, when 
administered 48 hours before OGD, reduced neuronal death by 20–50%, thereby pro-
viding neuroprotection [72]. In this model, daily administration of ceftriaxone 5 days 
prior to middle cerebral artery occlusion (MCAO) provided neuroprotection through 
a reduction in infarct volume as well as neuroinflammatory and apoptotic factors 
through EAAT2 upregulation [73]. Additionally, a study found that daily administra-
tion of ceftriaxone as well as N-acetylcysteine 5 days prior to focal cerebral ischemia 



Two Sides of the Same Coin – Neurotransmitters in Health and Disease

60

also significantly increased EAAT2 expression levels in addition to a reduction of 
infarct volume [115]. Other compounds that protect neurons from glutamate-induced 
excitotoxic death, such as LDN-OSU0212320, decrease infarct volume in mice when 
administered 24 hours prior to photothrombotic ischemia; however, only in male 
mice, suggesting that this treatment may not be effective in the female population 
and further emphasizing the importance of sex differences in targeted treatments 
[107, 108]. A significant drawback associated with β-lactam antibiotics in enhancing 
EAAT2 expression is the extended time required for drug onset (≥24 hours) [169]. 
Therefore, in the context of clinical ischemic injury, more fast-acting compounds 
need to be developed. EAAT PAMs offer a different approach to restoring glutamate 
clearance through the enhancement of glutamate uptake; however, this hypothesis 
remains to be tested in animal models of stroke.

3.5  Traumatic brain injury

Studies on traumatic brain injury (TBI) in both humans and animals have shown 
an acute increase in tissue glutamate concentrations that persist at elevated levels for 
up to 5 days in humans. This suggests a delay or insufficient glutamate clearance by 
glutamate transporters following TBI [71, 170]. Many studies have established that 
the subsequent glutamate-mediated excitotoxicity plays a significant role in acute 
post-injury neurodegenerative events [171]. In addition, decreased GLT-1 expres-
sion was shown in several TBI preclinical studies [147], which is consistent with the 
decreased EAAT2 activity observed in TBI patients [171]. Furthermore, antisense 
knockdown of GLT-1 in rat aggravates neuronal damage following TBI [172].

TBI is a complex pathology of many etiologies, which varies depending on the 
severity of the injury and the location of the affected brain tissue. In cases of concus-
sion, where brain injury is typically reversible and symptoms resolve over time [173], 
the opportunity to reduce acute glutamate excitotoxicity by targeting GLT-1 offers 
potential for neuroprotection. However, for other types of TBI, additional pharma-
cological approaches may be necessary to address the diverse pathophysiological 
mechanisms involved [174].

3.6  Epilepsy

Epilepsy is a group of disorders characterized by recurrent spontaneous seizures 
that appear to stem from intricate processes involving various neurotransmitter 
systems, including glutamate [175, 176]. This leads to an imbalance between neuronal 
excitatory and inhibitory activities, ultimately culminating in epileptogenesis [177]. 
Numerous drugs are available as anti-seizure medications; however, none of the 
current treatments are considered disease-modifying, as they only suppress seizures 
without addressing the development and progression of epilepsy.

As previously mentioned, a key preclinical study revealed that mice lacking 
GLT-1 are prone to exhibit seizures [145]. Additionally, conditional deletion of GLT-1 
revealed that GLT-1 protects against fatal epilepsy [178]. Loss of GLAST or GLT-1 
led to elevated extracellular glutamate levels, neurodegeneration, and progressive 
paralysis, and loss of EAAC1 caused mild neurotoxicity and resulted in epilepsy [149]. 
In patients with medial temporal lobe epilepsy (mTLE), increased extracellular glu-
tamate levels were observed [179] as well as decreased levels of EAAT1, EAAT2, and 
EAAT3 [180], reviewed in Ref. [176]. Decreased levels of GLT-1 were also observed in 
animal models of epilepsy such as pilocarpine-induced [181], albumin-induced [182], 
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tuberous sclerosis-induced [183], FeCl3-induced models [184], and chest compres-
sion-induced audiogenic model [185].

However, some studies did not observe changes in EAAT2 levels in patients [186] 
and in animal models including kindling [187], anticonvulsant ketogenic diet [188], 
and spontaneously epileptic rats [189], suggesting that EAAT2 may be implicated 
in the etiology of only some types of epilepsy. Another concept suggests that a 
deficiency in glutamine synthetase in astrocytes may be the molecular mechanism 
underlying extracellular glutamate accumulation and seizure generation [190].

Nonetheless, the upregulation of EAAT2 via transcriptional and translational 
regulation has demonstrated success in vivo by reducing spontaneous recurrent 
seizures and providing neuroprotection [191].

Parawixin10, a compound isolated from Parawixia bistriata spider venom, 
is a non-selective PAM of EAAT1 and EAAT2, with in vitro neuroprotective 
properties [47] and in vivo neuroprotection in epilepsy models of intrahippocam-
pal injection of NMDA [48], kainic acid and pentylenetetrazol (PTZ) [49], and 
pilocarpine [50]. These studies served as proof of concept that EAAT1-2 PAMs may 
offer neuroprotection and anticonvulsant properties. More recently, the selective 
EAAT2 PAM [(R)-AS-1] revealed favorable anticonvulsant and safety profiles, and 
significant protection in mice against seizures in acute and chronic animal models 
of seizures [51]. These novel compounds may have disease-modifying potential in 
acquired epilepsy, which will require future experimental testing.

Several studies demonstrated mutations in EAAT1 are implicated in episodic 
ataxia 6 (EA6), a chronic condition characterized by epilepsy, nystagmus, and tin-
nitus. These mutations result in impaired glutamate uptake and alterations in anion 
conductance; however, how exactly these mutations affect EAAT1 expression, subcel-
lular localization, function, and the complex neurological phenotype of EA6 remains 
to be understood [25].

Collectively, these studies suggest that astrocytic glutamate uptake plays a criti-
cal role in protecting neurons from hyperexcitability. However, discrepancies in 
some findings indicate that the exact mechanisms remain elusive. Nevertheless, the 
idea that modulating astrocytic EAATs represents a potential therapeutic approach 
to provide neuroprotection, to prevent spontaneous recurrent seizures, and to halt 
epileptogenesis [192].

3.7  Pain

Pain, an aversive sensory experience arising from actual or perceived tissue 
damage, constitutes a physiologic response to noxious stimuli or disease, serving as a 
protective mechanism to prompt seeking care or preventing further harm [193]. Pain 
perception involves complex interactions among cellular and molecular components, 
including neurons, glia, glutamate receptors, and transporters that utilize gluta-
mate, the primary transmitter released by sensory afferents in the nervous system 
[194–196]. However, when pain extends beyond the acute injury phase, persisting for 
more than 3 months, it transitions into a chronic disease. Chronic pain, a prevalent 
motive for medical intervention, correlates with heightened risks of poor mental 
health, opioid dependency, and diminished quality of life.

During chronic pain development, excess glutamate released in the peripheral 
and central nervous system contributes to elevated extracellular glutamate levels, 
which overactivates glutamate receptors and exacerbates pain symptoms. Prolonged 
overactivation leads to neuroplasticity in pain pathways, amplifying pain signals, a 
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phenomenon known as central sensitization [197]. Glutamate transporters, particu-
larly EAAT2, counteract this process by removing extracellular glutamate and reduc-
ing pain signaling [196, 198]. In the pain pathway, EAAT2 is expressed in the anterior 
cingulate cortex, somatosensory cortex, hippocampus, and dorsal horn of the spinal 
cord [199].

After injury occurs, the expression of EAATs changes, potentially contributing 
to chronic pain conditions. Numerous pain models have been used to study EAATs 
during neuropathic pain development but with varying results. For example, in 
nerve-injury models of pain, studies found an initial increase in EAAT2 3–7 days after 
surgery, followed by a steep downregulation below baseline [200]. Other studies did 
not observe this initial upregulation in EAAT1 or EAAT2 early after injury and instead 
observed an upregulation of EAAT3 and a downregulation of EAAT1 and EAAT2 
[101]. Because of these inconsistencies, the relationship between neuropathic pain 
development and EAAT expression remains unclear.

Various mechanisms are being explored for chronic pain therapy, and targeting 
the glutamatergic system to reduce pain transmission shows promising potential 
[196, 201]. Although glutamate receptor antagonism provides anti-nociception, it 
may be associated with severe side effects, including sedation, hallucinations, and 
cardiac instability, limiting its use in outpatient settings [202]. A potential novel 
therapeutic approach involves the modulation of astrocytic EAATs, located on cells 
that surround glutamatergic neurons, aiming to restore homeostasis by lowering the 
concentration of extracellular glutamate. In this sense, downregulation or inhibition 
of EAATs has been reported to increase pain [203], whereas increased EAAT2 expres-
sion can mitigate pain [204–206]. For example, overexpression of GLT-1 in the spinal 
cord attenuated the induction of inflammatory and neuropathic pain, suggesting 
this could be a strategy for pain [207]. Furthermore, positive allosteric modulation of 
EAATs can enhance their efficiency in various neurological diseases, offering neuro-
protection, and is a potential target for chronic pain.

In preclinical pain models, certain drug classes have been shown to have anti-noci-
ceptive properties by modulating EAATs through the enhancement of EAAT expres-
sion and removal of excessive glutamate [196, 203, 208]. Some of these drugs include 
β-lactam antibiotics (such as ceftriaxone), β-lactamase inhibitors (such as clavulanic 
acid), tetracycline antibiotics (such as minocycline), anticonvulsants (including VPA 
and riluzole), and tricyclic antidepressants (such as amitriptyline) [196]. Ceftriaxone 
has undergone extensive research as a potential therapy for modulating EAAT2 
expression. Studies in the chronic constriction injury (CCI) pain model demonstrated 
that ceftriaxone upregulated GLT-1 expression and glutamate uptake in the spinal 
dorsal horn and resulted in anti-nociceptive effects [74, 75]. Furthermore, its impact 
extended to a model of multiple sclerosis, where ceftriaxone not only reversed tactile 
allodynia but also halted the progression of motor weakness and paralysis. Notably, in 
both models, ceftriaxone reversed the reduction in EAAT2 expression and astrocyte 
activation in the lumbar spinal cord, suggesting its potential to suppress glial activa-
tion and alleviate pain [75].

Concerns about the antibiotic activity of ceftriaxone led to the investigation of 
clavulanic acid, which is devoid of antibiotic properties. In the CCI model, both 
clavulanic acid and ceftriaxone demonstrated anti-nociception, increased EAAT2 
expression in the rat spinal cord, and reversed EAAT2 downregulation at day 14 
post-surgery [209]. Clavulanic acid may be a candidate for relieving pain in diabetic 
peripheral neuropathy, and its benefits could be attributed to increased EAAT2 
expression [101].
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Another approach to modulate EAAT2 that could be beneficial for various 
pain conditions is through positive allosteric modulation (PAM), which involves 
the enhancement of extracellular glutamate uptake. Several preclinical pain stud-
ies demonstrated a downregulation of EAAT2, thus enhancing the activity of the 
remaining transporters via PAM represents a promising new avenue for future drug 
development [196, 210]. Selective EAAT2 PAMs will restore glutamate homeostasis 
by enhancing the uptake of excessive glutamate, rather than blocking glutamatergic 
transmission; thus, this approach is expected to be safer and devoid of the dissociative 
effects observed with NMDA receptor antagonists [196]. Additionally, EAAT2 PAM 
compounds differ significantly from transcriptional or translational upregulation 
of EAAT2 expression, such as ceftriaxone, which display varying efficacies across 
individuals, raising concerns about safety, efficacy, and adverse effects. EAAT2 PAMs 
work directly on the transporter, rapidly increasing glutamate uptake efficiency, 
resulting in a quicker onset compared to drugs that modulate expression. They are 
highly selective, providing a more robust and safe clinical profile compared to epi-
genetic-modifying expression enhancers that are often associated with adverse side 
effects [196, 211]; however, further studies are needed to confirm these expectations.

3.8  Substance use disorders

The maintenance of low extracellular glutamate levels in the CNS is important 
for proper cognitive functions such as learning and memory [212]. Both learning 
and memory are involved in the cycle of addiction, as is evident by relapses [213]. 
Substance use disorder is characterized by compulsion to use a substance, inability 
to limit intake of that substance, and the appearance of negative affect following the 
use of the drug. Regions such as the prefrontal cortex, amygdala, and hippocampus, 
which are involved in learning and memory, have projections connecting them to 
key regions involved in addiction, such as the ventral tegmental area and nucleus 
accumbens [214]. Drug use activates glutamatergic neurotransmission in the meso-
corticolimbic system [215]. Following repeated use, drug-specific changes occur in 
these brain regions that drive the susceptibility to relapse and chronic drug use [216]. 
Furthermore, in abuse models, dysregulation of glutamate levels is observed in key 
brain regions associated with addiction, such as the prefrontal cortex, hippocampus, 
and nucleus accumbens [217]. All drugs of abuse disrupt glutamate homeostasis 
during use, increasing synaptic glutamate release. Numerous studies have dem-
onstrated the importance of glutamatergic signaling in the nucleus accumbens on 
drug-seeking [218]. The importance of changes in glutamatergic tone that occur in 
addiction is further evident as pharmacologically restoring glutamate levels reduces 
drug-seeking behavior [219].

Targeting EAAT2 specifically has displayed promising results in the context of 
addiction. The use of drugs such as cocaine, cannabinoids, amphetamine, ethanol, 
nicotine, and opiates results in significant changes in EAAT2 levels [216]. Preclinical 
studies have shown that ceftriaxone inhibits cue- and drug-induced reinstatement 
seeking for cocaine [220], heroin [221], methamphetamine [222], and nicotine [223]. 
Additionally, administration of ceftriaxone attenuates the development of cocaine-
induced conditioned place and prevents the decrease in EAAT2 expression in the 
nucleus accumbens [224]. Ceftriaxone also reduces alcohol intake [76]. Clavulanic 
acid reduces the reinforcing efficacy of cocaine and reduces cocaine-conditioned 
place preference [77]. Additionally, clavulanic acid reduced morphine-conditioned 
place preference, morphine-induced hypothermia, and locomotor sensitization [102]. 
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Riluzole prevents cocaine reinstatement while restoring the expression of EAAT2 
in the nucleus accumbens [225]. However, clinical trials found that riluzole was 
not effective for cocaine use disorder, when taken during the period of cocaine 
dependency [226]. Interestingly, riluzole has shown some promising effects in clinical 
trials for methamphetamine dependence, as it decreased symptoms, such as craving, 
withdrawal, and depression, experienced by men in an outpatient setting [227]. This 
study was supported by previous findings that riluzole reduces methamphetamine-
induced locomotor sensitization [228]. Additionally, riluzole affects morphine- and 
amphetamine-conditioned place preference [229]. Riluzole also reduced ethanol 
self-administration in mice [230]. N-acetylcysteine (NAC), an antioxidant cystine 
pro-drug, is an over-the-counter supplement that suppresses NF-κB [116], a tran-
scriptional regulator of EAAT2 [117]. While NAC has low oral availability, NAC has 
been shown to restore EAAT2 expression and to reduce drug-seeking/taking behavior 
for cocaine [118], nicotine [119], and ethanol [120].

Another promising approach for targeting EAAT2 in the context of addiction is 
by increasing the efficiency of the transport through PAMs. EAAT2 PAMs offer the 
unique advantage of having a quick onset, which may be of critical importance during 
craving.

3.9  Neurodegenerative disorders

Alzheimer’s disease (AD) is a progressive age-related neurodegenerative disorder 
characterized by abnormal deposition of fibrillar amyloid β (Aβ) protein, intracellular 
neurofibrillary tangles, oxidative damage, and tau protein hyperphosphorylation that 
contributes to neuronal dysfunction [231–233]. The aberrant glutamate stimulation 
that results in synaptic dysfunction has been proposed as one of several mechanisms 
of synaptic damage in AD. This is supported by studies reporting reduced GLT-1 
expression and function in AD [234, 235] and post-mortem analysis of human brain 
tissue from patients with AD (as well as other neurodegenerative disorders), suggest-
ing that EAAT2 loss or dysfunction could be an early trigger evolving into chronic 
reactive astrogliosis, oxidative stress, and neuronal death [236]. Also, a study dem-
onstrated that Aβ1–42 prompts rapid GLT-1 mislocalization and internalization in 
astrocytes, reducing the rate of glutamate clearance [237]. Another study found that 
GLT-1 loss led to a compensatory increase in insulin-degrading enzyme activity in the 
liver, implicating partial GLT-1 loss in insulin/Akt signaling abnormalities observed in 
AD [238]. Further, a study suggested that decreased expression of glutamine synthe-
tase but no changes in GLT-1 expression in a model of AD [239]. Thus, it is not yet 
entirely clear whether GLT-1/EAAT2 dysfunction plays a pathogenic role in AD and 
whether targeting this transporter may be developed as a neuroprotective strategy for 
the pathogenesis of AD.

Currently, available treatments for AD include acetylcholinesterase 
inhibitors [240], NMDA receptor antagonist memantine [241], and monoclonal 
antibody therapies that target the removal of β-amyloid from the brain such as 
lecanemab [242]. However, these treatments offer only symptomatic relief and 
primarily target late-stage aspects of the disease. Additionally, the efficacy of mono-
clonal antibodies has not been proven. Therefore, a definite treatment for this disease 
is yet to be identified.

Amyotrophic lateral sclerosis (ALS): ALS is a debilitating disease characterized 
by progressive loss of voluntary motor neurons, leading to muscle atrophy, weight 
loss, and respiratory failure [243]. The pathogenesis of ALS involves inflammation, 
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oxidative stress, apoptosis, dysfunction of mitochondria, aggregation of SOD1 pro-
tein, and dysfunction of astroglia, which include a severe loss of EAAT2 in both the 
motor cortex and spinal cord [244, 245]. Additionally, several mouse models of ALS 
exhibit marked loss or inactivation of glutamate transporters [246]. Moreover, selec-
tive loss of EAAT2 has also been demonstrated in both sporadic and familial cases of 
ALS [247]. However, a large-scale clinical trial testing the efficacy of ceftriaxone (an 
EAAT2 expression enhancer) in ALS patients reported no significant difference in 
survival between placebo- and ceftriaxone-treated patients [248].

While glutamate transport dysfunction and excitotoxicity may contribute to the 
late stage of ALS disease progression, there is no consistent evidence supporting 
EAAT2 as a primary factor in motor neuron degeneration in ALS. A study found that 
overexpression of GLT-1 in the cervical spinal cord of SOD1G93A mice with ALS did 
not protect motor neurons, preserve diaphragm function, or prolong animal survival, 
thus challenging the notion that EAAT2 is a primary factor in motor neuron degen-
eration in ALS [249]. It is thought that simultaneous targeting of calcium overload, 
endoplasmic reticulum stress, and mitochondrial dysfunction pathways may be 
necessary to halt ALS progression [250].

Huntington’s disease (HD): HD is a devastating neurodegenerative disorder 
characterized by degeneration of multiple brain areas, involving dopamine, gluta-
mate, and GABA neurotransmitter systems. It is caused by a mutated form of the 
huntingtin gene, resulting in the accumulation of mutant protein aggregates [251], 
resulting in oxidative stress, mitochondrial dysfunction, and excitotoxicity [252]. 
Reduced EAAT2 mRNA levels have been observed in HD patients [253], and 
transgenic mouse models, while increased GLT-1 expression can improve behav-
ioral symptoms in HD mouse models [254]. Additionally, EAAT3 expression has 
been shown to be reduced in HD; however, this appears to be associated with issues 
with cysteine transport and oxidative stress rather than increases in extracellular 
glutamate concentration.

These studies suggest that alterations in EAAT2 and EAAT3 expression or func-
tion can influence the progression of Huntington’s disease (HD). However, effective 
therapies for HD have yet to be discovered and developed [71, 255, 256].

Human idiopathic Parkinson’s disease (PD): is a progressive neurodegenerative 
movement disorder characterized by the degeneration of dopaminergic neurons, 
leading to increased firing rates of glutamatergic excitatory projections to the 
substantia nigra [257]. This disturbance may contribute to glutamate-mediated 
excitotoxicity, exacerbating nigrostriatal degeneration in PD. Studies using unilateral 
6-hydroxydopamine (6-OHDA) animal models of PD have demonstrated a link 
between disturbed glutamatergic neurotransmission and glutamate transporter 
functioning in the striatum. A study revealed posttranslational modifications on 
GLT-1, resulting in transporter trafficking by Nedd4-2 in a PD model. Additionally, 
rapamycin protects mice against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-induced loss of dopaminergic neurons in a PD model, through preservation 
of EAAT2, an effect mediated by NF-κB. Moreover, it was reported that increased 
expression of GLT-1 with ceftriaxone ameliorated locomotor impairments in a PD 
model [258].

Dyskinesias are a motor complication that develops as common side effect of 
current PD treatments such as L-DOPA (L-3,4-dihydroxyphenylalanine), which is 
used to replenish dopamine levels. Dyskinesias are linked to elevated extracellular 
glutamate levels in the basal ganglia, thus targeting EAAT2 modulation may represent 
a potential therapeutic target to treat them.
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Collectively, it seems that dysregulation or loss of EAATs function, especially, 
EAAT2, can lead to glutamatergic excitotoxicity and neuronal death, contributing 
to neurodegenerative diseases such as AD, ALS, HD, and PD. However, our current 
understanding of the contribution of EAATs in these diseases is primarily based on 
experimental models and post-mortem brain tissue analysis. Detecting EAAT2 in liv-
ing human brains could greatly improve diagnosis and therapy for these neurodegen-
erative disorders, and this could allow the possibility of utilizing EAAT2 activation for 
therapeutic interventions.

3.10  Other disorders

HIV-associated neurocognitive disorder (HAND): A common neuropathology 
observed in the brains of HIV-infected individuals is the excess release of glutamate 
upon HIV infection of macrophage/microglial cells [71, 259]. This has been linked to 
neurotoxicity mediated by various HIV proteins, including gp120 and transactivator 
of transcription (TAT). NMDA receptor antagonists were not effective at mitigat-
ing glutamate excitotoxicity in HAND due to side effects. Therefore, alternative 
approaches are being pursued, such as modulating the activity or expression of 
glutamate transporters. A study found that methamphetamine and HIV treatment 
activate trace amine-associated receptor 1 (TAAR1) in human astrocytes, leading to 
reduced EAAT2 mRNA levels and impaired glutamate clearance. CCL2 impairs spatial 
memory and cognition, potentially through upregulating mRNA expression linked 
to inflammation, excitotoxicity, and neuronal apoptosis in HAND. However, our 
understanding of the host factors contributing to the neurotoxic effects of HIV-1 on 
the CNS is evolving, and identification of strategies to mitigate the neurotoxic effects 
of viral and host proteins is crucial to develop neuroprotection strategies to alleviate 
the detrimental impact of HIV-1 on the brain.

Autism: The etiology of autism spectrum disorder is complex and involves genetic 
predisposition, environmental influences, and other yet unknown factors. It is 
thought that glutamate excitotoxicity, mitochondrial dysfunction, and degeneration 
are key components of autism. A report by the Autism Genome Project Consortium 
identified a linkage peak for autism in the region of chromosome 11, where the gene 
for EAAT2 is situated [260]. There is evidence suggesting astroglial dysfunction in 
the autistic brain and activators of GLT-1 expression have been shown to ameliorate 
certain symptoms of autism and reduce epilepsy seizures, suggesting that GLT-1 may 
be a novel therapeutic strategy for autism.

Additionally, EAAT2 dysfunction has been implicated in the pathogenesis of major 
depressive disorders [261], mood disorders [262, 263], glioma [264, 265], multiple 
sclerosis [266], and schizophrenia [267], among others. Dysfunction of EAAT3 has 
also been observed in schizophrenia [13] and OCD [268].

Collectively, these studies suggest that therapies aimed at the modulation of the 
function and/or expression of EAATs, particularly EAAT2, could have broad thera-
peutic potential for various CNS disorders.

4.  Conclusions

EAATs are key proteins that regulate the excitatory tone in CNS and are important 
for many physiological functions. Dysfunction in their activity or expression has 
profound effects that have been implicated in the etiology of many acute and chronic 
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pathologies. In the past decade, it has become evident that drugs targeting NMDA 
receptors and secondary damages from glutamate-mediated excitotoxicity are limited 
and ineffective, often resulting in unwanted side effects; thus, there is a need for bet-
ter therapeutics. In this regard, enhancing glutamate transporter expression or func-
tion pharmacologically holds great promise for therapeutic interventions, particularly 
targeting EAAT2 [71, 269].

Drug development targeting EAATs started with the discovery of pharmacological 
agents that were developed to study the intrinsic properties and function of the EAATs, 
specifically the potent EAAT2 inhibitors TBOA and analogs [68, 71]. TBOA was the first 
non-transportable blocker for all subtypes of EAATs identified, which helped elucidate 
several functions of the EAATs, and encouraged the search for other modulators of the 
function of EAATs. However, there is also a need to identify subtype-selective enhancers 
and inhibitors for all subtypes of glutamate transporters, to fully understand how to fine-
tune the extracellular concentration of glutamate in the CNS. Several EAAT2 PAMs have 
already been identified, which can be administered acutely and thus are advantageous 
over the expression enhancers that generally require prophylactic administration. It is 
yet to be established whether small molecule allosteric activators of EAAT2, like many 
biologics, can undergo traditional pharmacokinetic analysis and demonstrate efficacy in 
animal models of CNS disease. The future may uncover whether this class of compounds 
is effective in chronic conditions and when used in combination therapies. Moreover, the 
recent publication of cryo-EM structures of EAAT2 presents an opportunity to launch a 
structural-based drug design initiative aimed at screening and developing high-affinity 
EAAT2 PAMs. These compounds can have therapeutic potential and serve as imaging 
tools to detect changes in EAAT2 density in neurodegenerative diseases. Furthermore, 
the optimal timing for therapeutic intervention with EAAT2-targeting drugs remains 
uncertain. Hence, discovering noninvasive methods to enhance our understanding of 
EAAT2 function and expression in the living brain is imperative. Finally, there is still 
more to understand about the molecular behavior of glutamate transporters in dysfunc-
tions. Current understanding suggests that a complex process is involved in the down-
regulation, reversal, and post-translational modifications of EAATs. The intracellular 
signaling pathways that accompany the changes in EAATs on disease states also need to 
be further understood.

In conclusion, EAAT dysfunction plays a significant role in many neuropsychiatric 
disorders. Recent advancements have propelled the pursuit of targeting these trans-
porters as a strategy to prevent and treat glutamatergic dysfunctions. However, the 
full potential of modulating these transporters as a therapeutic target is yet to be fully 
understood, appreciated, and explored. We expect to see, in the upcoming years, the 
identification of an arsenal of selective pharmacological compounds that target these 
fascinating proteins and the investigation of their translational possibilities [71, 210].
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Chapter 5

The Role of Glutamate in 
Pathogenesis of Brain Edema in 
Intracerebral Hemorrhage
Vladimir Rendevski and Boris Aleksovski

Abstract

This chapter is dedicated to the impressing molecule of glutamamte—both an 
amino acid and a major excitatory neurotransmitter in the brain. The chapter focuses 
scientific on review of our work in the past decade, stressing the role of glutamate 
excitotoxicity as significant and sensitive biomarker for quantification of the volume 
of brain edema in intracerebral hemorrhage, which is important in the trajectory of 
clinical deterioration. We explain several developed mathematical models based on 
multiple regression analysis for the purposes of prognostication and potential clinical 
implications. These mathematical models can contribute to clinical decision making 
and resolving the dilemma between conservative and operative treatment in patients 
with hemorrhagic stroke, especially in the first 4–5 days.

Keywords: glutamate, prognostication, brain edema, intracerebral hemorrhage, 
excitotoxicity, clinical implications

1.  Introduction

Almost all living organisms on the planet use glutamic acid in protein biosynthe-
sis. This incredible molecule is an α-amino acid and is a non-essential nutrient for 
humans due to the ability of our body to synthesize enormous quantities of glutamic 
acid needed for building protein blocks—the main building blocks of our cells. The 
molecular formula of glutamic acid is C5H9NO (symbol Glu or E), and its systematic 
IUPAC name is 2-aminopentanedioic acid. Nevertheless, glutamic acid is more known 
for its anionic form—glutamate (−OOC − CH(NH3

+) − (CH2)2 − COO−), which 
naturally occurs in the body under physiological pH values.

Glutamate is the major constituent of a wide variety of proteins and is considered 
as one of the most abundant amino acids in the human body [1]. Nevertheless, besides 
its involvement in protein synthesis, glutamate plays a crucial role as the main “mas-
ter” excitatory neurotransmitter in both the central and peripheral nervous systems 
[2]. Glutamatergic transmission is the major excitatory transmission, accounting for 
over 90% of the synaptic connections in the human brain, and its pathways highly 
interconnect with numerous other neurotransmitter pathways [3]. Glutamate is 
produced within the central nervous system through the conversion of glutamine 
in the glutamate-glutamine cycle, facilitated by the enzyme glutaminase [4]. This 
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conversion takes place either within the presynaptic neuron or in nearby glial cells. 
Glutamate receptors are also distributed extensively broadly across neurons and glial 
cells throughout the brain and spinal cord. Moreover, glutamate also serves as the 
precursor for the synthesis of gamma-aminobutyric acid (GABA), the chief inhibi-
tory neurotransmitter in the brain, catalyzed by the enzyme L-glutamic acid decar-
boxylase [5] in the GABAergic neurons.

Glutamate influences biological processes by attaching to and stimulating recep-
tors on the post-synaptic cell surface. Mammals possess four categorized families of 
these receptors [6]: amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid AMPA 
receptors (GluA1–GluA4), kainate receptors (GluK1–GluK5), N-methyl-D-aspartate 
NMDA receptors (GluN1, GluN2A–GluN2D, GluN3A, and GluN3B), and metabo-
tropic glutamate receptors. The first three families are ionotropic glutamate receptors 
(ligand-gated ion channels), that is, integral membrane proteins composed of four 
large subunits that form a central ion channel pore [6]; glutamate binding activates 
these channels by opening them, enabling ion passage, and thus stimulating fast 
excitatory neurotransmission. In contrast, the metabotropic family consists of G 
protein-coupled receptors (mGluR), which exert their effects through second mes-
sengers such as diacylglycerol and cAMP [1].

Given its dual role as an amino acid and neurotransmitter, glutamate serves a 
diverse range of vital physiological functions. Studies strongly suggest that glutamate 
is critical for sustaining optimal energy levels essential for numerous CNS functions, 
especially neuroplasticity, which is vital for adapting to environmental changes [2]. 
Consequently, disruptions in glutamate function can have significant repercussions in 
both disease and injury contexts.

2.  The role of glutamate in pathological conditions: a focus on 
intracerebral hemorrhage (ICH)

Many studies point out also to the crucial roles of glutamate in several pathological 
conditions. The harmful effect of glutamate on the CNS was first observed in 1954 by 
Dr. Takashi Hayashi (Keio University School of Medicine, Tokyo), a Japanese scientist 
who detected the occurrence of motor deprivation as a result of the direct effect of 
glutamate on the CNS. This report went unnoticed for several years until 1957, when 
the toxicity of glutamate was highlighted again by D. R. Lucas and J. P. Newhouse. 
They proved this by applying a subcutaneous injection of monosodium glutamate in 
newborn mice, and subsequently determined the destruction of neurons in the inner 
layers of the retina [7].

Later, in 1969, John Olney discovered that the damage was not limited to the 
retina, but also to other parts of the CNS, and he introduced the term excitotoxic-
ity. He also postulated that cell death is limited to postsynaptic neurons that have 
receptors for activation by glutamate agonists and that damage can be prevented by 
blocking these agonists [8].

Excitotoxicity is a pathological process through which nerve cells are damaged 
and destroyed due to excessive stimulation by foreign neurotransmitters, such as 
glutamate and similar substances. Pathophysiologically, excessive activation of 
glutamate receptors in the CNS (NMDA and AMPA receptors) occurs as a result of 
increased glutamate levels, and consequently activation of the mechanism of exces-
sive uptake of calcium ions (Ca2+) in the cell [9]. The latter, in turn, activates several 
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intracellular enzymes, such as phospholipase (PLC), endonuclease, protease, which 
secondarily damages the cellular structure (components of the cytoskeleton, cellular 
membrane, and DNA).

Many studies stress the role of glutamate as an excitatory neurotransmitter in the 
pathogenesis of cerebral ischemia [10]. Confirmation for this association are many 
experimental studies in which glutamate antagonist drugs were applied, where a 
reduction in the volume of the infarcted region occurs. The usefulness of the glu-
tamate antagonist is based on the hypothesis that excitotoxicity persists at least for 
several hours after the occurrence of a stroke [11].

Increased levels of glutamate and consequent excitotoxic effect on the CNS, except 
in ischemic cerebrovascular insults, have also been detected in other pathological 
conditions, such as traumatic brain and spinal cord injuries, hearing loss due to 
exposure to excessive noise or ototoxicity, and neurodegenerative diseases of CNS 
(multiple sclerosis, Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), and 
Huntington’s and Parkinson’s disease) [12, 13]. Other conditions that were shown to 
cause increased levels of CNS glutamate are alcoholism, hypoglycemia, and status 
epilepticus [14, 15].

It is particularly important to emphasize that, unlike cerebral ischemia and 
traumatic brain injury where glutamate-induced excitotoxicity role in triggering cell 
death, its contribution to the development of brain injury was well documented, and 
its role in intracerebral hemorrhage (ICH) was not clearly defined in patients before 
2015 [16]. The first findings of elevated extracellular glutamate levels after ICH 
were obtained using in vivo brain microdialysis techniques in experimental animals 
with induced ICH. Namely, a fourfold increase in glutamate was detected ipsilateral 
to the hematoma at 30 min after ICH, and these levels also remained elevated for 
5 h [17]. Similarly, only a few studies have examined the role of blocking glutamate 
accumulation on brain damage after ICH. Mendelow [18] suggested that the NMDA 
receptor antagonist D-CPP reduces edema in rats. Also, in animal models of ICH 
with collagenase, it was shown that the non-competitive antagonist of NMDA recep-
tors —memantine, causes a decrease in hematoma expansion, a decrease in cell 
death, and a decrease in infiltration of immune cells [19]. These results indicate that 
excitotoxicity may be an important mechanism for cell death after ICH. Later, Sharp 
et al. [20], using a genomic approach, identified a 20-fold increase in the expression of 
a member of the Src family—Lyn in the brain after ICH, which deals with the regula-
tion of NMDA receptors through phosphorylation. Based on this, they suggested that 
ICH induces thrombin production after hemorrhage, which results in Src activation, 
which contributes to NMDA receptor phosphorylation, leading to neuronal damage. 
Nevertheless, although some authors suggested that certain mechanisms through 
which glutamate contributes to ICH-induced brain damage were specific [21], and 
differed from those in ischemic damage, and there were no data in human patients 
with ICH. It seemed that glutamate-triggered excitotoxicity contributes to secondary 
brain damage in ICH, but the interaction with the other mechanisms of brain damage, 
especially inflammatory processes, was not well investigated.

There is considerable evidence to support the theory of TNF-α involvement in 
the development of perifocal edema. In the brain, TNF-α is synthesized by microglia 
and astrocytes, while TNF-α receptors are found on glial cells and neurons. Although 
TNF-α has neuromodulatory abilities in the healthy brain, its function in the post-
ICH brain is clearly neurotoxic and detrimental [22]. One of the factors leading to an 
increase in the brain level of TNF-α after ICH is the production of thrombin during 
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hematoma formation [23, 24], and thrombin directly stimulates the production of 
TNF-α. Elevation of TNF-α levels causes activation of microglial cells and astrocytes 
after the injury, regulation of blood-brain barrier permeability, glutaminergic trans-
mission, and synaptic plasticity [22]. After brain injury in experimental animals, 
elevated levels of TNF-α were detected in the tissue adjacent to the injury site, which 
contributes to the development of edema through the increased permeability of the 
blood-brain barrier. In addition, TNF-α increases excitatory synaptic transmission 
via elevated AMPA receptor expression and reduces inhibitory transmission, thus 
causing excitotoxicity [25]. In summary, there is rational preclinical evidence that 
increased TNF-α concentrations have detrimental effects on the brain after ICH, 
involving glutamate excitotoxicity. Based on the proposed model, TNF-α causes 
additional release of glutamate from synaptosomes, as well as inhibition of glutamate 
reuptake from the synaptic cleft back to the presynaptic neuron, causing excitotoxic-
ity. Therefore, there is a possibility of an interaction effect between excitotoxicity and 
inflammatory mechanisms in the development of brain secondary injury, but before 
2018, there were no studies examining this interaction effect (whether it is additive, 
synergistic, antagonistic, etc.).

Studies on peripheral glutamate levels in patients with ICH are very rare. In this 
context, for example, Castillo et al. showed significant differences in glutamate levels 
between patients with good and poor neurological outcomes [26], but this study did 
not include a control group for comparison of their values.

Tanphaichitr et al. [27] reported reference values of peripheral glutamate levels 
of 22.4 ± 3.2 nmol/mL glutamate in the blood plasma of healthy individuals, while 
according to Tsai and Huang [28], the values were estimated as 33.2 ± 15, 4 μmol/L. 
In the same study, the authors point out that the concentration of blood plasma 
glutamate is one of the lowest compared to other amino acids, but also one of the most 
constant, that is, with the least degree of variability in terms of the diet [28].

The study by Rendevski et al. [29] of our research group aimed to evaluate 
the role of peripheral plasma glutamate and TNF-α levels as biomarkers for ICH. 
Furthermore, to examine the prognostic role and possible interactions of these 
variables in the development of edema volume 5 days after ICH. The study was based 
on the hypothesis that since an increased variability of the blood-brain barrier (BBB) 
is a typical result after ICH [30], the excitotoxic and pro-inflammatory mediators 
can transfer from the brain in the blood and be detected peripherally. In this study, 
significantly higher blood plasma glutamate and TNF-a levels were detected in ICH 
patients at admission, when compared to healthy controls, which stresses the impor-
tance of these mediators in the pathology of the ICH. The glutamate values were more 
than threefold increase in patients (median value of 107.75 μmol/L) when compared 
to the median of the healthy population analyzed in the study (31.13 μmol/L)—a 
value very similar to those reported by Tsai and Huang [28]. Since the difference in 
glutamate levels between healthy individuals and patients with ICH was striking, it 
was concluded that glutamate is an important molecular marker of excitotoxicity, 
the concentration of which increases significantly immediately after the onset of 
intracerebral hemorrhage. In North Macedonia, no study results of reference values 
of glutamate in human plasma have been published so far; namely, these were also the 
first results for reference values for glutamate in the healthy human population.

The study also showed that the anatomic localization of ICH (lobar/deep; left/
right hemisphere) did not influence the influx of glutamate and TNF-α and equally 
induced excitotoxicity and inflammation, regardless of ICH position. Glutamate 
levels within the patient group did not differ significantly between males and females, 
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or between the different age groups. Moreover, it was demonstrated that the symptom 
severity and the initial volume of ICH were the major drivers for the variability of the 
glutamate levels in patients with ICH.

Peripheral glutamate levels were shown as significant predictors for the formation 
of brain perifocal edema 5 days after ICH [29]. Namely, it was demonstrated that 
glutamate and TNF-α independently contribute (without any effect of interaction) 
to the development of the edema, regardless of the localization of the ICH. This was 
a very important discovery since the worst deterioration in ICH patients occurs due 
to the formation of brain perifocal edema, a well-proven factor of mortality and poor 
outcomes after ICH. Hence, aiming at the prevention of formation of large edema 
volumes in patients after ICH, the ability to predict its formation is crucial benefit.

The later study by Rendevski et al. [31] has also separated glutamate as an inde-
pendent and significant predictor of development of the brain perifocal edema. This 
study focused on advanced 3D modeling for prediction and quantification of the 
perihematomal brain edema formation after ICH. Several 3D models and interactive 
plots were constructed, which could accurately predict 77% of the variability in the 
volumes of the edema within patients of ICH. The model was focused on glutamate 
and TNF-α, suggesting the primary role of excitotoxic and inflammatory mechanisms 
in the secondary brain damage and the pathogenesis of the edema. The model was 
also characterized by very high significance (one-way ANOVA resume: F = 33.7592, 
*p = 7.4 ∙10−19), and with good overall characteristics and fit.

The proposed equation for mathematical quantification of the edema was given as:

 
TNF ICHV c c V
CSS c a

edema glutamate

glucose

0.3292 0.2484 0.3162
1.6299 0.9283 – 49.4949

α−= + +
+ + +

  

 
  

(1)

where a—summarizes the effects of anatomic localization and the presence of 
diabetes (Figure 1).

Figure 1. 
3D model for prediction and quantification of the brain edema volume after ICH, based on glutamate and TNF-α 
values. The model summarizes the differences in prognostication between deep and lobar ICH, within ICH 
diabetic patients.
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3.  Conclusions

The necessity for urgent care of patients presenting in the emergency department 
with intracerebral hemorrhage is undeniable. The worst neurological deteriora-
tion in these parents was associated with the formation of perifocal brain edema, a 
proven predictor for poor outcome, and peripheral glutamate levels resulting from 
excitotoxicity-induced ICH were shown as a promising marker for edema prediction. 
The constructed glutamate-based models and the developed interactive plots for 
prediction of the formation of the brain edema could be beneficial for clinical deci-
sion-making between conservative treatment and surgical intervention, especially in 
the group of threatened ICH patients where high volumes of the edema are expected 
to occur during the parent’s hospitalization trajectory. In summary, since glutamate-
mediated excitotoxicity was one of the proven mechanisms operating during ICH, 
monitoring of the peripheral glutamate plasma levels, originating from the brain via 
the disrupted blood-brain barrier, can tell a lot about the severity of the insult and its 
possible progression, mainly in the “evolution” of edema development.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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