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Preface

The inhibition and excitation of neural networks form the basis of information transfer in
the mammalian central nervous system. The key to most complex brain processes lies in the
adequate balance between inhibitory and excitatory actions of amino acid neurotransmit-
ters. The dominant inhibitory neurotransmitter is gamma-aminobutyric acid (GABA), while
the principal excitatory neurotransmitter is glutamate. Furthermore, an increase or a de-
crease in their activity is associated with a number of neurological and psychiatric diseases.
The following seven chapters provide the reader with an overview of the latest research/
review data on GABA/glutamate system organization and function, receptor structure, sub-
types and their ligands, as well as translational approaches and clinical implications.

The introductory chapter describes the basic functioning and the relevance of GABA/gluta-
mate balance in the normal brain functioning, focusing on the role of their receptors. The
second chapter, titled “Early Life Experience: Maternal Separation, Involvement of GABA
and Glutamate Transporters,” summarizes scientific data and opinion regarding maternal
separation as a model of early life experience of postnatal stress, with focus on the involve-
ment of GABA and glutamate transporters. The third chapter, “Notch Signaling in the As-
troglial Phenotype: Relevance to Glutamatergic Transmission,” addresses issues related to
the role of notch signaling in radial glia, with emphasis on glial glutamate transporter regu-
lation as a key element in the molecular mechanisms that support glutamatergic neurotrans-
mission. “Pharmacological Studies with Specific Agonist and Antagonist of Animal iGluR
on Root Growth in Arabidopsis thaliana” presents original data from a pharmacology-based
functional study of ionotropic glutamate receptors (iGluRs) in plants, suggesting a correla-
tion between the putative iGluR-like channel function and the modification of root growth
and development in the Arabidopsis roots. This is followed by a very up-to-date review ti-
tled “GABA and Glutamate: Their Transmitter Role in the CNS and Pancreatic Islets,” in
which the authors address not only the role of both neurotransmitters during development
but also the extra-neuronal glutamatergic and GABAergic signaling in pancreatic islets of
Langerhans, and possible associations with type 1 diabetes mellitus. Further clinical implica-
tions are discussed in the sixth chapter titled “Antagonists of Ionotropic Receptors for the
Inhibitory Neurotransmitter GABA: Therapeutic Indications.” The authors examine the an-
tagonism of ionotropic GABA receptors, reflecting on the use of GABA receptor antagonists
in the last 10 years and their possible therapeutic potential. Finally, the chapter “Clinical Ap-
plications of MR Spectroscopy (MRS) in Neurosciences” delivers a detailed description of
the methodology and the relevance of MRS as an important diagnostic and research tool in
clinical neuroscience.
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Therefore, the book offers readers a rich collection of data regarding current and future ap-
plications of GABA and glutamate neurotransmission, including promising research strat-
egies and potential clinical benefits.

Janko Samardzic MD, PhD, Ass. Prof.
Institute of Pharmacology, Clinical Pharmacology and Toxicology
Medical Faculty, University of Belgrade, Serbia
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1. Introduction

The basis of information transfer in the mammalian central nervous system (CNS) consists of
excitation and inhibition of neuronal networks. The messengers responsible for propagating
these excitatory and inhibitory actions are amino acid neurotransmitters [1]. The principal
excitatory neurotransmitter is glutamate, while the principle inhibitory neurotransmitter is
gamma-aminobutyric acid (GABA). Coordination between these two principal neurotrans-
mitters ensures adequate rhythmic activity, which may involve either a single neuron or mul-
tiple neuronal groups, thus altering synaptic plasticity and ensuring a normal functioning
of CNS [2]. As this spatiotemporal framework of different patterns in neural oscillations is
essential for information processing throughout the brain [3], the deviations in normal activ-
ity of either system or their interactions are associated with a number of neurological and
psychiatric diseases [4].

The GABA/glutamate functional balance could be achieved by homeostatic control of
presynaptic elements such as glutamate and GABA release, which could be the result
of changes in their metabolism (synthesis or degradation involving various enzymes),
compartmentation, and recycling (involving plasma transporters) and in the amounts of
transmitters available for release from synaptic vesicles (involving vesicular transport-
ers). However, it is generally considered that homeostatic plasticity mechanisms in the
brain are mediated primarily by regulation of expression and function of glutamate and
GABA receptors [5].

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINEN
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2. GABA and its receptors

Every third chemical synapse in the brain uses neurotransmitter GABA as an integral part of
the neurotransmission process. GABA mediates its effects via two types of receptors: iono-
tropic GABA, and metabotropic GABA, receptors [6]. Although a third type of GABA recep-
tor with pharmacological specificities has been identified, the term GABA . has not received
broad consensus among experts. Additionally, the International Union of Basic and Clinical
Pharmacology (IUPHAR) has classified GABA. as a type of GABA, receptor [7].

GABA | receptors generally contain chloride ion channels but can, in varying degrees, also
contain calcium, sodium, and potassium channels. GABA | receptors mediate the majority of
GABA inhibitory actions in the CNS [4]. They are pentameric transmembrane receptors made
up of 5 subunit proteins that form an ion channel selectively permeable to chloride anions.
Although mainly localized on postsynaptic membranes, they can also be found extrasyn-
aptically, especially GABA  receptors containing a4, a5, or a6 subunits [8]. Unexpectedly,
GABA |, receptors have also been found on glial cells, potentially providing adaptational sup-
port for adjacent neurons [9]. Activation of GABA, receptors leads to a change in the con-
formational state of associated ion channels, resulting in increased permeability to chloride
ions. GABAergic mechanisms are also involved in metabolic processes [10], and a negative
correlation between the intensity of GABAergic neurotransmission and metabolic processes
in cerebral tissue has been established. So far, 19 subunits of GABA, receptors have been
cloned and classified into several structurally related subfamilies (ot 1-6, 3 1-3, y 1-3, 9, ¢, 0,
7, 0 1-3). The most frequently found GABA, receptor composition is an aggregate composed
of two a, two [, and one y subunit [4]. Receptors that, in addition to two a and two {3 subunits,
contain some other non-y subunit are rare. Receptors composed only of a and 3 isoforms
also exist. The subunit composition determines the functional and pharmacological proper-
ties of GABA, receptors. For example, al GABA, receptors mediate sedative and anticonvul-
sant actions, whereas the a2 subunit is responsible for anxiolytic action of benzodiazepines.
Zolpidem, a commonly prescribed sedative for sleep initiation, has a high binding affinity for
GABA | receptors containing the al subunit [11].

GABA action through GABA, receptors results in chloride channel opening and increased
postsynaptic membrane permeability. In addition to the well-determined benzodiazepine
binding site, at least 13 different and structurally specific sites on the GABA, receptors have
been identified: (1) GABA and other agonist-binding sites, as well as competitive antago-
nists; (2) picrotoxin site near ion channel; (3) barbiturates binding site; (4) neuroactive steroids
binding site; (5) ethanol binding site; (6) inhalation anesthetics stereoselective binding sites;
(7) furosemide diuretic binding site; (8) Zn* ion binding site; (9) other divalent cation binding
sites; (10) La* ions site; (11) sites for phosphorylation of specific protein kinases; (12) phos-
pholipid-binding sites; and (13) sites involved in interaction of GABA, receptor and micro-
tubules, which promote receptor grouping on postsynaptic membranes [12]. Modulators of
GABA | receptor complex interact with these binding sites in three possible ways: positive
allosteric modulators that potentiate chloride ion flux (agonists), negative modulators that
reduce GABA-induced chloride ion flux (inverse agonists), and neutral allosteric modulators
that competitively block the effects of these two types of agonists-antagonists.
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On the other hand, GABA; metabotropic receptors, characterized by stereoselective ligand (-)
baclofen, belong to the seven transmembrane G-protein-coupled receptor superfamily. They
are pre- and postsynaptic G-protein-coupled receptors that negatively modulate adenylyl
cyclase and inositol triphosphate synthesis. Heterodimeric structure as a result of GABAB1
and GABAB2 subunit assembly is necessary for appropriate GABA, receptor function. The
extracellular domain of the GABAB1 subunit contains GABA-binding site, whereas GABAB2
subunit is important for the interaction with the G-proteins. GABA, receptor activation pro-
duces a cascade of signals that result in activation and/or inhibition of voltage-dependent
calcium channels. GABA, receptor is located both centrally and peripherally, particularly in
the thalamus, brain stem nuclei, and spinal cord. Depending on the localization of GABA,
receptors, GABA-mediated inhibitory influences can be potentiated (postsynaptic receptors,
presynaptic heteroreceptors on glutamatergic endings) or reduced (autoreceptors) [13, 14].
GABARB receptor function affects behavior, learning, and memory, and therefore their phar-
macological targeting may be beneficial in various neuropsychiatric disorders [15, 16].

3. Glutamate and its receptors

Glutamate, the most abundant neurotransmitter in vertebrates and precursor of GABA, is pres-
ent in over 90% of all synaptic connections in the human brain and is essential for a wide variety
of functions [17]. Over 20 types of mammalian glutamate receptors exist, generally classified
into two main categories: voltage-sensitive (ionotropic) and ligand-sensitive (metabotropic)
receptors. lonotropic receptor channels are formed from various protein subunits assembled
in heterotetrameric or homotetrameric receptors. The three types of ionotropic receptors are
N-methyl-p-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), and kainic acid receptors. The discovery of these agonists, after which the receptors
were originally named, led to the detection of other receptor agonists and antagonists [18].

The binding of glutamate to NMDA receptors (NMDARs) results in the opening of a nonse-
lective cation channel. The opening and closing of the channel are primarily gated by ligand
binding but are also voltage-dependent. Extracellular magnesium and zinc ions can bind to
specific sites on the receptor, blocking the passage of other cations through the open ion chan-
nel. However, depolarization of the neuronal cell dislodges and repels these ions from the
pore, therefore allowing a voltage-dependent influx of sodium and calcium ions and efflux of
potassium ions [19]. The NMDA receptor is primarily a ligand-gated channel, but it does dis-
play weaker voltage-dependent modulation of the ligand-dependent gating. NMDA requires
co-activation by two ligands: glutamate and either p-serine or glycine [20]. Furthermore,
NMDA receptors are divided into subtypes, depending on their intracellular protein struc-
ture, NR1, NR2, and NR3. NR1 consists of eight different subunits originating from a single
gene via alternative splicing. NR2 has four subunits (A-D), and NR3 has two subunits (A and B).
NMDA receptors are highly expressed on both neurons and astrocytes [21]. NMDA signal-
ing is crucial for learning, memory, recovery from injury, and brain plasticity. It is especially
important for proper functioning of the hippocampus [22]. In pathological circumstances,
overactivation of NMDA receptors can lead to excitotoxicity, involved in some neurodegen-
erative disorders such as Alzheimer’s, Parkinson’s, and Huntington’s disease [23-25].
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AMPA receptors (AMPAR) are composed of four types of subunits, designated as GluAl,
GluA2, GluA3, and GluA4 [26]. These receptors are heterotetrameric, containing GluA2
and either GluAl, GluA3, or GluA4 subunits in a “dimer of dimers” structure [27, 28]. Each
AMPAR consists of four subunits which make up four binding sites to which an agonist (such
as glutamate) can bind. The channel opens when two binding sites are simultaneously occu-
pied, and the current increases as more binding sites become occupied [29]. Once opened, the
channel may undergo rapid desensitization and current termination. Since AMPARs open and
close quickly (1 ms), they are responsible for fast excitatory synaptic transmission in the CNS
[30]. The GluA2 subunit regulates whether the AMPAR is permeable to calcium and other
cations, such as sodium and potassium. If receptor does not contain a GluA2, the AMPAR will
be permeable to calcium, sodium, and potassium. Both NMDA and AMPA ion channels are
important for plasticity and synaptic transmission at many postsynaptic membranes.

Kainate receptors (KAR) are heteromeric receptors assembled from four subunits, formerly
referred to as GluR5, GluR6, GluR7, KA1, and KA2 but now named GluK1, GluK2, GluK3, GluK4,
and GluK5, and grouped into low affinity (GluK1-3) and high affinity (GluK4-5) receptors. Each
subunit has a large extracellular N-terminal domain, four helical transmembrane domains (M1-M4),
and an intracellular C-terminal domain. GluK1-3 subunits can form both homomeric and het-
eromeric receptors, but GluK4 and GluK5 subunits can form only heteromeric functional ion
channels together with GluK1-3 subunits. Despite their ion channel structure, KAR can also acti-
vate metabotropic signaling through noncanonical G-protein-coupled cascade. They are widely
distributed in the brain and can be localized at pre-, post-, and/or extrasynaptic sites. Although
KAR are less studied than AMPAR or NMDAR, it is not known that they are multifunctional
neuronal modulators which play significant roles in health and disease [31].

Metabotropic glutamate receptors (mGluR) have a G-protein-linked receptor structure consist-
ing of seven transmembrane domains with an extracellular N-terminal and an intracellular
COCH terminal. When glutamate binds to a metabotropic receptor, it activates a postsynaptic
intracellular G-protein, which eventually results in the opening of a membrane channel for sig-
nal transmission. Furthermore, G protein activation also triggers functional changes in the cyto-
plasm, resulting in gene expression and protein synthesis. For this reason, mGluR is generally
considered slower acting channels than the ionotropic glutamate receptors. To date, three groups
of mGluR exist. Group I receptors are coupled with phospholipase C, producing diacylglycerol
and inositol triphosphate as second messengers. They are mainly expressed on the postsynaptic
membrane. Group I receptors are involved in learning and memory, addiction, motor regula-
tion, and Fragile X syndrome [32]. Groups II and III are negatively coupled to adenylyl cyclase.
Impaired functioning of group II metabotropic receptors has been linked to anxiety, schizophre-
nia, and Alzheimer’s disease. Group III metabotropic receptors also inhibit neurotransmitter
release but are positioned presynaptically. They are found within the hippocampus and hypo-
thalamus and may play a role in Parkinson’s disease and anxiety disorders [33].

4. Conclusion and clinical implications

The adequate coordination of GABA and glutamate is essential to the normal functioning for
the most complex brain processes. Decreased or increased GABA activity is associated with a
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number of neurological and psychiatric diseases. The GABAergic synapse is the site of action
of several different classes of drugs that modulate inhibitory neurotransmission and are used
in the pharmacotherapy of anxiety and sleep disorders, epilepsy, alcohol withdrawal, and
induction and maintenance of anesthesia [34]. Moreover, glutamate dysfunction is also corre-
lated with a wide range of nervous system disorders, such as Alzheimer’s disease, and neuro-
psychiatric disorders, including schizophrenia, pain disorders, drug addiction, and traumatic
brain and spinal cord injuries [35]. Given the importance of equilibrium of these two systems
for neuronal excitability, synaptic plasticity, and cognitive functions such as learning and
memory, as well as its involvement in the mood, feeding behavior, reproductive functions,
pain sensitivity, aging, etc. [36], it is not surprising that the development of current and pro-
spective pharmaceuticals, including anxiolytics, antidepressants, antipsychotics, antiepilep-
tics, antidementia, and many other drugs, relies increasingly on GABA/glutamate balance.
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Abstract

The physiological response initiates with activation of the hypothalamic-pituitary-
adrenal axis, the autonomic nervous, and the immune systems. All actions promoted
cellular adaptive changes in cells and tissues that protect the body and promote their
survival. Diverse protocols of maternal separation (MS) in rodents presented altera-
tions in central nervous system (CNS) such as learning disabilities, voluntary alco-
hol intake, and neurochemical changes. It is believed that the properties of these early
life procedures are mediated by the high plasticity of the developing CNS. During
critical development stage, brain regions, mainly those related to aggressive condi-
tions, can have advancement abnormalities occasionally irreversible and thus adjust
emotional processing when they grow to be adults. Early postnatal period and rela-
tionship between mother and infant are essential of normal stress response and emo-
tional behavior. Probably, it involves the activation of intracellular signaling pathways,
genome adaptations, adjusts in gene expression, and neural action. The objective of this
article is to provide an overview of the current state of knowledge in the field focused
on the maternal separation model, early life experience of postnatal stress, and the
involvement of y-aminobutyric acid (GABA) and glutamate transporters.

Keywords: development plasticity, early maternal separation, acute and chronic stress,
transporters, GABA, glutamate

1. Introduction

Actually, it has been accepted that postnatal exposure to adverse events like stress can influence
the offspring neurodevelopment, its neuroendocrine, and immune systems and induce behav-
ioral changes thus disturbing neuroplasticity [1, 2].

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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The central nervous system (CNS) maintains a degree of adaptive plasticity, which allows adjust-
ing to certain situations and adapting innate designs from neuronal connections. There is an
abundant bibliography where it is shown that the unfavorable measures in the early life of an
individual present profound and persistent effects on the cerebral functions, being able to repre-
sent a risky influence for the future development of the psychopathology [4, 5]. Epidemiological
studies have shown that postnatal stress or emotional trauma, especially when suffering from
early life, is usually associated with an increased possibility of depression [6]. During the criti-
cal period of certain brain regions, mainly those related to adverse situations, such as the fron-
tal cortex (CF), hippocampus (Hic), and amygdala, hypothalamic-pituitary-adrenal (HPA) axis
can develop almost irreversible abnormalities and alter the response to stress throughout the
life of the animal [6, 7]. A recent study of the consequences of maltreatment and stress during
childhood at early ages has shown the effects of this experience on brain structures. These struc-
tural changes were associated with changes in levels of stress hormones and neurotransmitters,
resulted in maltreatment and stress in childhood at early ages, a variety of disorders including
depression, anxiety, aggression, impulsivity, hyperactivity, criminal tendency, or abuse of toxic
substances [8-11]. With all these evidences, we can deduce that an excess of stress at early ages of
the developing life restricts with the paused, progressive, and normal development of the brain
[5 12, 13].

The brain is vulnerable to early-life programming, and this can be manifested in childhood
or adulthood as stress hyper-reactivity by deregulation of the HPA axis and increased
susceptibility to affective disorders like anxiety, depression, and schizophrenia [14, 15].
Exposure to early stressful adverse life events may increase vulnerability to psychopathol-
ogy in adult life. There are important memory disturbances in stress-related psychiatric
disorders [16].

The term neuroplasticity refers to the potential of the brain to reorganize by creating new neu-
ral pathways to adapt, as it needs [2]. This phenomenon requires the stable modulation of gene
expression, which is mediated at least in part by epigenetic processes such as DNA methyla-
tion and histone modifications. Both the genome and the epigenome cooperate interactively
in the mature phenotype and determine the sensitivity to environmental factors and the sub-
sequent risk of disease [17-19]. There is increasing evidence that environmental factors, par-
ticularly stressful events experienced early in life, increase the risk of developing a psychiatric
illness and/or a behavioral disorder [3, 18, 19]. The experiences of chronic stress are a factor
that mainly influences numerous neuropsychiatric diseases, since it often leads to maladaptive
responses [20].

While the childhood adversity as a negative childhood experience associated with increased life-
time risk of poorer health and social outcomes have been described postnatal experiences. Several
studies in psychiatry have shown a long-term negative effect on health and society such as depres-
sion [21], alcohol abuse, use of consumer drugs, family abuse, and other social practices that inter-
act with these processes [22].

The aim of this article is to overview on the current state of knowledge in the field focusing
an animal model of maternal separation (MS), early life experience of postnatal stress, and the
involvement of y-aminobutyric acid (GABA) and glutamate transporters.
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2. Early environmental experiences

The brain in the early stages of development presents a high level of plasticity, facilitating both
adaptive variations on behalf of opportunities, and malformations alterable vulnerability. At
present, neuropsychiatric illnesses evident as complex combinations of cognitive, emotional,
and behavioral discrepancies have their origins of development fixed primary in the initial
placement of the functional impression of the brain [23]. Postnatal periods are critical for CNS
development [24]. After birth, the brain continues to grow with its total volume doubling in the
first year, measured by 15% rise in the second year [25]. In particular, this increase is explained
by the development of neuronal connections in gray matter (synapses and dendrites), long-
range axons, and myelination; all of these are necessary for the society of circulated functional
systems; regressive development includes the pruning of the synapses and axons during the
childhood period, permitting the restructuring of the primarily practical circuits [26].

Animal models are useful tools that help us to understand how genetic vulnerability factors can
modulate responses to early environmental factors and provide insights into behavioral and
physiological mechanisms involved in the pathways through which early stress might produce
long-term effects. In this review, we will focus in the models of MS.

3. Maternal separation

Adpverse childhood experience is considered one of the main risk factors for the development of
psychopathology. Maternal separation in rodents (rats or mice) is a well-known animal model
of early stress to explore the neuroendocrine and behavioral properties of early difficulty. This
paradigm discusses to the daily separation of puppies (usually rodents) from their mothers for a
short period of time (1 hour) or prolonged (3—6 hours) during the first 1-3 weeks after birth. The
paradigmatic MS puppies remain together as a litter [27]. This process is performed between
birth and weaning for diverse periods of time and permits a set of experimental designs, which
vary in the frequency, the duration, and the age at which the MS occurred.

Studies in animal models show the influence of life conditions during the postnatal period in the
establishment of neurological factors that control behavior and response to stress [28]. Acute and
chronic MS has both short and long-term effects on behavior and neuroendocrinal responses [29].

Different experimental protocols of MS in rodents have shown changes in CNS functioning;:
learning impediments, voluntary alcohol consumption, and behavioral variations [30]. This han-
dling in animals is used for diverse experiments, for example, Studies in life sciences sometimes
require repeated manipulation in rodents during the course of the experiment (handling). The
main function of the handling is to minimize the stress associated with behavioral, pharmaco-
logical and endocrine studies [31-33].

The early life of most mammals is expended in near contact with the mother and for the new-
born. Early MS is a traumatic occurrence that, conditioning on the different situations, can form
its behavioral and neurochemical phenotype in adulthood. Studies in rodents exhibited that a
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very short separation cooled by a greater maternal care can completely affect the development of
offspring. Nevertheless, prolonged MS origins stress. The significance of this stress and HPA axis
hyper-reactivity is articulated in adulthood and continues throughout the life [34]. MS in rodents,
particularly in rats, was used as a model for various psychotic conditions, especially depression
and anxiety [30, 32]. The most popular MS technique of a daily separation of 3 hours from the
second to the 12th postpartum day produces a model of high-construct depression and predictive
validity. The results of studies of MS in rat lead to a discussion to its benefits for the neonates. This
procedure might be contributed for the mental health of the offspring in adulthood [34].

4. Physiological mechanisms involved in early maternal separation:
neurobiological responses to early life stress

4.1. HPA axis

The hypothalamo-pituitary-adrenal axis is a key component of the stress reaction. Many studies
have shown the impact of stress exposure during development on the HPA axis activity and on
psychoemotional disorders during adulthood [19, 35].

Lifelong variations in HPA axis perform examined as a result of developmental complexities
(maternal separation) demonstrate connections with psychiatric disorders containing schizo-
phrenia depression, which may be characterized by irregularities in the activity of HPA axis
and reaction to stress [4, 36, 37].

4.2, Neurotrophins reaction

Neurotrophins, also called neurotrophic factors, are a family of proteins that favor the survival
of neurons. Family members include nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin 4/5 (NT4/5) [38—40]. During develop-
ment, limiting amounts of neurotrophins function as survival factors to ensure a match between
the number of surviving neurons and the requirement for appropriate target innervation. In
addition, they arrange cell destiny decisions, axon growth, dendrite pruning, the pattern of
innervation, and the expression of proteins critical for normal neuronal role, such as neurotrans-
mitters and ion channels. In the adult CNS, they control synaptic activity and plasticity, while
ongoing to modulate neuronal survival [41].

4.3. Neurochemical response

Adverse early life practices can provoke neurochemical alterations that may underlie modi-
fications in HPA axis reaction, emotionality, and cognition [42]. The impact of stress on brain
function is known. Different substances are released in response to stress and can influence
various neural circuits. The individual effects of functional neuronal mediators of stress (neu-
rotransmitters, neuropeptides, and steroids) and plasticity are integrated. This causes the
stress instruments to produce an orchestrated “symphony” that allows for adjusted responses
to the various challenges [42]. Different neurotransmitters, such as NA, 5-HT, Glutamate, and
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GABA, and neuromodulators, such as neuropeptide Y, oxytocin, a gaseous molecule, and
nitric oxide, have been implicated in the pathogenesis of stress-dependent disorders in early
stages of life [43].

We will focus on the GABA and Glutamate neurotransmission, especially in their transporters.

5. y-Aminobutyric acid (GABA)

Y-aminobutyric acid (GABA) is the chief inhibitory neurotransmitter of the adult mammalian
CNS. During the early post-natal development, GABA acts as an excitatory neurotransmitter,
serving as a neuronal and neurotrophic migration factor, separately from taking part in syn-
aptogenesis. The GABAergic system has a large, complete molecular machine, by which it per-
forms its actions, including enzymes for its synthesis and metabolism, membrane receptors,
and transport proteins. Recent literature demonstrates that GABA transporters, as well as the
GABAA receptor, are proteins of importance for the normal functioning and development of
the central nervous system. All these molecules allow GABA to perform an essential function,
both in the developing brain as in the adult brain. For this reason, the expression profile of the
different subtypes of the molecules previously mentioned will be described in this article, in
order to obtain a thorough knowledge of the molecular behavior of the GABAergic system
from conception to adulthood [44, 45].

During the early postnatal development, GABA acts as an excitatory neurotransmitter, serving
as aneuronal and neurotrophic migration factor, apart from taking part in synaptogenesis. The
GABAergic system has a large, complete molecular machine, by which it performs its actions,
including enzymes for its synthesis and metabolism, membrane receptors, and transport pro-
teins. There is abundant literature showing that GABA transporters, as well as the GABA A
receptor, are proteins of particular importance for the normal functioning and development of
the central nervous system [46-49]. GABA-mediated inhibition exerts a powerful control over
cortical neuronal activity, and GABA transporters (GATs) contribute to modulate the action
of GABA [45]. Altered GATs activity and/or expression are likely to affect markedly cortical
function, with their possible involvement in the pathophysiology of selected human disease.

5.1. Transporters of GABA (GATs)

The regulation of extracellular levels of GABA is essential for normal CNS development and
functioning. The principal mechanism by which the levels of the neurotransmitter are regu-
lated is through Na*-dependent high-affinity uptake carried out by synaptic and glial located
transporter proteins called GABA transporters [50]. The others GAT-1, GAT-2, and GAT-3
have been identified from the GATs identified and cloned, although there is also a fourth
isoform, BGT-1 (Betaine Carrier/GABA). Although all these transporter molecules have high
affinity and selectivity for GABA, they present differential characteristics in pharmacology,
localization, and functionality [13, 50, 51]. In fact, the levels of expression during postnatal
CNS development vary markedly between the two transporters [13, 52]. There is another
GAT, located intracellularly, which is the vesicular GABA transporter (VGAT), which plays a
primordial role in the normal development of the immature brain [52].
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* GAT-1: This transporter is one of the most important isoforms of GATs. They are brain-specific
proteins [53-56]. This transporter has the particularity of being found in both neurons and
glial cells and is the main isoform of GATs in the mature brain [52].

* GAT-2: It is the least abundant isoform. Although low levels of GAT-2 have been detected
in GABAergic neurons, this transporter is considered as extraparenchymal and its local-
ization is limited to leptomeningeal and ependymal cells [52, 57]. In all postnatal stages,
GAT-2 is detected in the arachnoid layer and in the arachnoid trabecula of the subarach-
noid space. In some cases, expression of GAT-2 is observed across the entire diameter of
the blood vessels supplying the cortex. The latter characteristic occurs mainly between
postnatal day 0 and 5, and this transporter may be considered as the main source of pe-
ripheral GABA [52].

* GAT-3: This isoform of the GABA transporter is among the most abundant along with GAT-1.
GAT-3 is the predominant isoform during the early postnatal stages regulating neuronal excit-
ability at these times [52, 58] and has its unique location in astrocytes [52].

* VGAT: The vesicular GABA transporter is essential for GABAergic neurotransmission to oc-
cur, as it introduces GABA into the presynaptic vesicles using a proton gradient. In this way,
the GABA is stored to be released after the arrival of an action potential to the presynaptic
terminal [59].

Odeon et al. [60] evaluated the effects of acute MS (AMS) and CMS (Chronic MS) + cold stress
on the expression levels of GAT-1 in FC and Hic, whose appearance correlates with the concen-
tration of corticosterone at different postnatal day from birth to young adulthood. In response
to AMS + cold stress in FC, they demonstrated a decrease expression of GAT-1 at PD13. But in
CMS, the levels of GAT-1 increased both at PD57 and PD63. At AMS in HIc, they observed an
enhance in GAT-1 expression of either PD7 or PD13. Conversely, CMS decreased either PD57
or PD67 and increased at PD71 hippocampal levels expression of GAT-1. With respect to the
levels of corticosterone, they observed an increase in all age groups studied in AMS. On the
contrary, they showed a decrease in corticosterone levels in CMS. These authors concluded
that a low responsiveness of the early postnatal period to stress, involvement of GABAergic
system, suggesting that GATs may contribute to the deregulation of neuronal excitability that
accompanies at neurobiological consequences of early stress. These dates obtained in this
experimental condition serve as a starting point, elucidating the molecular mechanism of GAT
regulation in GABA system throughout postnatal development.

In homogenates of FC and Hic acquired from either acute or chronic MS + cold stress, we
found variations on the expression of GAT-1. GABA system plays a role in the pathophysiol-
ogy of anxiety and mood disorders. The extracellular levels of GABA are regulated by specific
high-affinity transporters, one of which, the plasma membrane GAT1, is considered the pre-
dominant neuronal transporter in the rodent brain [56, 61].

Although AMS might mimic a “dramatic” experience occurring at a precise developmental
stage, the less dramatic repeated maternal separation can reproduce a more physiological
situation [6].
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The central nervous system maintains a degree of adaptive plasticity, which allows it to adjust
to certain conditions and modify the innate patterns of neuronal connections [62]. These
mediators exert a paradoxical damage-protection action. These variations can alter the func-
tioning of the CNS, and consequently, the body’s response to stress throughout life, as this
treatment is done during the postnatal period, with the CNS in full development. A further
support to this possibility came from the demonstration that prepulse inhibition disruption in
maternally deprived rats occurs only after puberty [63, 64], with a temporal profile similar to
the onset of schizophrenic symptomatology in patients, and was reversed by treatment with
typical and atypical antipsychotic drugs [34], suggesting that the defects resulting from MS
might be the consequence of an hyperactivity of the dopaminergic system [65].

The identification of neurobiological substrates that are affected by early life adverse expe-
rience may have important diagnostic implications and could contribute to identify novel
molecular targets for the development of more effective treatments of psychiatric disorders.
Further studies are now warranted to elucidate the type or the timing of early life events
that are associated with enhanced risk for depression or anxiety may be different from those
relevant to schizophrenia [66].

6. Glutamate

We will briefly describe glutamate as the main excitatory neurotransmitter in the brain.
There are three families of ionotropic receptors with channels permeable to intrinsic cations:
N-methyl-D-aspartate (NMDA), a- amino-3-hydroxy-5-methyl-4-isoxazolpropionic acid
(AMPA), and Kainate. There are three groups of metabotropics, protein G-coupled gluta-
mate receptors (mGluR) that modify neuronal and glial excitability through G-protein sub-
units acting on membrane ion channels and second messengers such as diacylglycerol and
cAMP. Endogenous glutamate, by activating NMDA, AMPA or mGluR1 receptors, may con-
tribute to acute brain damage following epilepsy, cerebral ischemia, or traumatic brain injury.
It may also contribute to chronic neurodegeneration in disorders such as amyotrophic lat-
eral sclerosis and Huntington’s chorea. In animal models of cerebral ischemia and traumatic
brain injury, NMDA and AMPA receptor antagonists protect against acute brain damage and
delayed behavioral deficits. Other clinical conditions including epilepsy, amnesia, anxiety,
and psychosis may respond to drugs that act on glutamatergic transmission [67, 68].

6.1. Transporters of glutamate (GluTs)

A family of transporter proteins, excitatory amino acid transporters (EAAT), regulates extra-
cellular concentration of Glu. Several lines of evidence suggest that increases of Glu in extra-
cellular levels are involved in the stress response [68]. Astrocytes are the main protectors of
neurons from excitotoxicity in the normal CNS, and this protection is conferred by clearance
of extracellular [69].

The GluTs family is mediated by Na + dependent high affinity, this represents a critical
factor in the Glu uptake and the regulation of homeostasis in the synaptic cleft [70]. Five
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high-affinity GluTs were cloned into human and animal tissues and identified as a glutamate
aspartate transporter (GLAST), excitatory amino acid carrier-1 (EAAT)-1, glial glutamate
transporter-1 (GLT-1, EAAT-2); excitatory amino acid-carrier-1 (EAAC-1, EAAT-3), EAAT-
4, and EAAT-5. Unlike other neurotransmitters, the action of Glu released into the synaptic
cleft is terminated by uptake into neurons and surrounding glial cells via specific transport-
ers. Within the nerve terminal, the glutamine released by glial cells and taken up by neurons
is converted back to Glu [71]. Rapid removal of Glu from the extracellular space is required
for the survival and normal function of neurons. Although GluTs are expressed by all CNS
cell types, astrocytes are the cell type primarily responsible for Glu uptake [72]. Astrocytes
express both GLT-1 and GLAST, while axon terminals in the neocortex only express GLT-1.

Previous studies have indicated that exposure to variable types of stressors during development
produces persistent behavioral defects that are associated with hormonal, neurotransmitters,
transporters, and functional changes, and resemble an array of psychopathological conditions.

Altered glutamate receptor (GluR) expression has been implicated in the pathogenesis of stress-
induced disorders. Adrover et al. [73] have shown that glutamate neurotransmission might be
impaired in the brain of prenatally stressed rats. They observed an increased uptake capacity for
glutamate in the PFC of prenatal stress males, while no such changes were observed in the Hic. They
concluded that prenatal stress produced long-term changes in the glutamatergic system, modulat-
ing the expression of glutamate transporters and altering synaptic transmission in the adult brain.

Odeon et al. [74] found that both ethanol intake and activity and protein expression of GluTs
in certain areas of the rat brain are affected by repeated maternal separation (RMS). Also, they
demonstrated that RMS increases glutamate uptake in frontal cortex and hippocampus, and
RMS reduced both GLT-1 and EAAT-3 protein expression and increased GLAST protein levels.

Social loneliness has been used intensively as an animal model to study the consequences of
social isolation during childhood on the brain and behavior. There is a crucial stage during
which social isolation has very profound and sometimes irreversible effects.

Recent studies indicate that there are many aspects of alcohol and drug dependence that
involve changes in glutamate transmission. Different investigations have reported that drugs
of abuse, including alcohol and cocaine, modify GluTs [75, 76]. The effects of ethanol on glu-
tamate transport may be mediated in part by the level of Ca*/calmodulin kinase activity [77].
Similarly, Othman et al. [78] indicated that in rat cortical astrocytes in vitro ethanol affects
[*H]-Glutamate uptake by affecting protein kinase C (PKC) modulation of transporter activity.

Odeon et al. [74] observed changes following RMS in the glutamatergic system which could
be an effect of glucocorticoid. It is known that this hormone may regulate GluT expression
[79] and ethanol intake [80]. A significant increase in glutamate uptake is observed. However,
protein levels of the major glial (GLT-1) and neuronal (EAAT-3) transporters declined. It
should be noted that a third glutamate transporter, GLAST, was found in glia of the frontal
cortex, and hippocampus was studied. This transporter exhibits increased levels of protein
expression after treatment. This could be due to the decreased expression of the major gluta-
mate uptake proteins and the probable excitotoxic consequence, which triggered a compensa-
tory mechanism through the increase of GLAST.
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GluTs are neuronal and non-neuronal factors necessary for expression, maintenance, and
transcriptional regulators of these proteins. The finding that RMS altered Glu regulation in the
frontal cortex and hippocampus indicates a possible role for distorted glutamate regulation in
the causal relationship between early life stress. Finally, I have some specific questions about
this work: (1) Can early exposures with limited time produce lasting physiological changes?
(2) Can these physiological changes lead to illness? (3) What factors could induce susceptibil-
ity to the adversity of normal development? Responses to these questions should influence
the awareness of all social areas for the child’s well-being and health throughout life.

7. Conclusions

The findings reviewed here explore some biological mechanisms that could explain the link-
ages between childhood negative experiences, possible diseases, and function of glutamate and
GABA transporters. These results demonstrate efforts to improve quality of life throughout life.
With the emergence of new tools, such as the biomarkers of early adversity, this will enable a
new path of research with the close collaboration of physicians, health professionals, families,
and communities on the basis of a deep understanding of the long term from early adversity.
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Abstract

Glutamate (Glu), the major excitatory neurotransmitter, elicits its action through the acti-
vation of membrane receptors and transporters expressed in neurons and glial cells. Glial
glutamate transporters, EAAT1 and EAAT2, remove this transmitter from the synaptic
cleft preventing an excitotoxic insult. The Notch pathway is a signaling system involved
in neuro- and gliogenesis. Radial glia (RG) generates neurons, oligodendrocytes, and
astrocytes in a spatial and temporal pattern, in which Notch represses neurogenesis,
maintaining the self-renewal potential of RG. Astrogenesis depends on several stimuli,
Notch being a master regulator of the differentiation process. The cAMP-PKA-CREB sig-
naling cascade cross talks with the Notch pathway, acting synergistically by reducing
progenitor markers and inducing astrocytic differentiation. Notchl mRNA is upregu-
lated in a PKA/y-secretase/NICD/CSL-dependent manner, suggesting a feedback loop
to keep Notch active until astrocytic differentiation is complete. Glial differentiation is
also modulated by PKC, which acts over NICD. In RG cells and astrocytes enwrapping
glutamatergic synapses, EAAT1 transcriptional regulation is mediated by PKC, increas-
ing Notch expression and its receptor intracellular traffic. It is clear that Notch represents
an activity-dependent molecular key in RG cells that enable them to shape glutamatergic
transmission through the expression of genes involved in glial/neuronal interactions.

Keywords: glia cells, signal transduction, Notch, differentiation, protein kinase C

1. Introduction

Glutamate (Glu), the major excitatory neurotransmitter in the central nervous system
(CNS), is a key player in higher brain functions such as learning and memory, and it is also
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involved in cell differentiation and synaptogenesis. Glu exerts its function through specific
receptors, according to which the signal transduction pathway mechanisms are classified
into two major groups: ionotropic (iGluRs) and metabotropic receptors (mGluRs). iGluRs
are ligand-gated ion channels subdivided upon pharmacological and electrophysiological
properties into NMDA, AMPA, and KA receptors. mGluRs are G protein-coupled receptors
subdivided in accordance with their amino acidic sequence and pharmacological properties
into three subgroups, preferentially activated by quisqualate (Quis), t-ACPD, and L-AP4,
respectively [1-4].

Cerebellar Bergmann glia cells (BGC) are radial glia (RG) cells that are not differentiated
into astrocytes after birth [5] and function as a neuronal reservoir [6, 7]. These cells extend
processes through the molecular layer completely surrounding excitatory synapses between
Purkinje cells and both parallel and climbing fibers. An exquisite and complex interplay
between presynaptic-postsynaptic neurons and glia cells is fundamental for glutamatergic
transmission. Glu recycling depends upon these interactions. Glu is removed from the syn-
aptic cleft by a family of electrogenic sodium-dependent transporters expressed in neurons
and glia cells [8]. Five subtypes of transporters named excitatory amino acid transporters
1-5 (EAAT1-5) have been characterized. The glial transporters EAAT-1 (GLAST) and EAAT-2
(GLT-1) account for more than 80% of the Glu uptake activity in the brain [9, 10]. Within BGC,
EAAT-1/GLAST is the predominant transporter [11].

Once internalized, Glu is metabolized to GIn via GIn synthetase and released in the vicinity
of the presynaptic neuron through sodium-dependent neutral amino acid transporter (SNAT)
3. Gln is then taken up by the presynaptic neuron through SNAT 2 and converted back to Glu
by the enzyme glutaminase to be packed into synaptic vesicles completing the so-called Glu/
GIn shuttle (reviewed in [12]). It is this kind of glial/neuronal interactions that gave rise to
what has been known in the last years as a tripartite synapse [13]. Evidence suggests that Glu
transporters might also participate in the signaling transactions triggered by this excitatory
amino acid. In fact, Glu regulates the uptake process in a receptor-independent manner [14].
More recently, it has also been reported that EAAT-1 is coupled to the Na*/K* ATPase [15, 16]
and to the Gln transporter SNAT3 [17].

In this context, we reviewed in this contribution the role of Notch signaling in RG focusing
in its role in EAAT-1/GLAST regulation as a key element in the molecular mechanisms that
support the proven glia contribution to glutamatergic neurotransmission.

2. Glutamatergic transmission: role of glial cells

Glutamate (Glu) is the major excitatory neurotransmitter in the vertebrate brain. It elicits its
action through the activation of specific membrane receptors and transporters expressed both
in neurons and in glial cells. Extracellular glutamate levels have to be tightly regulated in
order to prevent Glu receptors over-stimulation that has been shown to result in neuronal
death, phenomena commonly known as excitotoxicity. A family of sodium-dependent Glu
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transporters particularly enriched in glial cells is responsible for the removal of this transmitter
from the synaptic cleft [12]. These transporters, known as excitatory amino acid transporters
(EAAT), are differentially expressed in neurons and astrocytes. EAAT3, 4, and 5 are mainly
neuronal, whereas EAAT1 and EAAT? are glial, although the latter one has also been found to
be present in certain neuronal populations [18]. Once Glu has been taken up by glial cells, it
is mostly converted to glutamine (GIn) by the glial-expressed Gln synthetase to be released in
the vicinity of the presynaptic terminal, a process known as the Glu/GIn shuttle, in which an
exquisite interplay between neurons and glial cells is fundamental for the proper function of
glutamatergic transmission [12]. In this context, glutamatergic synapses are a perfect example
of what has been lately known as a tripartite synapse [19].

3. Notch signaling

Notch signaling involves cell to cell communication and has a simple core. It initiates
when the Notch receptor (Notch 1-4), present in the receiving-signal cell, binds its ligand
(Jagged/Delta-like) present in the sending-signal cell. This binding promotes two sequen-
tial proteolytic cleavages on the Notch receptor: the first is mediated by the protease
ADAM10/TACE (tumor necrosis factor a converting enzyme) to generate the membrane-
tethered intermediated Notch extracellular truncation (NEXT). The second cleavage is
mediated by the y-Secretase enzyme on NEXT, to release the signal effector Notch intra-
cellular domain (NICD) into the cytoplasm. NICD is translocated to the nucleus where it
binds the transcription factor CSL (CBF1/RBPJk in vertebrates, suppressor of hairless in
Drosophila, Lag-1 in C. elegans) to activate what is known as the canonical Notch pathway.
In the absence of NICD, CSL associates with the ubiquitous co-repressors (Co-R): SKIP,
CtBP/Hairless, SMRT, CIR, FLH1C/KyoT2, SHARP/MINT and Gro/TLE proteins, and his-
tone deacetylases (HDACs) to halt the transcription of Notch target genes. Once NICD
binds CSL, allosteric changes may occur on CSL that facilitates displacement of transcrip-
tional repressors. The transcriptional co-activator Mastermind (MAM) then recognizes the
NICD/CSL interface, and this tri-protein complex recruits additional co-activators (Co-
A) to promote transcription of target genes, as the astroglial markers shown in Table 1
[20-27].

The noncanonical Notch signaling pathway is CSL-independent and can as well be either
ligand-dependent or independent. Nevertheless, one has to keep in mind that the NICD/
CSL complex is the major effector of Notch signaling. Several pieces of evidence have dem-
onstrated that the Notch pathway may signal independently of CSL. It was first reported that
Notch could signal via the RING-domain of E3 ubiquitin ligase Deltex1 (DTX1) [28]. It has
also been shown that NEXT binds NICD on its ankyrin repeats [29], leading to its nuclear
translocation. It has been documented as well that the NICD/DTX1 complex interacts with the
transcriptional co-activator p300 inhibiting the transcriptional activation of the neural-specific
transcription factor MASH1 [30]. As it will be described later, other genes important for astro-
glial differentiation are also targets of NICD/DTX (Table 1).
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Target Function Reference
Canonical pathway ~ Hes1/Hes5 Down-regulate pro-neural transcription factors, [72]
(NICD/ as Mash1, Math, and Neurogenin; which in turns
RBPJx-dependent) regulate neural protein expression (p. ¢j. MAP2)
Glutamate aspartate Glutamate transport This work
transporter (GLAST)
(Glial fibrillary acidic ~ Principal protein (most abundant) forming an [50]
protein (GFAP) intermediate filament in mature astrocytes. Is
important in radial glia cytoskeleton.
Binding lipid-binding  Hydrophobic protein member from the family FABP  [32, 33]
protein (BLBP) (Fatty acid-binding protein). Binds to ligands of
nuclear receptors and participate regulating their
transcriptional activity.
Vimentin Most abundant protein forming intermediate [73]
filaments in immature astrocytes and radial glia
Noncanonical erbB2 Tyrosine kinase receptor [33]
(NICD/ Slug Zinc-finger transcription factor that regulates neural ~ [74]
RBFJic-independent) crest formation and delamination
{3-catenin/Wnt Wnt/f-catenin signaling; Notch binds and titrates [75, 76]
signaling levels of the obligate Wnt-signaling component active
[-catenin.
BMP4 Induce neural crest cells from the neural plate. Bmp4 [74,77]

can induce Slug expression and subsequent neural crest

Table 1. Targets of Notch signaling pathway in central nervous system development.

4. Notch pathway signaling in astroglial differentiation

Notch pathway is a pivotal signaling system during neuro- and gliogenesis in the central
nervous system (CNS) [24, 25]. Primary neural stem cells (NSC) are radial glia (RG) during
development, characterized by the expression of astroglial markers such as the astrocyte-
specific glutamate/aspartate transporter (GLAST), the brain lipid-binding protein (BLBP),
and tenascin C (TN-C) [31]. RG cells generate neurons, oligodendrocytes, and astrocytes in a
characteristic spatial and temporal pattern [31]. In this context, the Notch pathway plays an
essential role repressing neurogenesis and maintaining the self-renewal potential of RG.

On the neurogenic phase, RG divide asymmetrically for auto-renewal and generation of
neurons or neuron-restricted intermediate progenitor cells (nIPCs, transit amplifying cells),
which in turn populate the subventricular zone (SVZ) in the cortex. The newborn neurons
migrate along parental RG fibers, even though RG are dividing [31]. The Notch pathway
plays an important role during the neurogenic phase in several ways. In the cortex, recent
findings suggest that Notch signaling among SVZ nIPCs and between nIPCs and RG is impor-
tant in the regulation of progenitor proliferation and in the inhibition of precocious neuronal
differentiation. RG receives Notch signaling to activate Hesl and Hes5 transcription factors,
which down-regulate pro-neuronal genes such as neurogenin 1 (Ngnl), Mash1, and Math.
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At the same time, Ngn1 becomes an astrogenesis inhibitor through the sequestration of p300/
CBP, a key inducer of astrocyte differentiation [29].

In the cerebellum and in the immature RG, it has been demonstrated that Notch1 is activated by
Jagged1 on newborn neuron progenitors; this interaction regulates the molecular and morpho-
logical differentiation of RG, through the transcriptional activation of BLBP and the erbB2 recep-
tor tyrosine kinase. This effect is mediated by two downstream mechanisms, one that depends
on RBPJk (canonical activation) and the other depending on Deltex1 (DTX1) (noncanonical acti-
vation). In this manner, the induced erbB2 receptor interacts with its ligand neuregulin, present
on neuronal progenitors, to facilitate cell migration through RG fibers (Figure 1) [32, 33].

After the neurogenesis period, at the end of embryonic development, most of the RG cells
have lost their ventricular attachment and migrate toward the cortical plate by a process of
somal translocation. In mammals, the majority of RG cells are transformed into astrocytes.
During this period, astrocytic and oligodendrocytic intermediate precursors are also gener-
ated (alPCs and oIPCs). Some studies suggest the presence of multipotent and bipotent pro-
genitors, and perhaps astrocyte-restricted progenitors in the neonatal SVZ [34].

Astrogenesis depends on several stimuli, being the Notch pathway a master regulator of the
differentiation process. During the gliogenic phase, RG progenitors gain competence to gen-
erate astrocytes due to the activity of growth factors such as basic fibroblast growth factor
(bFGF) and epidermal growth factor (EGF). This gain of competence allows them to respond
to specific gliogenic signals acting at the extracellular level to activate astrocyte markers such
as glial fibrillary acidic protein (GFAP), S100p, aquaporin 4, glutamate transporters (GLT-1,
EACC1, and GLAST), and aldehyde dehydrogenase 1 family, member L1 (AldhL1) [35-39].
Before the astrocyte-marker promoters can respond to gliogenic signals, a chromatin epigen-
etic remodeling must occur. Notch canonical activation on RG induces expression of nuclear
factor 1A (NFA1), an inhibitor of the DNA methyltransferase 1 (DNMT1). DNMT1 keeps
STATS3 site of GFAP promoter methylated and inactive [40, 41].

The extracellular signals are provided by neurotrophic cytokines such as ciliary neurotrophic
factor (CNTF), leukemia inhibitory factor (LIF), and cardiotrophin-1 (CT-1) secreted by new-
born neurons. These cytokines activate heterodimeric cell surface receptors composed of two
subunits named LIFR{ and gp130, which in turn activate to members of the JAK family of tyro-
sine kinases that result in the phosphorylation and nuclear translocation of signal transducer
and activator of transcription (STAT) proteins. In RG, two of these proteins, STAT1 and STAT3,
act on specific sites in the promoters of the astroglial genes GFAP and S100p to stimulate their
transcription during the astrocyte differentiation process. Neural progenitors also respond to
different neurotrophic factors from the bone morphogenetic proteins (BMP) family to generate
astrocytes. In this case, BMP2 and BMP4 act on heterotrimeric receptors, which activate SMAD
transcription factors. These, in turn, interact with activated STAT proteins to synergistically
stimulate transcription of glial-specific genes during astrocyte differentiation [42-47].

Another estrogen signal is the activation of the seven transmembrane domain G protein-cou-
pled receptors by the pituitary adenylate cyclase-activating polypeptide (PACAP), triggering
the differentiation of astrocytes by increasing intracellular cAMP and activating the cAMP-
dependent protein kinase (PKA), which translocates into the nucleus to phosphorylate and
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Figure 1. Notch pathway regulates astrocytic differentiation. (A) In timed cell genesis, a series of orchestrated events are
activated to regulate cell differentiation; the Notch pathway is used as a signaling system during embryonic development
and regulates different cell markers in astrocyte differentiation, such as Hes genes, GFAP and S100B. (nIPC/aIPC cell
stands for neural or astrocytic intermediate precursor cell). (B) Neuroepithelial cells in early development proliferate
by asymmetric cell division to generate more neuroepithelial cells (progenitor expansion phase). As brain development
proceeds, neuroepithelial cells elongate to convert into radial glial (RG) cells and guide neuronal migration. Later, RG
can divide asymmetrically to generate neuron, astrocyte, or oligodendrocyte intermediate progenitor cells.
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activate the cAMP-response element-binding protein (CREB) [42—-48]. In a glial precursor-like
model, C6 cells, cAMP-PKA-CREB activation leads to increase autocrine IL-6, which in turn
activates STAT3, which induces GFAP promoter activation [49]. In the same model, the cAMP-
PKA-CREB signaling cascade cross talks with the Notch pathway, and together they act syn-
ergistically to reduce the progenitor marker (Nestin) and to induce astrocytic differentiation;
measured by induced astrocytic markers (GFAP, 51003, and GLAST) and glutamate uptake.
In this context, Notchl mRNA is up-regulated in a PKA/y-secretase/NICD/CSL-dependent
manner, suggesting the establishment of a feedback loop to keep Notch pathway active until
astrocytic differentiation is complete [50]. It is not surprising that the Notch pathway interacts
with other signaling cascades to complete astrocytic differentiation. A bioinformatic analysis
of promoters for GFAP, 51008, GLAST, and Notchl, reveals specific sites for CREB, STAT3,
and CSL transcription factors, suggesting that these three pathways, cAMP-PKA/JAK-STAT3/
Notch, cooperate to induce the transcription of astrocyte markers. Certainly, at this stage,
other crosstalk interactions cannot be discarded.

5. Glial differentiation and the Ca*/diacylglycerol-dependent
protein kinase (PKC)

As already mentioned, glial differentiation is modulated by extracellular signals, growth fac-
tors, hormones, cytokines, neurotrophins, and neurotransmitters that activate different signal
pathways. PKC is one of the major mediators of these extracellular signals. The structure of
this family of protein kinases contains a highly conserved catalytic domain and a regulatory
domain (C1-C4 domains) responsible for its inactive conformation. Regulatory domains are
separated by variable regions susceptible to proteolytic cleavage and essential for activation
and conformational changes. The PKC family comprises 11 isoforms and is organized in three
subfamilies: classical, novel, and atypical isoforms described in Table 2 [51-54].

PKC is highly expressed in the brain, with a significant role of this kinase in the function of
neuronal and glial cells. The role of PKC in glial cells has been demonstrated in different
reports, and PKC-activator PMA as well as the different PKC inhibitors, modify the cell mor-
phology, proliferation, and differentiation [55-58]. Differential expression of PKC isoforms
has been reported during neuronal development as four PKC isoforms are expressed in neu-
ronal primary cultures of rat cerebellum. In contrast, only two isoforms, aPKC and BII PKC,
are present in glial cultures [59, 60]. Brodie et al. reported that in undifferentiated C6 cells, the
PKCisoforms 6, U, C, and A are present; however, the cAMP-dependent differentiated C6 cells
expressed significantly lower levels of PKC ot and PKC 6 and higher levels of PKC v, 1}, and 6.

Concerning PKC and glial cell function, overexpression of the 3 and y isoforms increases
GFAP levels, as a response to exposure to the PKC activator phorbol 12-myristate 13-acetate
(PMA) treatment. Glutamine synthetase (GS) levels increase with PKC y overexpression and
decrease with PKC 0. Therefore, it is plausible that PKC o and d provide negative signals for
astrocytic differentiation, while PKC  and vy induce astrocyte differentiation [51].

However, it has also been documented that undifferentiated C6 cells express the a, BIL, v, , €,
and C PKC isoforms and that long-term PKC inhibition after staurosporine treatment, which
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Isoforms Activity
Classical isoforms o, BL BIL y Dependent on DAG, PS, and Ca*
Novel PKC isoforms 0,60,m 1 Bind DAG, PS, and calcium-independent
Atypical PKC isoforms UA, & Bind PIP3, calcium-independent and do not require DAG

Diacylglycerol (DAG), phosphatidylserine (PS), phosphatidylinositol 3-phosphate (PIP3) [53, 78].

Table 2. PKC classification.

leads to differentiation, results in BII decrease, y increase and ¢ translocation from the mem-
brane to the cytosol [55]. Similar results were reported in the C6 cell differentiation process with
dbcAMP [61]. It is clear that the molecular mechanisms triggered by glia differentiation agents
are different, but that the various PKC isoforms are critically involved in the overall process.

In contrast, Watanabe et al. recently reported that overexpression of PKC BII synergistically
enhanced differentiation in the presence of 1 nM of PACAP. These results indicate that the
[ isoform of PKC is important in PACAP-induced differentiation of mouse embryonic NSCs
into astrocytes via the PAC1 receptor, resulting in activation of phospholipase C, followed
by PKC activation. This latter observation was confirmed in NSCs. The cells were exposed to
2 nM PACAP, resulting in a transient increase in the BII isoform, that returned to basal levels
by day 4, whereas the levels of PKC a increased linearly up to day 6 [62].

RG cells and astrocytes are involved in regulation of the brain microenvironment, and glu-
tamate transporters control the extracellular levels of this neurotransmitter. Regulation of
glutamate uptake involves several factors like neuronal interactions, glutamate, cAMP, and
phorbol esters. GLAST is the major glutamate transporter expressed in RG cells. Interestingly,
GLAST expression is regulated via PKC through the reduction of its protein and mRNA lev-
els. Our work group demonstrated that chglast transcriptional regulation is mediated by PKC,
especially the o and ¢ isoforms, which activate the AP-1 transcription factor [56, 63, 64].

6. Another Notch in the belt: PKC/Notch cross talk in glial
differentiation

The Notch signaling pathway plays an important role in the control of cell fate during
developmental processes. Several reports have shown that Notch-induced signaling inter-
acts with other signaling pathways, such as NF-kB, the mitogen-activated protein kinase
(MAPK) pathway, and the phosphatidylinositol 3-kinase (PI3K)/Akt pathway [65-67].
Although there are only a few reports describing the crosstalk between Notch and PKC
signaling during glial differentiation, some connections have been described so far. The
most direct example concerns the direct PKC action over NICD: Kim et al. found that PKC
down-regulates NICD transcriptional activity in a kinase-independent manner. The mecha-
nism involves the inhibition of the nuclear localization of NICD, most possibly through a
physical association between NICD and PKC®? causing the dissociation of NICD from target
gene promoters like Hes5 [67].
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In another example, PMA increased the expression of Notchl in a PKCe-dependent man-
ner in the context of astrocytic differentiation, and this is to say that in the course of PKC-
dependent astrocyte differentiation, an increase in Notch levels is found. In fact, serine 729
PKCe phosphorylation is as essential for the differentiation process. This data suggests that
Notchl is a plausible mediator of PKCe in astrocytic differentiation [68]. In the same line,
Xu et al. reported that morphine-dependent astrocytic differentiation of neuronal progenitor
cells (NPC) involves ERK via PKCe and TRBP phosphorylation that leads to miR-181a matu-
ration, thus regulating the expression of Prox1 and Notch1 [69].

More recently, it has been demonstrated that atypical PKC isoforms participate in asymmetric
cell division when glial differentiation starts. Sjoqvist et al. demonstrated that PKCC regulates
the Notch pathway by phosphorylation and regulation of Notch receptor traffic. When Notch
signaling is active (after ligand stimulation or after expression of an activated membrane-
tethered form of Notch), PKCC enhances the production of NICD and shifts the localization
of Notch from late endosomes to the nucleus, leading to an elevated Notch signaling. In con-
trast, when the Notch receptor is not activated, PKCC interacts with the receptor to induce a
shift in receptor distribution from the plasma membrane to intracellular vesicles [70]. In C6
glioma cells, increased cAMP levels promote astrocytic commitment with a sustained aug-
mentation of Notch activity, as detected by nuclear translocation of its intracellular domain
portion (NICD) and its transcriptional activity [50]. The cAMP effect is mediated through the
activation of the y-secretase complex, responsible for Notch cleavage as demonstrated by its
sensitivity to PKA inhibitors. As expected, Notch cleavage and nuclear translocation result in
the upregulation of the mRNA levels of one of its target genes, the transcription factor Hair,
and enhancer of split 5. Moreover, glutamate uptake activity, expression of astrocytic mark-
ers (genes responsible for glial progenitor cell fate decision) such as the glial fibrillary acidic
protein, the S100beta protein, and GLAST, are also enhanced in cAMP-exposed cells [50].
Interestingly, polychlorinated biphenyls (PCBs) disturb the cAMP-induced astrocytic differ-
entiation of C6 cells via the PKC isoforms v, (32, d and ¢ [58]. Additionally, PMA promotes
adult neurogenesis by inducing neural progenitor cell proliferation in vitro in NPCs obtained
from the SVZ of 7-day postnatal mice [71].

To support a plausible role of a crosstalk between PKC and Notch pathways in embryonic
glial differentiation, we used chick Bergman radial glia from cerebellum (BGC) at day 14 of
embryonic development and stimulated PKC using TPA. In this system, it was observed that
PKC activation increased NICD/RPBJk-dependent transcription, measured by a reporter con-
struct that senses directly the CSL activity (Figure 2A). This effect could be mediated by the
classical PKC isoforms (a, 1, 2, and y) and/or the novel isoforms (b and ¢), as it was observed
when the specific inhibitor bisindolylmaleimide 1 (Bisl). The same effect was observed over
a Hesl-responsive reporter (Figure 2A, right). Also, the MAPK/ERK pathway plays a role in
PKC-mediated NICD/RPBJx activation, as demonstrated when specific MAPK/ERK inhibi-
tors (U0126, PD98059, and SB202190) were used in co-treatment with TPA (Figure 2A). In
contrast, treatment of BGC with TPA, down-regulates astrocytic biomarkers such as GFAP,
GS, GLAST, FABP?7, and Notchl mRNA levels, and keeps Nestin, a progenitor marker,
up-regulated (Figure 2B). Our results suggest that the activation of PKC induces NICD/RBPJk
dependent transcriptional activation by a yet-to-be characterized mechanism, that perhaps
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Figure 2. PKC/MAPK signaling activates Notch pathway in cultured Bergmann glia cells (BGCs). (A) In order to determine
the role of the Notch/PKC signaling pathway in BGCs, cells (primary culture) were transfected with the reporter plasmid
4xwtCBF1Luc (containing four repeated sequences for RBPJk elements) or Hes1 promoter (a Notch effector gene) with
Lipofectamine R 2000; after harvesting, the luciferase reporter activity was measured. 24 h post-transfection, the BGCs
were treated with 100 nM TPA for other 24 h, where we showed that promoter activity increased five-fold in relation
with nontreatment cells, and TPA induces the Notch signaling response. To analyze the signal pathway involved in
Notch activation, BGCs were treated with 40 uM BisI (a PKC inhibitor), 50 pM U0126 (a MAPK1 inhibitor), PD (PD8059,
a MAPK1 inhibitor), or SB20 (SB202190, a specific ERK inhibitor) 30 min prior to TPA, as indicated in the figure. Note
that both PKC and MAPK inhibitors prevent Notch pathway activation. Results are presented as fold expression relative
to nontreated cells. Data represent mean values + SE (n = 3). Data were analyzed by a one-way ANOVA with a post hoc
Dunn’s test. *** p < 0.001; ### p <0.003; #, p <0.05. (B) qRT-PCR was performed to analyze expression of Notch pathway
targets, and BGC cultures were treated or not with TPA (100 nM TPA) at different times. Total RNA was extracted
to amplify GFAP, GLAST, vimentin, glutamine synthetase (astrocytic markers), and nestin (radial glial marker) with
the KAPA SYBR FAST one-step qRT-PCR kit. Our data suggest that TPA downregulates GLAST, GFAP, and GS and
upregulates nestin; this evidence indicates that the Notch pathway is important in the radial glial fate.
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is related to regulation of NICD routing and trafficking [67, 70]. The NICD/RBPJk complex
induces Hes1 expression, a well-known neurogenesis inhibitor. On the other hand, PKC acti-
vation blocks astrogenesis, perhaps modulating the access of NICD/RBPJ« to the astrocytic
markers’ promoters, like GFAP, which is dependent on Notch activation. In BGC, PKC activa-
tion regulates several genes that are closely related to glial function and induces radial glial
phenotype as TPA down-regulates GLAST, GFAP, and GS and upregulates Nestin, PKCa, or
PKCe (PKC o2).

6.1. Notch pathway in CNS: some aspects of clinical relevance

A plethora of pathological scenarios in the CNS are the result of neuronal degeneration.
This cell loss needs to be compensated to keep the neural circuits working. In this con-
text, neural stem cells can be differentiated into precise neuronal subtypes, but a com-
mon fact is that Notch signaling promotes astrocyte differentiation rather than neuronal
differentiation. Therefore, Notch inhibition is an alternative therapeutic option in the
clinical approach. Examples of the possible application of inhibiting Notch are presented
in the Table 3.

Pathological context/ Targeted neural ~ Notch signaling role and possible therapeutic approach Ref
biological system stem cells

Blockage of notch pathway in neural adult stem cells to promote neurogenesis

Glioblastoma Glioblastoma cells Pharmacological inhibition of Notch pathway selectively [79]
(multiforme or grade IV (GB) inhibited tumor growth. Conversely, activation of Notch
astrocytoma) signaling promotes cell proliferation and colony formation

in the human GB cell line. Notchl promotes invasive
migratory properties of GB cells by stimulating 3-catenin
and NF-kB signaling and mediates GB cell proliferation and
survival through the Akt-mammalian target of rapamycin
(mTOR) signaling axis. Treatment with y-secretase inhibitors
reduces neurosphere growth, and inhibits xenograft tumor
growth through decreased Akt and STAT3 phosphorylation.
Combination of Notch inhibitor MRK003 and Akt inhibitor
MK-2206 effectively inhibited GB invasiveness.

Lineage-specific Hippocampal Phosphorylation of TAR RNA-binding protein together with [69]
differentiation of NPCs  progenitor cells miR-181a maturation, as well as Dicer activity, is involved in
(HPC) morphine-induced astrocyte-preferential differentiation of
HPC.
Alzheimer’s disease Human neural Activation of IL-6/gp130 and Notch signaling pathways in glial ~ [80]
(AD) progenitor cells differentiation of HNPCs may cause problems in maintaining ~ [81]
(HNPC) normal brain function and may contribute to AD pathology.

Amyloid
Ty 01t Precursor Treatment with sAPP increased expression levels of GFAP in

protein (APP) NT-2/D1 cells along with the generation of Notch intracellular
domain (NICD) and expression of Hairy and enhancer of split
1 (Hesl), indicating that glial differentiation may aid in the
development of novel therapeutic strategies for AD.

Blood-brain barrier, Brain endothelial = Neuron-derived DII1 activates Notch signaling and is essential ~ [82]

pathology cells for brain endothelial cells’ survival as wells as blood-brain

barrier, selective substance crossing; physiology, pathology,
and drug development
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Pathological context/ Targeted neural ~ Notch signaling role and possible therapeutic approach Ref
biological system stem cells

Traumatic brain injury =~ Cerebral cortices  Inhibition of Notch signaling by crocin, an extract of saffron, [83]
(TBI), inflammation and  response has a neuroprotective effect against TBI, since in this type of
apoptosis and brain injury an upregulation of Notch intracellular domain (NICD)

edema and Hesl mRNA levels is present, decreasing microglial

activation and release of several pro-inflammatory cytokines.

Increased differentiation  Neural progenitor Astrocytes negatively regulate neurogenesis through Notch [84]
of neural progenitor cells cells pathway; endocytosis of Notch ligand Jagged1 in astrocytes

when co-cultured with and Notch signaling from astrocytes to neural stem/progenitor
astrocytes lacking glial cells depends on intermediate filament proteins GFAP and

fibrillary acidic protein vimentin.

(GFAP) and vimentin

Experimental Oligodendrocyte =~ Gamma-secretase inhibition of Notch signaling enhances tissue  [85,
autoimmune precursor cells repair. 86]
encephalomyelitis

Notch pathway inhibits oligodendrocytes differentiation

(failure to repair and hampers their ability to produce myelin during CNS

demyelination) as

Multiple Sclerosis model development.
(mice)
Seizure as a serious Neurons in In a global cerebral ischemia model (GCI), there is augmented [87]
complication of stroke  cortex and excitatory synaptic neurotransmission by upregulating
hippo-campus glutamate receptor subunits (GluN2A, GluA1) and cotransporter
NKCCI, but there is attenuated inhibitory synaptic
neurotransmission by down-regulating amino butyric acid
(GABA), and neuronal K-Cl cotransporter. Aberrant activation
of Notch signaling is involved in poststroke seizures, as NICD 1
and 2 were upregulated in the cerebral cortex and hippocampus
post-GCIL. DAPT treatment normalized the homeostasis of
excitatory and inhibitory synaptic neurotransmission.
Familial and idiopathic ~ Differentiated Leucine-rich repeat kinase 2 (LRRK2) complex promotes [88]
Parkinson’s disease (PD) dopaminergic recycling of Notch ligand Delta-like 1 (DI11)/Delta (DI) through

neurons modulation of endosomal trafficking and negatively regulates
Notch signaling through cis-inhibition by stabilizing DI11/DI,
accelerating neural stem cell differentiation; alteration of Notch
signaling in mature neurons is a component of PD etiology
linked to LRRK2.

Notch signaling in neurodegenerative diseases and pathological glutamate mediated plasticity

Dopamine release in the Neuronal cells RBP-] deficiency drastically reduced dopamine release in [89].
striatum, individual’s the striatum and caused a subtle decrease in the number of
susceptibility to dopaminergic neurons as Notch/RBP-] signaling regulates
neuropsychiatric disease dopamine responsiveness in the striatum.

Length, polarity, and Spiral ganglion DNER modulates length, polarity and synaptogenesis via [90]
synaptogenesis neurons (SGNs)  the Notch signaling pathway. DNER was expressed in spiral

ganglion neurons exhibiting significant polarity in early
differentiation stages; DNER expression gradually decreased
until polarity was lost on week 35. Silencing DNER expression
altered the polarity of differentiated neurons and these cells
exhibited significantly reduced dendritic length.

Table 3. Notch signaling in cell therapy.
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7. Conclusion

Glia cells play an active role in glutamatergic transmission due to their compulsory inter-
vention in the recycling of this excitatory neurotransmitter. The Notch signal transduction
pathway is critically involved in the gene expression regulation of the major excitatory amino
acid transporter expressed in early stages of astrocyte differentiation and in RG in the adult
brain. Notch signaling involves the activation of diverse isoforms of PKC. Glial differentiation
can be mediated by PKC and its isoforms, which act over NICD, increasing Notch expression,
regulating several astrocytic markers related to glial function, and inducing the radial glial
phenotype.
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Abbreviations

ADAMI10/TACE Tumor necrosis factor-a converting enzyme

AldhL1 aldehyde dehydrogenase 1

bFGF Basic fibroblast growth factor

BGC Chick Bergmann Radial glia

BisI Bisindolylmaleimide

BLBP Brain lipid-binding protein

BMP Bone morphogenetic proteins
cAMP Cyclic adenosine monophosphate
CIR Corepressor interacting with RBP] 1
CNS Central nervous system

CNTF Ciliary neurotrophic factor
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CREB
CT-1
DNMT1
DTX1
EAATs
EACC1
EGF
ErbB2
ERK
FABP7
GFAP
GLAST
GLT-1
GS
HDAC
LIF
LIFR
MAM
MAP 2
MAPK
MASH
NEXT
NFA1
NF-«xB
Ngnl
NICD

NIPC

cAMP-response element-binding protein
Cardiotrophin-1

DNA methyl transferase 1

Deltex1

Excitatory amino acid transporters
Excitatory amino acid transporter 1
Epidermal growth factor

also known as HER2, Human epidermal growth factor receptor 2
Extracellular signal-regulated kinases
Fatty acid-binding protein 7

Glial fibrillary acidic protein

Glutamate aspartate transporter
Glutamate transporter 1

Glutamine synthetase

Histone deacetylases

Leukemia inhibitory factor

Leukemia inhibitory factor receptor 3
Mastermind

Microtubule-associated protein 2
Mitogen-activated protein kinase
Mammalian achaete-scute homolog-1
Notch extracellular truncation

Nuclear factor 1A

Nuclear factor kappa-light-chain-enhancer of activated B cells
Neurogenin 1

Notch intracellular domain

Intermediate progenitor cell
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PACAP Pituitary adenylate cyclase-activating polypeptide
PIBK Phosphatidylinositol 3-kinase

PKA cAMP-dependent protein kinase

PKC Protein kinase C

PMA Phorbol 12-myristate 13-acetate

RBPJx Recombining binding protein

RG Radial glia

SMRT Thyroid-hormone receptors

STAT3 Signal transducer and activator of transcription 3
SVZ Subventricular Zone

TN-C Tenascin C

TPA 12-O-tetradecanoylphorbol 13-acetate

TRBP TAR RNA-binding protein
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Abstract

Ionotropic glutamate receptors (iGluRs) are a group of proteins with a high degree of
sequence homology. At least 20 type of putative ionotropic glutamate receptor (iGluR)-
like channels have been identified in Arabidopsis thaliana. To uncover the role of iGluR-
like channels in plant root growth, we used a comprehensive set of compounds known to
alter iGluR channels in the neurons. We found that Arabidopsis root system is highly sen-
sitive to these compounds. iGluR competitive antagonists 6-Cyano-7-nitroquinoxaline-
2,3-dione (CNQX) or 6,7-dinitroquinoxaline-2,3-dione acted (DNQX) acts as a negative
regulator of primary root and lateral root density. Continuous growth on antagonist
also leads to impairment of root meristem size, which suggests that iGluR-like chan-
nels may play a role in meristem maintenance. However, application of iGluR agonists
L-glutamate recovered Arabidopsis root growth. Taken together, these results suggest a
correlation between the putative iGluR-like channel function and the alteration of root
growth and development in the Arabidopsis roots.

Keywords: glutamate receptor, lateral root, Glu, calcium, DNQX, CNQX

1. Introduction

A mixture of organic and inorganic materials that makes uppermost layer of the earth in
which plants grow is known as Soil. The parent mineral rock derives inorganic materials
and is found in the form of sand, silt and clay. However, organic materials come from dead
and decayed parts of bacteria, fungi, algae, protozoa and soil animals such as nematodes,
earthworms, beetles and termites. The inorganic nitrogen dissolved in soil is vital for nutri-
tional requirements of plants, and it can be directly used in the synthesis of amino acids,
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN



48 GABA And Glutamate - New Developments In Neurotransmission Research

peptides and proteins [1]. Plants absorb organic nitrogen from soil in the form of free amino
acids [2, 3], which is derived mainly from decomposed organic matter and exudates pro-
duced by bacteria, fungus and living plants roots [4-9].

Among the 20 common amino acids, the six amino acids (glutamic acid, glutamine, aspar-
tic acid, asparagine, alanine and histidine) are mainly dominated in the soil, and they cover
approximately 80% of the total soil amino acid pool [10-12].

An agonist is an inducing ligand that can bind to and induce channel-linked receptors. On
the contrary, antagonist is a type of receptor ligand that can block the agonist-mediated
responses. Since ionotropic glutamate receptors (iGluRs) are ligand-gated ion channels, bind-
ing of L-glutamate (Glu) will open gates and increase ions conductance. However, both ago-
nists and antagonists of iGluRs share structural similarity with glutamate and bind to iGluRs
at the same site where Glu binds [13]. Interestingly, it has been observed that major amino
acids (glutamate, glycine, alanine, serine, asparagine, and cysteine) present in the rhizosphere
are strong agonist for iGlurRs [14].

Previous studies indicate that plant GLRs are functional, and involved in various functions,
such as photosynthesis [15, 16], abiotic stress [17, 18], as C/N balance [19], plant-pathogen
interaction [20, 21], root morphogenesis [22-24], pollen tube growth [25] and regulate cel-
lular calcium homeostasis [14, 20, 26-29]. Among studies with various cell types in plants,
it was found that Glu induces intracellular Ca* current. Glu-induced rise in the intracellular
Ca” level can be inhibited by the use of iGluRs antagonists, which are quinoxalinediones,
6,7-dinitroquinoxaline-2,3-dione (DNQX) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
[18, 27, 30]. Therefore, it was proposed that glutamate receptors (GLRs) can contribute to
the network of Ca* signaling pathways in plant cells [16]. Atglr1.2 knock-out mutant plants
displayed abnormalities in pollen growth [25]. Further, Analysis of Arabidopsis GLR mutant,
atglr3.6, reveals a major role of the plant GLRs in the regulation of plant root development
[24]. As a signaling molecule, glutamate is regarded to be the major neurotransmitter in the
mammalian central nervous system. The application of exogenous Glu can also alter root
phenotype [31, 32], indicating a role for GLR signaling in plants. Additionally, MEKK path-
ways can alter the glutamate sensitivity at the root tip suggesting for a glutamate signaling
pathway in plants [33, 34].

These days pharmacology-based functional study of ionotropic glutamate receptors in plants
has become very popular and useful approach [17, 18, 27, 32, 35-37]. We used comprehensive
set of compounds that have been found to contain a strong ability to modulate the activity
of mammalian iGluRs. In the present study, we introduced Glu to study the possible role of
plant GLRs in root development. To minimize the chance of multiple effects of Glu, we also
used artificial agonists (NMDA and AMPA) and competitive antagonists (DNQX and CNQX)
to the glutamate binding site on receptors. In animals, these artificial agonists and antagonists
are reported only for specific effects via their impact on iGIuR activities [38]. In our pharma-
cological-based study, we investigate how glutamate and iGluRs antagonists directly affect
plant root growth and development.
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2. Materials and methods

2.1. Plant materials and growth conditions

Arabidopsis thaliana (Col-0) seedlings were used in different analyses on root development.
All seed germination treatments were carried out at same half-strength Murashige and Skoog
(MS) medium [39] at constant pH 5.8. The root elongation under various treatments was
quantified using Image] program (http://rsb.info.nih.gov/ij/).

2.2. Chemicals

L-aspartic acid (Sigma, USA), L-glutamic acid, monosodium salt (Sigma, USA), N-Methyl-
D-aspartate (NMDA; Sigma, USA), and 2-amino-3-(5-methyl-3-oxo-1,2- oxazol-4-yl) pro-
panoic acid (AMPA; Sigma, USA) were dissolved in water, adjusted to pH 5.8 and filter
sterilized. Both receptor antagonists, 6,7-dinitroquinoxaline-2,3-dione (DNQX; Sigma, USA)
and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Tocris, USA) were dissolved in organic
solvent Dimethyl sulfoxide (DMSO) (Sigma, USA). All treatments were used with vari-
able concentrations as indicated in the figure legends. In order to study the role of Glu in
auxin balance inside the root cells, we used a synthetic auxin Naphthaleneacetic acid (NAA,
Sigma) and a polar auxin transport inhibitor NPA (1-N-Naphthylphthalamic acid, Sigma)
for treatments.

2.3. Seed sterilization

Prior to germination at growth media, seeds were first surface-sterilized in sodium hypochlo-
rite in active chlorine. Sterilization was carried out in a hood cabinet, and aliquots of seeds
were placed in Eppendorf tubes and treated with active chlorine for 1-2 h.

2.4. Plant growth condition

Arabidopsis seedlings for analysis were grown in sterile petri dishes using half strength MS
medium and the plate was sealed using Micropore TM tape. After this, seeds were stratified
in the dark at 4°C for 2-3 days to synchronize germination. Plates were then transferred to a
growth chamber at illumination of 120-150 pmol/m? s continuous light and at temperature
22-23°C.

2.5. Laser scanning and light microscopy

Confocal microscopy was performed using a Zeiss LSM510 META Confocal Imaging System
(USA). To observe the apical root meristem through confocal microscopy, roots were counter-
stained in propidium iodide (PI, Sigma) (10 uM) for 2-3 min, rinsed, mounted in dH,O. Images
were obtained by excitation with the Kr/Ar 488-nm laser line and emission was detected with
a band-pass 500-550 nm filter.
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2.6. Statistical analysis

Each experiment was repeated at least three times. Values are expressed as mean + SD. The
statistical significance was analyzed using Student’s t-test analysis.

3. Results

3.1. iGluR agonists and antagonists alter root growth in Arabidopsis

We used a comprehensive set of compounds that have been found to modulate iGluRs. All treat-
ments were performed with half strength of MS media [39] at a constant pH 5.8. The presence
these compounds was observed to have a marked effect on root architecture of Arabidopsis.
Both Glu and NMDA treatments had a stimulatory effect on primary root length (PRL) as well as
lateral root density (LRD) in wild-type plants as compared to the non-treated plants. However,
up to 10 days, AMPA showed a minor effect on root growth, but afterward, AMPA addition
also nearly restored root growth of wild-type plants, making it visually indistinguishable from
that of NMDA-treated plants (Figure 1A and B). These results indicated that glutamate recep-
tor agonists likely interact with signaling pathways to control root growth in plants. Further, to
test whether root growth was specific to natural iGluR ligands (Glu), we used another kind of
neurotransmitter amino acid L-aspartate (Asp) [40]. Interestingly, after 12 days of growth, Asp
treatment showed modest activity at inhibiting root growth and failed to increase lateral root
formation when supplied at the same concentrations as Glu (Figure 1A and B). These results
indicate that Glu and Asp have different activity in Arabidopsis root growth modulation and
that the effects of Glu on root development are likely due to a specific effect of Glu rather than
as a consequence of acidic behavior of amino acids.

To determine more closely the effects of plant iGluR-like receptor on the architecture of the
Arabidopsis root system, wild-type Arabidopsis seedlings were germinated and grown on
vertically oriented agar plates containing half strength MS medium supplemented with
iGIuR antagonists (DNQX and CNQX) alone or in combination of antagonists with Glu. As
expected, our results show that both DNQX and CNQX drastically reduced root growth, and
induced approximately similar kind of effects on root growth (Figure 1C and D). It was seen
that the PRL approximately reduced by 64.65% and 69.24% and LRD by 76.1% and 76.55%
(respectively for DNQX and CNQX treatment) (Figure 1C and D). To observe the effect of
agonist and antagonist treatment together, we used naturally occurring agonist, Glu, to com-
pete with DNQX and CNQX inhibitory actions [41]. It was observed that the external supple-
ment of Glu (at 0.5 mM) successfully recovered the reduced root growth (both PRL and LRD)
(Figure 1C and D). In summary, root growth was promoted by iGluR agonists, and use of
iGluR antagonists (CNQX and DNQX) drastically reduced root growth and then, again subse-
quently recovered by addition of Glu suggesting molecular correlation. Since, these compre-
hensive set of compounds are called the great modulator of iGluRs in mammalian cells, our
results suggested the involvement of Arabidopsis iGluR-like channel in root development.
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Figure 1. Variable effects of animal iGluR effector compounds on Arabidopsis thaliana root development. Arabidopsis
(wild-type, Col-0 ecotype) seedlings were germinated on half strength of MS medium (MS/2, [39]) supplemented with
1% of sucrose and agar. Immediately after germination, different treatments were done in MS/2 basal media adjusted
to pH 5.8 with NaOH. Time course for agonist treatments response in days 2-14 of longitudinal primary root growth
(A) and LR density (B) represented as LRs per centimeter primary root of Col-0 after incubation with 0.5 mM of each
glutamate (Glu), NMDA, AMPA and aspartate (Asp) individually. Antagonist’s treatments were done in MS/2 basal
media but control seedlings (Mock) were grown with equal volume of solvent (DMSO) as in DNQX (1 mM) and CNQX
(1 mM) treated seedlings. Comparison of root growth under antagonist given alone (1 mM) or together in the treatment
of 0.5 mM Glu. Root length (C) and LR density (D) of 11-day-old Col-0 seedlings. Values represent the mean of 15-18
measurements in triplicate and error bars represent +SD. The statistical analysis were performed by Student’s t-test
(P <0.005) indicated by asterisks.

3.2. Short-root growth in antagonist treated wild-type roots is contributed by
reduced root meristem size

Previously we concluded that the glutamate receptor signaling may be involved in regula-
tory mechanisms in the control of root growth, indicating an essential role for plant GLRs
in root meristem maintenance Therefore we analyzed cell division and meristem size
among wild-type and antagonist-treated wild-type roots at different growth duration (4 and
6 days). However, since treatments of both antagonists induced similar kind of inhibitory
effect on root growth, and thus we selected only one antagonist (DNQX) for further studies.

51



52 GABA And Glutamate - New Developments In Neurotransmission Research

Interestingly, we observed that antagonist-treated wild-type root illustrated a smaller meri-
stem size compared to wild-type (Figure 2A and B). Simultaneously, the number of meriste-
matic epidermal cells (in a single file) was also significantly reduced in both 4 and 6-day-old
roots of DNQX-treated wild-type plants (Figure 2C). Reduced meristem-enriched tissues
in DNQX treated roots showed a putative vital contribution of putative AtGLR signaling in
Arabidopsis root development.

QC surrounded with stem cells are pivotal in cell proliferation and meristem maintenance in
root [42]. Thus we investigated the possibility of deformity in the stem cell niche which may
result in impaired root growth after antagonist treatment. In confocal sections of propidium
iodide (PI) stained roots (Figure 3A and B), we observed that in comparison to wild-type
(four-celled QC), DNQX-treated wild-type roots were characterized by small dislocated colu-
mella cells with complicated-cellular-patterns. Altered columella root cap cells can also be
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Figure 2. Putative AtGLR regulates meristematic activity in primary-root apical meristem. (A) Confocal microscopic
images of Pl-stained 4-day-old wild-type and DNQX treated wild-type root. The border of root apical meristem is
indicated by arrows in Pl-stained roots. The longitudinal distance between the quiescent center (QC, marked in lower
arrow) and the first elongating cell is correspond to the root meristem length (B) and the number of meristematic
epidermal cells in single file of cells in wild-type and DNQX treated wild-type root at various time points (4 and 6-day-
old seedling) (C). Error bars represent SE (n > 15). Statistical significance in compared with wild-type were analyzed by
Student’s t-test (P < 0.005).
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observed by Lugol staining of starch granule [43]. We found that DNQX treatment in wild-
type approximately abolished the starch grains from amyloplast (Figure 3C and D).

3.3. Externally supplied Glu can rescue the EGTA-inhibited root phenotypes

There are many studies which showed that Arabidopsis AtGLRs engage in calcium homeo-
stasis [27, 28, 30]. We investigated whether the induced root growth in Glu-treated seed-
lings was dependent on Ca?*. Various concentrations of EGTA (a Ca* chelator) was added
to MS/2 supplemented with 0.5 mM Glu. At both concentrations of EGTA (0.5 and 1.0 mM),
root elongation was drastically inhibited in wild-type seedlings. However, supplement of
external Glu partially recovered root growth inhibited by low amount of EGTA (Figure 4).
Collectively, these data suggest a role for Ca*" in AtGLRs signaling to control root growth.

Auxin has been recognized as a key regulator in root development [44, 45]. NPA is a drug that
known for inhibition of polar auxin transport. An induction of cytosolic Ca** was observed
after auxin application, indicating a strong correlations between Ca? and auxin signaling.
Therefore, we investigated whether the higher root growth observed in the Glu-treated
seedlings is linked to the auxin and calcium. To elucidate this, we investigated whether
Glu and CaCl, are able to minimize the negative effect of NPA on Arabidopsis root growth.
Interestingly, applications of Glu and CaCl, to NPA-treated wild-type seedling had restored
the number of LR (Figure 5A and B).

Figure 3. Putative AtGLR regulates meristematic activity in primary-root apical meristem. Statistical significance in
compared with wild-type were analyzed by Student’s t-test (P < 0.005), indicated by asterisk. (A-B) Confocal images
of 4-day-old Pl-stained wild-type and DNQX treated wild-type roots. Columella cells have abnormal cell divisions in
DNQX treated wild-type roots. Wild-type and DNQX treated wild-type roots in Lugol staining (C-D). Scale bar: 100 um.
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Figure 4. Ca*-dependent growth phenotypes of EGTA treated wild-type root seedlings. Putative ligand Glu can
overcome reduced root growth by low amount of EGTA. Root phenotype of the 10-day-old wild-type seedlings under
the different treatments. Supplement of 0.5 mM Glu successfully recovered the primary root growth which was reduced
by 0.5 mM and 1 mM EGTA. The data presented are averages of three biological replicates. Asterisks represent statistical
difference analyzed with a Student’s t-test; P <0.005, n = 15.
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Figure 5. Reduced root growth shown by NPA-treated wild-type roots can be rescued by the externally supplied Glu.
Recovery of arrested root growth suggest the role of auxin. Application 1-N-Naphthylphthalamic acid (NPA) caused
arrest of root growth. However, exogenous application of Glu and Ca* (0.5 mM) to NPA-treated root is successfully
minimized the NPA effect (A and B). Asterisks represent statistical difference analyzed with a Student’s t-test; P < 0.005,
n=15.
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4. Discussion

4.1. Effect of glutamate treatment on root growth

Root plays pivotal role in plant life as it is crucial for nutrient and water absorption. In
Arabidopsis thaliana, a total of 20 types of AtGLR subunits have been identified. They have sig-
nificantly high sequence similarity with animal iGluR-like channels [46]. Probably due to phy-
logenetically conserved amino acid sequences, they may have a high potential for functional
redundancy. Using specific drugs that alter the channel activities is a key to study the function
of iGluR-like channels in Arabidopsis [21]. We used Glu, (a neurotransmitter), and other set
of compounds known to agonize (activate) (NMDA and AMAP) and antagonize (deactivate)
(DNQX and CNQX) the iGluR channels in mammalian cells. The use of broader set of drugs
would allowed us to observe the specific effects related to Glu and iGluR-like channels in root
cells. We observed that the application of these drugs potentially modulate the Arabidopsis
root architectures indicating an importance for AtGLRs in root development. We observed that
the application of iGluR agonists, Glu and NMDA were promoting root growth. In other stud-
ies it has also been reported that Glu could act as a root growth modifier [32, 47, 48]. Because
Glu is an acidic amino acid which can cause low pH-induced toxicity (acidic), which could
reduce root growth [31, 32, 48], we performed all experiments on constant pH range from 5.7
to 5.8 designed for plant tissue culture medium. Our result showing correlation with other
evidences which have been proved that plants possess Glu-activated ion channels like iGluRs
[30, 35, 36]. More specifically, NMDA-like iGluR receptors are also predicted in plants [27,
49]. Ammonium ion is a key form of inorganic nitrogen. Organic nitrogen compounds (amino
acids, nucleic acids etc.) are derived from NH, [50]. The assimilation of NHf1 into Glu is the cru-
cial step in amino acid synthesis and nitrogen metabolism [51]. Glu is directly involved chloro-
phyll synthesis in developing leaves [52]. Although it cannot be ruled out that Glu metabolism
plays an important part in plant nitrogen assimilation and its regulation, increasing evidence
suggests signaling properties of Glu in animals may also develop in plant [53].

The specificity of Glu to promote root development is individual. We used another kind of amino
acid neurotransmitter, aspartate (Asp). Unlike Glu, it failed to induce root growth, showing Glu
signaling in root development is highly specific [19]. Both DNQX and CNQX are the potent
competitive AMPA/kainate glutamate receptor antagonists [38, 54]. We reported that iGluR
antagonists have drastic effect on root growth. In animals they are known to block the ionotropic
glutamate receptors very precisely [55]. Moreover, some studies in plants also have defined that
animal iGluR antagonist are capable of changing the ion activity inside the cells and hence the
phenotypes [16, 19, 21, 35, 56]. More interestingly, additional supply of Glu is able to counter the
negative effect of each antagonist, suggesting a strong evidence of the existence of functional glu-
tamate receptors in plant root development [17, 19, 20, 37, 56]. Similar evidence is also reported.
Glu and Gly successfully revert back the effect of DNQX on Arabidopsis hypocotyl growth [27].

4.2. Root meristematic activity

In Arabidopsis, root meristem develops from a stem-cell niche situated at the apical part
of the root [57, 58]. Glutamate Receptor-Like protein (GLR3.1) has been described to be
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essential for meristematic activity in roots [22]. The roots grown by antagonist treatment
significantly reduced meristematic cell number, and hence a contraction of meristem
size was also observed. These observations certainly showed a correlation with less root
growth under antagonist treatment [59]. The role of quiescent center (QC) is vital in the
maintenance of root meristem [58, 60]. The majority of cells in the root meristem develop
from stem cells which are derived from QC. In confocal microscopic analysis, antagonist
treated-root showed a major change in QC organization which may resulted in less devel-
oped root meristem [61]. Numerous sedimented starch-filled amyloplasts in the root cap
are distinguishing of columella cells [62]. In our study it was observed that columella
cells of antagonist treated-roots possessed of defective amyloplasts in Lugol staining [63].
Therefore short root phenotype is highly consistence with defected organization of the
root cap and QC [42, 64, 65].

4.3. Glutamate and calcium in root growth

The iGluR is known to be a Ca* permeable channel [66]. Many studies revealed that
Arabidopsis AtGLR induces Ca* current upon activation by Glu [27, 30, 67]. We investi-
gated whether the putative agonist and antagonist treatments alter the [Ca*]cyt level in
roots. EGTA is a well-known Ca*-chelating agents [68]. In our study, application of EGTA
shows a strong inhibition in root growth. Interestingly, however when Glu was introduced
in same media, root growth was resumed. The presence of EGTA allows low availability
of Ca? in free space. Animal cells and plant cells are similar in that they are both use
endoplasmic reticulum (ER) as a calcium storage. Glutamate receptors are also reported to
localized in ER [22, 69]. In animals, Glu-induced intracellular calcium levels through endo-
plasmic reticulum is reported [69]. However, application of Glu may lead to more activa-
tion of putative AtGLRs that allow more Ca® release to cytoplasm from endomembrane
system which might play a role to recover the root growth. Calcium is key regulator of root
growth [70, 71]. Previous report has also found that roots in EGTA containing media failed
to grow toward gravity but it could be recovered by extra Ca* supply [72]. Furthermore, as
we have discussed before that application of DNQX and CNQX reduced root apical meri-
stem and hence also root growth, but application external Ca*" could resume root growth.
These results suggest a role of AtGLRs in Arabidopsis root development.

4.4. Glutamate signaling and polar auxin transport in roots

Expressions of AtGLR genes inside the root tissue give strong evidence that these recep-
tors have vital role [46, 73]. Recent studies on chimeric and other plant iGLRs provided evi-
dence for Ca* permeability across membranes. We have also found that the glr3.6-1 mutant
showed altered cytosolic calcium levels in root cells [24]. Calcium and auxin work together
in many aspects of cellular processes. A similar effect has been observed in different stud-
ies in response to calcium-chelating agents. Dela Fuente and Leopold (1973) showed that
basipetal transport of auxin is depressed by EDTA treatment and that subsequent addition of
Ca* restores auxin transport in roots [74]. Root bend toward a calcium-containing agar block
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versus an agar block with the calcium-chelating agent EGTA, suggesting that auxin transport
is regulated by local [Ca*]  levels [72]. NPA is a potent polar auxin transport inhibitor, which
can highly reduce the lateral root emergence [75-77]. Supplement of Glu together with NPA
(1-N-Naphthylphthalamic acid) (at 0.5 mM) showed approximately close root phenotype to
the control seedlings. Addition of Glu in intact roots directly may induce Ca** which may lead
to enhanced auxin transport and hence the suppressed negative effect of NPA Possibly appli-
cation of Glu can enhance the auxin supply to other deserved root cells rather than showing
competition with NPA blockage.

5. Conclusion

In this study, we applied a comprehensive set of compounds to study how these com-
pounds affect Arabidopsis root growth. Arabidopsis root system is highly sensitive to
these compounds known to alter the iGluR channels. Both Glu and NMDA promote the
primary root growth and lateral root density in Arabidopsis. On the other hand, iGluR
antagonists drastically reduced root growth at both parameters. Exogenous application
of Glu successfully rescued reduced root phenotype inhibited by EGTA. Moreover, root
growth reduced by polar auxin transport inhibitor NPA, could be rescued by Glu and
CaClz. As for AtGLRs function, although the mechanisms are not yet clear, the results
presented provide evidence in support of a role of AtGLRs in regulating Arabidopsis root
development.
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Abstract

Glutamate and gamma-aminobutyric acid (GABA) are the major neurotransmitters in the
mammalian brain. Inhibitory GABA and excitatory glutamate work together to control
many processes, including the brain’s overall level of excitation. The contributions of
GABA and glutamate in extra-neuronal signaling are by far less widely recognized. In
this chapter, we first discuss the role of both neurotransmitters during development,
emphasizing the importance of the shift from excitatory to inhibitory GABAergic neuro-
transmission. The second part summarizes the biosynthesis and role of GABA and
glutamate in neurotransmission in the mature brain, and major neurological disorders
associated with glutamate and GABA receptors and GABA release mechanisms. The
final part focuses on extra-neuronal glutamatergic and GABAergic signaling in pancre-
atic islets of Langerhans, and possible associations with type 1 diabetes mellitus.

Keywords: glutamate, GABA, CNS, pancreatic islets, neurological disorders
autoimmune diabetes

1. Introduction

Glutamate and gamma-aminobutyric acid (GABA) are the major neurotransmitters in the
brain. Inhibitory GABA and excitatory glutamate work together to control many processes,
including the brain’s overall level of excitation. A balanced interaction is required to maintain
the physiological homeostasis, while prolonged imbalance can lead to disease. Glutamatergic/
GABAergic imbalance can be found in autism spectrum disorders and anxiety disorders with
elevated glutamatergic neurotransmission, while high levels of GABA produce more relaxa-
tion and even sedation. Neurotransmitter levels can be affected by external factors, for exam-
ple, alcohol. Alcohol potentiates the sedentary effects of GABA, while inhibiting the excitatory
aspects of glutamate, resulting in an overall increase in GABA/glutamate ratio. This leads to
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sensations of relaxation and in later stages to loss of control with slurred speech, unsteady gait
and loss of social anxiety. The GABA/glutamate balance can also be affected by autoimmunity
and genetic disorders. The contributions of GABA and glutamate in extra-neuronal signaling
are by far less recognized. We will discuss extra-neuronal GABAergic and glutamatergic
signaling and its relevance in insulin secretion from the pancreatic islets of Langerhans.

2. Glutamate and GABA during development

Both glutamatergic and GABAergic neurons are highly diversified in the central nervous
system (CNS). More than half a century after the discovery of the effects of GABA, it is now
established that in mature neurons, neuronal excitability is characterized by a balance between
glutamatergic excitatory input and GABAergic inhibitory transmission. This balance is reached
during development. However, the functions of GABAergic signaling are not restricted to a
pure inhibitory mechanism at the synaptic level. This is a too simplistic view. For instance,
GABA influences patterns and oscillations that are very relevant from the behavioral point of
view [1]. GABA and glutamate expression are already widespread in the embryonic stage, and
glutamate receptors are expressed in neurons even before glutamatergic synaptogenesis [1].
While glutamate receptor activities tune the developing GABAergic synapse [2], GABA is now
considered the main excitatory transmitter during early development, acting not only at a
synaptic and network level, but also on cell cycle and migration [1]. This excitatory function
of GABA is caused by elevated neuronal intracellular chloride concentration at the early
stages of development. The efflux of chloride mediated by GABA in immature neurons is
excitatory, triggering sodium spikes and activating voltage-gated Ca** channels [1]. With time,
a progressive reduction of chloride efflux occurs. This explains the shift from a depolarizing to
a hyperpolarizing effect. Obata and colleagues were the first to suggest this developmentally
regulated shift at the level of the spinal cord [3]. Neuronal chloride homeostasis is regulated by
channels, exchangers and co-transporters. The developmental changes of sodium-potassium-
chloride cotransporter 1 (NKCC1) (ensuring chloride uptake; higher expression in immature
neurons) and potassium-chloride transporter 2 (KCC2) (principal chloride extruder; higher
expression in mature neurons) are the masterpieces for the changes in chloride efflux associated
with maturation. The developmental shift from local to large-scale network activity occurs in
parallel with a gradual shift from electrical to chemical synaptic transmission [4].

It is noteworthy that in immature neurons activation of GABA  receptors leads to an increase
in the intra-cellular concentration of Ca®", as a consequence of the stimulation of voltage-gated
Ca*" channels, which exerts trophic effects on neuritic growth, migration and synaptogenesis.
Blocking the GABA 4 receptor reduces the cytoplasmic concentrations of Ca** [5]. In addition,
the activation of GABAg receptors depresses the GABA 5 receptor-mediated Ca* increase and
therefore the GABAg pathway is likely supervising the entry of Ca* [6]. In granule cells of the
cerebellum, the changes in the concentrations of Ca> outlast the exposure to GABA by several
minutes [7]. The GABA -activated Ca®" influx regulates the expression of the chloride extruder
KCC2 [8]. One example of the relevance of this physiological shift in the chloride gradient
occurs during delivery when the maternal hormone oxytocin triggers labor [9].
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The electrical activity of neurons is a guide for the genesis of neuronal connections. Indeed,
neuronal activity exerts a key role in the development of inhibitory GABAergic synapses,
interacting closely with genetic programs. Blocking neuronal activity in developing neurons
decreases the density of inhibitory synapses, confirming an activity-dependent development
[10, 11]. The expression of GABAergic plasticity is related to modifications in the quantity of
neurotransmitter in individual vesicles. Migrating neurons express, already at an early stage, both
GABA and glutamate receptors [1], but GABA receptors are likely to be established first [12].
Interestingly, tangentially migrating interneurons express AMPA but not GABA or NMDA
receptors. Therefore, a modulation/targeting of neurons via selective activation of receptors can
be achieved [13]. This has implications for understanding and treatment of migrating disorders
affecting the nervous system.

The building of brain networks is a highly complex task which requires organized sequential
events, both spatially and from a timing standpoint. While an overdrive of GABAergic signal-
ing slows the development, the overactivity of glutamatergic signaling causes excitotoxicity
[1]. GABA receptors are the first to be active, even when synapses are still non-operant. This
creates a shunting effect preventing excitotoxicity, since the Na* and Ca*" spikes triggered by
GABA require only a 30-40 mV driving force. Such a shunt is part of the synergistic interac-
tions between GABA and glutamate. Thanks to these interactions, the neuronal networks in
development generate primitive patterns of discharges, observed in vivo and in cultured
networks, such as the giant depolarizing potentials (GDPs) which allow the building of func-
tional units [1]. GDPs resemble interictal-like epileptiform discharges and provide synchro-
nous Ca** oscillations also contributing to the development of networks. GDPs rely on the
release of GABA, glutamate, and glycine at the onset of synaptogenesis [14]. The synchronized
activity is one of the factors controlling the phenomenon of maturation [11]. Synchronization is
also achieved, thanks to gap junctions, intrinsic voltage-dependent conductance [15], and non-
vesicular paracrine release of neurotransmitters [16].

The capacity of developing nervous system to generate spontaneous activity in absence of
external stimulation is a remarkable feature that has been observed in particular in the retina,
the cerebral cortex, the hippocampus, the cerebellum, the hindbrain, and the spinal cord [14].
Recent works highlight that network bursts are driven by AMPA pathways in terms of
coordination, whereas the shaping of the dynamics of spiking activities is regulated by
NMDA- and GABA-associated currents [17].

3. Glutamate and GABA in the mature mammalian brain

3.1. Biosynthesis of glutamate and GABA: the glutamate/ GABA-glutamine cycle

Glutamate and GABA do not cross the blood-brain barrier and must therefore be synthesized
within the CNS. As neurons lack the enzyme pyruvate carboxylase and therefore cannot
synthesize glutamate through the TCA cycle [18], they rely on astrocytes for the generation of
glutamate. Astrocytes generate glutamate via de novo synthesis or by “recycling” glutamine
from GABA and glutamate after reuptake. However, de novo synthesis makes up only ~15% of
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astrocytic glutamate [19]. In this reaction, pyruvate is generated from glucose during glycoly-
sis and enters the TCA after conversion to Acetyl CoA. The TCA product a-ketoglutarate can
be converted to glutamate, which is converted to glutamine by glutamine synthetase, an
enzyme that is predominately, if not exclusively, located in astrocytes [20]. Glutamine exits
astrocytes via the bidirectional N system transporters, SNAT3 and SNAT5 [21], and enter
neurons via the unidirectional system A transporters, SNAT1, SNAT2 [21], and SNAT?7 [22].
There glutamine is converted back to glutamate by phosphate-activated glutaminase, an
enzyme which is expressed preferentially in neurons [23]. GABAergic neurons require an
additional step to convert glutamate to GABA through decarboxylation. After release from
the neurons, GABA and glutamate reenter the astrocytes to be “recycled” to glutamine. A small
portion of glutamate is oxidatively metabolized, thus making de novo synthesis of glutamate
necessary to maintain adequate glutamate levels [24]. The continuous recycling of glutamate,
GABA and glutamine between neurons and astrocytes is known as the glutamate/GABA-
glutamine cycle [25] (Figure 1).

3.2. Glutamatergic neurotransmission

In glutamatergic neurons, glutamate is packaged into synaptic vesicles (SVs) by vesicular
glutamate transporters (VGLUT1-3) [26]. The loaded SVs then dock near the release site,
where they are primed into a state of competence for Ca*'-triggered fusion-pore opening. Once
glutamate has been released, SVs can either fully collapse into the synaptic membrane, or close
rapidly and undock (“kiss-and-run”) [27].

Released glutamate is recognized by glutamate receptors (GluRs). Binding of glutamate
changes the receptor’s conformation and allows influx of extracellular Na* and other cations,
and an efflux of intracellular K" ions. GluRs fall into two major categories: ionotropic and
metabotropic [28]. Ionotropic GluRs are tetrameric ligand-gated cation channels that induce
depolarization of the postsynaptic membrane. The three types of ionotropic GluRs are named

Glutamatergic neuron Astrocyte GABAergic neuron

Figure 1. Overview of the glutamate/GABA-glutamine cycle. For details see text.
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after ligands that selectively bind to one receptor only: N-methyl-p-aspartate (NMDA), alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and Kainate, however all three
are bound by glutamate [28]. NMDA receptors (NMDA-Rs) activate slower than AMPA and
Kainate receptors. This delayed reaction is caused by the blockage of the cation pore of
NMDA-Rs by external Mg*" at resting membrane potential, which is removed upon depolar-
ization of the neurons [29, 30]. Thus, non-NMDA-Rs activation is necessary to depolarize the
neurons allowing NMDA-Rs activation. NMDA-Rs also close slower than non-NMDA-Rs, and
therefore determine the duration of the synaptic current.

NMDA-Rs also allow influx of Ca®" and have thereby a regulatory role in synaptic plasticity by
connecting synaptic activity with Ca®*-mediated biochemical signaling [31]. Depending on the
nature of the neuron’s depolarization, NMDA-Rs can both strengthen synapses, through long-
term potentiation (LTP) [32, 33], and weaken synapses, through long-term depression (LTD)
[34]. For LTP, repetitive and strong depolarization of the neurons allows significant influx of
Ca” into the cytoplasm and activation of protein kinases, including the calcium/calmodulin-
dependent protein kinase II (CaMKII), which (a) phosphorylate and activate AMPA-Rs and
(b) trigger the insertion of additional AMPA-Rs into the postsynaptic membrane [35]. This
increases the postsynaptic neuron’s responsiveness to glutamate leading to LTP. By strength-
ening the neighboring connections of similar activity patterns, the NMDA-R enforces the
Hebbian postulate that ‘cells that fire together, wire together’ [36]. For LTD, weak depolariza-
tion by low frequency stimulation still activates NMDA-Rs, but promotes only a modest
prolonged increase in Ca> levels. Protein phosphatases (protein phosphatase 1 and protein
phosphatase calcineurin) have a much higher affinity for calcium/calmodulin compared to
CaMKII and are activated at lower Ca®* levels. Thus, under the above conditions protein
phosphatases are activated [37], dephosphorylate AMPA-Rs, and induce the removal of
AMPA-Rs from the postsynaptic membrane [38], thereby reducing the postsynaptic respon-
siveness to glutamate and leading to LTD.

Metabotropic glutamate receptors (mGluRs) [39] are overall slower acting than iGluRs. In
difference to iGluRs, mGluRs are not ion channels, but belong to a group of G-protein-coupled
receptors. The associated G-protein consists of three subunits (a, 3, and v), of which the a-
subunit is associated with GDP. Glutamate binding to the receptor induces a conformational
change that allows the replacement of GDP with GTP and consequent dissociation of the three
G-protein subunits. While the Gy -complex activates K™ and Na" channels, the a-subunit
interacts with different enzymes [40]. Excitatory G,-subunits (G,q or G,11) bind and activate
phospholipase C-3 (PLC-), initiating a signaling cascade leading to the activation of protein
kinase C (PKC) and the release of Ca** from the ER. Another excitatory G,-subunit (Ggs)
activates the membrane-associated adenylyl cyclase, which catalyzes the conversion of ATP
to cAMP, leading to activation of protein kinase A (PKA). Inhibiting G,-subunits (G,; or Gyo)
prevent activation of adenylyl cyclase and the activation of PKA [41]. The three mGluRs
groups (I-III) differ in their alpha subunits. Generally, Group I mGluRs carry activating G
or G,11 subunits, are localized postsynaptically, and lead to cell depolarization and increased
neuronal excitability. Groups II and III mGluRs carry inhibitory G,; or G, subunits and are
often localized on presynaptic terminals or preterminal axons, where they inhibit neurotrans-
mitter release [42].
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Released glutamate must be rapidly removed to avoid continuous stimulation and exci-
totoxicity [43, 44] (see also glutamate-induced excitotoxicity). Glutamate uptake is mediated
via brain excitatory amino acid transporters (EAATS) on both pre- and postsynaptic neurons
and on surrounding astrocytes [45]. Five subtypes of EAATs (EAAT1-5) have been cloned so
far. A smaller portion of extracellular glutamate is reabsorbed by presynaptic or postsynaptic
neurons.

Another mechanism involved in the extracellular glutamate regulation is the cystine/gluta-
mate exchange transporter xc(—). In contrast to the EAATs, xc(—) is involved in elevating
extracellular glutamate concentrations. Here intracellular glutamate is exchanged for extracel-
lular cystine. The stimulation of xc(—) modulates glutamate release from the presynaptic
neurons [46]. xc(—) regulates glutamate homeostasis through the involvement of the presyn-
aptic mGIuR2/3. Moreover, a decrease of xc(—) expression can lead to a reduction in
extrasynaptic glutamate level. This effect may cause a loss of glutamatergic tone on presynap-
tic mGluR2/3, which can lead to a marked increase in glutamate release from presynaptic
glutamatergic neurons [47].

3.3. GABAergic neurotransmission

For the synthesis of GABA, glutamate is decarboxylated to GABA by glutamate decarboxylase
(GAD). GAD is expressed as two isoforms (GAD67 and GAD65) and can be found only in
GABAergic neurons and in certain peripheral tissues, most prominently in the pancreatic islets
[48]. GABA can also be taken up by presynaptic neurons after its release into the synapsis.
However, this recycled GABA is mainly metabolized to generate ATP through the GABA
shunt pathway [49], while newly synthesized GABA is preferentially taken up into SVs [49].
Transport of newly synthesized GABA into SVs is tightly linked to its synthesis, as GAD65 and
the GABA transporter VGAT form a protein complex with chaperone protein HSC70, the
vesicular cysteine string protein (CSP), and CaMKII [49]. In the absence of GAD65 from this
complex, the active site of VGAT may be available to cytosolic GABA, and vesicular transport
of GABA can be restored to a certain extent [49]. GAD65 has also a crucial role in the
trafficking of GABAergic vesicles to presynaptic clusters [50]. Palmitoylation of cysteine resi-
dues located at the N-terminus of GAD65 is required for the transport of GAD65 to synaptic
terminals [51], and decreased palmitoylation impairs GABAergic neurotransmission, as
observed in Huntington’s disease [52]. Similar to glutamate, GABA is released in a Ca*-
dependent manner upon depolarization of the presynaptic membrane.

GABA receptors present as ionotropic GABA 4 receptors that cause rapid inhibitory postsyn-
aptic potentials, and metabotropic GABAg receptors that cause slow inhibitory postsynaptic
potentials [53]. GABA4 receptors are multi-subunit proteins [54] and consist of three major
subunits (a, f, and ). A total of five subunits are arranged around the central ion pore. The
major receptor isoform consists of two oy, two [, and one y, subunits. GABA binding to
GABA , receptors on the postsynaptic neuron induces rapid and transient opening of GABA 5
receptor CI™ channels [55]. The subsequent influx of anions hyperpolarizes the membrane
(phasic inhibition). GABA overspill can activate extrasynaptical GABA 4 receptors, inducing a
more prolonged opening of the ion channel (tonic inhibition) [56].
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Metabotropic G-protein coupled GABAg receptors are mostly located extrasynaptically and
can be found both pre- and the postsynaptical. These heterodimers consist of GABAg; and
GABAGg; subunits. The GABAg; subunit can be bound by GABA, while GABAg; is coupled to
the G-protein. Activation of GABAg receptors induces the dissociation of the subunits of the
coupled G-protein. The Gg/,-subunit complex activates inwardly rectifying K* channels [57]
and inhibits voltage-activated Ca** channels [58], resulting in hyperpolarization of the neuron
and inhibition of neurotransmission [59]. The Gg-subunit inhibits activation of adenylyl
cyclase as described above for mGluR. Activation of presynaptical GABAg receptors impedes
opening of voltage-activated Ca®" channels and thereby reduces neurotransmitter release.
Thus GABA can inhibit its own release through a negative feedback loop via GABAg receptors
present on GABAergic axons [60]. Activation of postsynaptical GABAg receptors reduces
depolarization of the plasma membrane and thereby modulates excitatory signals.

The reuptake of GABA is mediated by GABA transporter protein present in presynaptic nerve
terminals (GAT-1) and surrounding glial cells (GAT-3) [61].

3.4. Neurological diseases associated with glutamate and GABA receptors and GABA
release mechanisms

3.4.1. Limbic encephalitis

The relation between anti-GluR antibodies (Abs) with limbic encephalitis has been investi-
gated during the last two decades [62, 63]. Several autoantibodies against extracellular epi-
topes of GluR involved in synaptic transmission and plasticity, such as AMPA-Rs [64] and
NMDA-Rs [65] are described. The affected patients develop complex neuropsychiatric symp-
toms, such as memory deficits, cognition impairment, psychosis, seizures, abnormal move-
ments, or coma. These disorders affect mainly young women, though cases of men and
children have been reported [62]. Some of these patients present with malignant tumors and
the syndrome can be qualified as paraneoplastic [62], characterized by association of anti-
NMDA-RADb in ovarian teratoma and anti-AMPA-RAb in lung small cell carcinoma.
Paraneoplastic limbic encephalitis can be fatal, but is curable if treated at an early stage by
surgical removal of the tumor and a combination of immunotherapeutic agents [62]. Mecha-
nistically, autoantibodies directed against AMPA-Rs and NMDA-Rs decrease the numbers of
the cell-surface receptors [63] and anti-AMPA-RAb may act as agonists and increase cell
excitability [66].

3.4.2. Immune-mediated cerebellar ataxias

Compared with autoimmune encephalitis affecting the limbic system, autoantibodies to
GluRs, such as anti-mGIluR1 Ab and anti-glutamate receptor delta2 (GluRd2) Ab, are less
frequently associated with immune-mediated cerebellar ataxias (IMCAs). Anti-mGluR1Ab
was reported in two patients with malignant lymphoma and one patient with prostate adeno-
carcinoma [67, 68]. Anti-mGIuR1Ab impairs the induction of LTD, which causes ataxia in mice
[67]. Interestingly, IMCAs associated with anti-GluRd2Ab are always preceded or accompa-
nied by either infection or vaccination [58]. Polyclonal Abs toward the putative ligand-binding
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site of GluRd2 are known to cause AMPA-R endocytosis and attenuate their synaptic trans-
mission, resulting in the development of ataxia in mice [69].

3.4.3. Autosomal recessive cerebellar degeneration

Autosomal recessive CAs (ARCAs) are affected by several gene mutations. One of these
involves mutations in the GRM1 gene, which encodes mGluR1, known to play an important
role in cerebellar differentiation [70]. Accordingly, the clinical features of this familial form of
CAs appear already during childhood. The child shows global developmental delay, intellec-
tual defects, severe CAs, and pyramidal signs. Brain imaging often shows progressive gener-
alized cerebellar atrophy. Mutations affect a gene region critical for alternative splicing and the
formation of the receptor structure.

3.4.4. Glutamate-induced excitotoxicity

Deficits and mutations in GluR can also affect the level of extracellular glutamate with detri-
mental outcomes for neurotransmission and neuronal health. The level of extracellular gluta-
mate is determined by three factors: (1) vesicular-released glutamate at the synapses, (2) non-
vesicular-released glutamate from the system xc(—) (see above) [71], and (3) glutamate uptake
by EAATs on astrocytes [72]. When glutamate release exceeds glutamate uptake, the excess
glutamate activates a large number of postsynaptic NMDA-Rs, resulting in the induction of
excitotoxic neuronal death by allowing excessive Ca®" influx through the receptor-operated
cation channels [73]. Excessive activation of NMDA-Rs and the associated Ca" influx result in
stimulation of calpain I and nNOS [73]. This causes DNA damage and formation of ONOO—
due to excess NO (nitrosative stress) and other free radicals. The combination of these two
changes ultimately leads to mitochondrial dysfunction and cell death [73]. Recent studies
reported the presence of high glutamate levels in the extracellular space in chronic degenera-
tive diseases, such as amyotrophic lateral sclerosis, Alzheimer’s disease, and Huntington’s
disease [74]. Taken together, glutamate-induced excitotoxicity may be a common process for
neuronal death throughout the CNS and accelerates the original pathological changes.

3.4.5. Neurological diseases associated with deficits in GABA receptors

Anti-GABAg receptor Ab is associated with limbic encephalitis [75], which manifests clinically
similar to anti-GluRAb-mediated limbic encephalitis. Some patients also develop CAs. About
50% of the patients have neoplastic diseases, especially small cell lung carcinoma [75]. Clinical
studies indicate that surgical removal of the lung tumor and subsequent immunotherapy can
be effective in the relief of the above neurological disorders, especially in the early stages of
disease.

3.4.6. Association of GAD65 dysfunction with neurological disorders

Anti-GAD65ADbs are associated with stiff-person syndrome (SPS) and CAs [76]. Titers of anti-
GAD65AD are high (>1000 U/ml) in both conditions. SPS is characterized clinically by progressive
rigidity and painful-muscle spasms in the axial and limb muscles. Electromyography (EMG)
shows simultaneous activities of the agonist and antagonistic muscles. Anti-GAD65Ab-associated
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CAs affect mostly women in their 50-60s and exhibit subacute or chronic CAs, which are
sometimes associated with SPS or epilepsy [76]. Furthermore, the majority of patients also suffer
from type 1 diabetes mellitus (T1D) [76].

Based on the intracellular location of GAD65 (on the cytoplasmic side of SVs), the pathogenic
role of anti-GAD65Ab in CA and SPS has been questioned. However, recent studies have shed
new light on this issue. First, the pathogenic actions of anti-GAD65Ab have been clarified both
in in vitro and in vivo preparations [77-82], for example, the Cerebrospinal fluid (CSF) of
patients with SPS inhibited GABA synthesis [83]. Furthermore, SPS-like symptoms were
reproduced in experimental rats and mice injected intrathecally or intraventricularly [84] or
intracerebellarly [80] with IgGs obtained from the CSF of CA and SPS patients. Specifically,
IgGs obtained from the CSF of patients with anti-GAD65Ab-associated CA depressed GABA
release in cerebellar brain slices [77, 78, 82, 85], and their intracerebellar injection interfered
with cerebellar control of the motor cortex and resulted in ataxic gait in rats [79]. These actions
were reproduced by human anti-GAD65 monoclonal Ab b78, which binds to an epitope
similar to that recognized in SPS patients positive for anti-GAD65Ab [80-82].

Second, studies in animals have shown internalization of antibodies by cerebellar neurons [81,
86], demonstrating that anti-GAD65ADb can access their intracellular target. Together, these
results indicate the possibility that anti-GAD65Ab may damage sufficient numbers of
GABAergic neurons to result in the appearance of frank neurological symptoms [87].

The pathological effects of anti-GAD65Ab depend on epitope specificity. Specifically, the
pathologic effects of anti-GAD65Abs on GABA synthesis and release were specific to anti-
GAD65Ab b78—representing SPS- and CA-associated anti-GAD65Ab—and could not be
reproduced by monoclonal anti-GAD65Ab b96.11, representing an epitope specificity associ-
ated with type 1 diabetes mellitus [80-82]. This epitope dependence might explain the differ-
ences in neurological phenotypes. Administration of CSF obtained from patients with SPS or
CAs reproduced the clinical features of the corresponding disease in mice [80]. Thus anti-
GADG65AD in SPS that inhibit GABA synthesis, would attenuate inhibitory Purkinje cell-
mediated depression of the spino-cerebellar loop, resulting in increased muscle tone, whereas
anti-GAD65AD in CAs depress GABA release, resulting in disruption of Purkinje cell-mediated
modulation of the cerebro-cerebellar loop to elicit disorganized movements [87]. An alterna-
tive explanation of the phenotypic differences is the involvement of other autoimmune-
mediated mechanisms.

In anti-GAD65Ab-associated CAs, anti-GAD65Ab impairs the association of GAD65 with the
cytosolic side of SVs resulting in a decrease in vesicular GABA contents with low release
probability [82]. Under normal conditions, the released GABA spills over to the neighboring
excitatory synaptic terminals and inhibits presynaptic glutamate release through GABA recep-
tors. However, this GABA-induced inhibition of glutamate release is disturbed in patients with
CAs [77]. Taken together, anti-GAD65AD elicit marked imbalance in neurotransmitters; includ-
ing a decrease in GABA and an increase in glutamate. The imbalance between GABA and
glutamate is accelerated following the involvement of microglia and astrocytes [87]. Microglia
activated by excessive glutamate levels can secrete various cytokines, which facilitate gluta-
mate release presumably through xc(—) on microglia, and suppress the uptake of glutamate
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through EAATSs on astrocytes [71, 88, 89]. Thus, the neuroinflammation-induced chain reac-
tions accelerate the imbalance, leading to profound excitotoxicity. In agreement with this
notion, the cerebellar neurons are completely lost in patients with advanced stage CAs [90].

In conclusion, deficits in glutamate- and GABA-mediated synaptic mechanisms, upset the
glutamate/GABA ratio. Notably, the level of glutamate is relatively high compared with that
of GABA, caused by various etiologies, including glutamate release by damage-induced depo-
larization, exaggerated glutamate release through xc(—), and attenuated uptake of glutamate
through EAATS, or a decrease in GABA release with subsequent increase in glutamate release.
The imbalance between glutamate and GABA can trigger excitotoxicity, one of several neuron
death mechanisms.

4. GABA/glutamate signaling pathways in pancreatic islets and
implications in type 1 diabetes mellitus

While GABA and glutamate are best characterized for their role as neurotransmitter, they are
also involved in extra-neuronal signaling. As a major building block in proteins synthesis,
intracellular glutamate is abundantly present in the body. In contrast, GABA is present only in
restricted non-neuronal tissues, including the pancreas [91]. Pancreatic islets are clusters of
endocrine cells located in the exocrine pancreas and regulate blood glucose homeostasis. An
islet typically contains insulin-releasing beta cells, glucagon-secreting alpha cells, somatostatin-
containing delta cells, and pancreatic polypeptide-producing (PP) cells. The metabolic actions
of insulin and glucagon are reviewed in great detail elsewhere [92]. Briefly, insulin is released at
elevated blood glucose levels and acts as an anabolic hormone, causing cellular glucose uptake
primarily in skeletal muscles, the liver, and fat tissue. Here glucose is converted to storable
energy substrates including glycogen and triglycerides, respectively. At low blood glucose
levels, glucagon is secreted from pancreatic alpha cells. Glucagon causes the liver to convert
stored glycogen to glucose and induces lipolysis in fat tissue. Many regulatory mechanisms
are in place to control the secretion of insulin and glucagon to maintain stable blood glucose
levels. Within the islet, extracellular insulin inhibits glucagon secretion from alpha cells, while
glucagon enhances both insulin and somatostatin secretion [93]. In recent years, GABA and
glutamate have gained interest for their respective roles in the regulation of secretion of insulin
and glucagon.

In the following sections, we will review GABAergic and glutamatergic signaling in the islets
of Langerhans and possible implications for type 1 diabetes mellitus.

4.1. Glutamate and GABA in pancreatic islets

Both glutamate and GABA are synthesized from glucose taken up by beta cells. The majority
of glucose is metabolized to produce energy, however a portion is converted to glutamate. The
initial step is catalyzed by pyruvate carboxylase present in the beta cells [94]. Thus, in contrast
to GABAergic neurons, beta cells can synthesize glutamate on their own. In the alpha cells,
glutamate is loaded into glucagon-containing secretory granules via VGLUT1 and VGLUT2
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[95]. Within the beta cells, glutamate is decarboxylated by GAD to yield GABA. GABA is
packaged by the GABA transporter VGAT into small synaptic-like microvesicles (SLMVs)
[96]. A smaller fraction of GABA is present in insulin-containing large dense core vesicles
(LDCVs) [97, 98]. These vesicles also express VGAT, suggesting similar packaging mechanisms
as for SLMVs [98]. GABA is present predominantly, if not exclusively, in the beta cells [96, 99,
100], and GABA and GAD expression levels in beta cells are similar to those in GABAergic
neurons [97].

Both isoforms of GAD have been identified in pancreatic beta cells, GAD65 being the predom-
inant isoform in rat and human beta cells, while mice beta cells only express GAD67 [48]. In
human and rat beta cells GAD65 co-localizes with GABA at the SLMVs [101], while in murine
pancreatic islets, GAD67 is firmly membrane anchored and efficiently transits to presynaptic
clusters [102]. It remains unclear whether GAD is involved in SLMVs transport to the plasma
membrane, in analogy to GABAergic neurons (see also Section 3.3).

As outlined above, GABA is present in both SLMVs and insulin-containing LDCVs. The basal
release of GABA from beta cells is relatively constant [101, 103], but can be modulated
depending on the metabolic state of the cell [104]. The mechanisms involved in GABA release
were first investigated in beta cell lines, where GABA secretion was shown to be dependent on
the presence of extracellular Ca** [105], suggesting that GABA is released in response to an
increase in cytosolic Ca®* levels. A detection system for GABA release involving overexpressed
GABA, receptors in dispersed rat islets allowed the sensitive detection of GABA release as
fluctuations in current in whole-cell patch-clamped beta cells [106]. These studies confirmed
that GABA release is dependent on the entry of extracellular Ca** through voltage-gated
channels and not by membrane depolarization itself. The study further indicated that the
observed GABA release originated predominantly from SLMVs rather than LDCVs.

Both beta and alpha cells express GABA 4 and GABAg receptors [103]. Through the expression
of GABA receptors on beta cells, GABA regulates its own secretion (autocrine regulation).
GABA 4 receptor activation induces further GABA release (autocrine positive feedback loop)
[97, 107]. However, GABA-mediated regulation of GABA release depends on the extracellular
glucose concentration. At high glucose concentrations, GABA hyperpolarizes the membrane of
isolated beta cells and beta cell lines [108]. This inhibitory effects appears be mediated via
GABAg receptors [106, 109].

Presence of GABA receptors on adjacent alpha cells enables a paracrine regulation of these
cells [110]. Activation of GABA, receptors on alpha cells leads to hyperpolarization and
suppression of glucagon and glutamate secretion [103, 111]. As glucagon and glutamate
trigger insulin release from beta cells, GABAergic inhibition of glucagon and glutamate secre-
tion indirectly downregulates insulin release from beta cells as a negative feedback regulation
(Figure 2). Extracellular GABA is taken up by the plasma membrane GABA transporter GAT3
expressed on both alpha and beta cells [98].

At low concentrations of glucose, alpha cells show high action potentials [103, 112], mediated
by voltage-gated Na* and Ca®* channels [113]. This triggers the release of glucagon and
glutamate. At high glucose concentrations, release of glucagon and glutamate is inhibited,
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Figure 2. Schematic outline of presumed GABAergic and glutamatergic signaling in pancreatic islets. At low glucose
concentrations, beta cells release GABA in a glucose-independent manner [97, 108]. This tonic GABA release continuously
activates GABA 5 receptors on beta cells and alpha cells. GABA 4 receptor activation leads to further GABA release from
beta cells and suppresses release of glucagon and glutamate from alpha cells, thereby preventing insulin secretion. As
extracellular glucose levels rise, the level of intracellular Ca®* increases in beta cells, allowing release of insulin. Secreted
insulin inhibits GABA A receptors on the beta cells, thereby decreasing the autocrine positive feedback release of GABA
from beta cells and reducing GABA-mediated inhibition of alpha cells [140]. Moreover, under high glucose concentrations
GABA inhibits its own release from beta cells (via GABAg receptor activation). Reduced extracellular GABA concentra-
tions allow glucagon and glutamate secretion from alpha cells. Glutamate triggers glutamate and glucagon release via
activation of AMPA-Rs and glucagon stimulates further insulin release from beta cells. Counter-regulation: eventually, the
depolarization of beta cells activates NMDA-Rs present on beta cells, initiating the repolarization of beta cells and limiting
insulin release. Reduced insulin levels lift the inhibition of GABA4 receptors on beta cells and allow positive feedback
regulation of GABA release. Elevated extracellular GABA levels can now activate GABA receptors on alpha cells and
inhibit glutamate and glucagon release. Of note, insulin secretion induces GABA receptors phosphorylation and trans-
location to alpha cell plasma membrane [111]. This renders alpha cells more susceptible to GABA-mediated suppression
of glucagon secretion, and ultimately limits insulin secretion from beta cells [111, 141].

although the mechanistic details of this regulation remain unclear. Paracrine GABA-mediated
regulation (as described above) is suggested by the finding that isolated rat alpha cells no
longer show reduced glucagon/glutamate release at elevated glucose concentrations [112], and
the observation that in rat islets and purified alpha cells, GABA antagonists suppress glucagon
secretion [114]. Insulin and GABA are suggested to serve as paracrine inhibitors of glutamate
and glucagon release [101, 103, 115].

Once released, glutamate activates GluRs expressed on both alpha and beta cells. The cell-
specific distribution of AMPA-R/Kainate receptors and NMDA-Rs remains debated, and earlier
reports suggested that AMPA-Rs are expressed exclusively on alpha cells, while NMDA-Rs were
reported to be specifically expressed on beta cells [116]. However, later reports suggest that
AMPA-Rs are also expressed on mouse beta cells, and other studies suggest iGluRs expression
only on alpha and not on beta cells [117]. mGluRs mGluR8, mGIluR5 and mGluR2/3 are
expressed by beta cells [109, 118], while mGluR4 protein is expressed on alpha cells [119].
Extracellular glutamate activates AMPA/kainate Rs present on alpha cells and triggers the co-
release of glutamate and glucagon (positive feedback regulation) [117, 120, 121]. On the other
hand, activation of mGluR inhibits glucagon/glutamate secretion from alpha cells [119] (nega-
tive feedback regulation). Few studies reported that activation of AMPA/Kainate-R and/or
mGIuR on beta cells triggers insulin secretion [118, 120], however subsequent studies could
not confirm these results [117]. Still, through glucagon-mediated insulin release from beta cells,
co-secreted glutamate indirectly stimulates insulin secretion from beta cells [121]. In addition,
glutamate stimulates GABA release from SLMVs in beta cells independently of insulin release,
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thus serving as a regulatory factor to limit glucagon/glutamate release [106]. As in the
GABAergic system, glutamate-mediated regulation of beta cells depends on the extracellular
glucose concentration. The high-affinity NMDA-Rs on the beta cell are already saturated at
physiological glutamate concentrations in the islet, and are mainly activated through depolar-
ization of beta cells [121]. As islets are depolarized by external glucose, the NMDA-R-mediated
repolarization of the beta cells is a negative feedback regulation of glucose-stimulated insulin
secretion. Extracellular glutamate is taken up by EAAT1 and 2 expressed on alpha cells [122].

4.2. Proposed GABAergic and glutamatergic signaling in type 1 diabetes mellitus

Type 1 diabetes mellitus (T1D) is an autoimmune disease, characterized by the specific
destruction of pancreatic beta cells. Exogenous administration of insulin is necessary to avoid
hyperglycemia. Additionally, within 5 years of disease diagnosis, almost all patients with T1D
lose their ability to generate an adequate glucagon response to hypoglycemia [123]. This loss
has been attributed to the lack of intracellular regulation of beta- to alpha-cell signaling during
hypoglycemia [124] and may account for the elevated plasma glucagon levels in diabetes
patients, indicating alpha-cell hypersecretion [125, 126]. As observed for neurons, beta cells
are sensitive to elevated extracellular glutamate levels and show signs of secretory defects and
apoptosis at high glutamate levels [122]. This effect was not prevented by AMPA-R and
Kainate-R antagonists and therefore unlikely caused by excitotoxicity. Instead, oxidative stress
appears to be the underlying mechanism of glutamate-induced beta-cell death. As outlined in
detail in the CNS portion of this chapter, the glutamate/cystine antiporter system xc(—)
exchanges intracellular glutamate for extracellular cystine. Excess extracellular glutamate
inhibits and/or reverts the activity of the antiporter, thus depleting the cells of cysteine, a
building block of the antioxidant glutathione, possibly increasing the cells’” vulnerability to
oxidative stress [122]. Upregulation of EAAT1 expression on beta cells protects beta cells from
glutamate-induced toxicity [122], indicating glutamate signaling as a potential therapeutic
target. Notably, many effective antidiabetic drugs such as GLP-1, exenatide, and glitazones
also show significant neuroprotective activity against glutamate-induced cytotoxicity in the
brain [127, 128]. Moreover, topiramate, an anti-epileptic drug that provides neuroprotection by
preventing glutamate toxicity, has antidiabetic and beta-cell cytoprotective effects [129] and
long-lasting remission was observed in a T1D patient after treatment with topiramate for
generalized seizures [130].

GABA has an overall anti-inflammatory effect on the immune system [131]. GABA 4 receptors
are expressed by T cells, B cells, and other mononuclear cells, and their activation suppresses
lymphocyte proliferation [132, 133]. This GABA-mediated inhibition of T cell responses may
provide the mechanism of GABA-associated protection of animal models for development of
T1D [134]. GABA also promotes a shift from an inflammatory to an anti-inflammatory cyto-
kine profile in vivo and in vitro [107]. Another aspect of GABA activity in regard to pancreatic
beta cells has been only recently reported. Through activation of GABAg receptors, GABA
significantly increases beta-cell viability [135] and replication [136]. In mouse models, GABA
administration prevented and even reversed T1D [107]. One of the involved mechanisms may
be GABA-mediated conversion of alpha cells to beta cells [137, 138]. While the details of the

77



78 GABA And Glutamate - New Developments In Neurotransmission Research

mechanisms involved need to be further investigated, these studies open the intriguing poten-
tial to use GABA treatment to re-generate beta cells in T1D [139].

It remains unclear what may cause impaired GABAergic and glutamatergic signaling in the
pancreatic islets. No mutations of receptors or other elements of the signaling mechanisms
have been identified in T1D so far. GAD65AD are present in the majority of patients with T1D
and are regarded as a byproduct of the immune response without significant relevance for the
disease progression. However, it is possible that in analogy to their role in neurological
disorders, GAD65Ab are taken up by pancreatic beta cells and (a) uncouple the balanced
regulation of insulin and glucagon secretion and (b) induce beta cell apoptosis through
prolonged exposure to elevated extracellular glutamate levels. Further research is needed to
determine whether GAD65Ab have a pathologic role in the development of T1D.
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Abstract

Agents that antagonize the action of GABA on ionotropic receptors are widely used to
probe the function of this neurotransmitter. Three such agents are in common use: bicu-
culline, gabazine, and picrotoxinin. These three agents produce convulsions on systemic
administration but act in significantly different ways. Bicuculline is a competitive antago-
nist of GABA,, receptors. Gabazine is also a competitive antagonist of GABA, receptors,
interacting with different residues on the receptors. Picrotoxinin is a noncompetitive
antagonist acting on the chloride channel of GABA, and several other ionotropic CYS-
loop receptors including glycine, GABA , and 5-HT, receptors. Many other structurally
diverse agents are now known to act as GABA receptor antagonists, providing oppor-
tunities for the discovery of agents with selectivity for the myriad of ionotropic GABA
receptors. TPMPA is a selective antagonist for GABA . receptors, which are insensitive to
bicuculline. Like TPMPA, many antagonists of ionotropic GABA receptors are not con-
vulsants, indicating that there is still much to be learnt about GABA function in the brain
from the study of such agents and their possible therapeutic uses. The most recently
discovered GABA, receptor nonconvulsive antagonist is 544819, which is subtype selec-
tive for a5-containing receptors, and is arousing much interest in relation to cognition.

Keywords: antagonists, GABA receptors, bicuculline, gabazine, picrotoxinin

1. Introduction

“Advantages of an Antagonist” headed the Nature editorial in 1970 on the paper reporting the
antagonist action of the convulsant alkaloid bicuculline on receptors for the neurotransmit-
ter GABA in the cat spinal cord [1, 2]. The editorial predicted “With this tool it should now
be possible to map fairly rapidly the distribution of GABA-inhibitory synapses in the CNS,
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and to determine whether they are as numerous and widely distributed as the relatively high
GABA content of the tissue would suggest.” Indeed, interest in GABA antagonists contin-
ues today, with more than 120 publications per year containing the terms “bicuculline” and
“GABA” since 1970 [3]. GABA-inhibitory synapses are widely distributed in the CNS with
GABA being released by up to 40% of neurons in many brain regions [4]. Specific GABA
receptor antagonists have been described as “essential tools of physiological and pharmaco-
logical elucidation of the different types of GABA receptor inhibition” [5].

GABA receptors can be divided into two major types based on their mechanism of action dat-
ing from the studies by David Hill and Norman Bowery in 1981 on the binding of the GABA
analog baclofen to rat brain membranes [6]. They described a receptor that “differs from the
classical GABA site as it is unaffected by recognized GABA antagonists such as bicuculline.”
They went on to state “We propose to designate the classical site as the GABA , and the novel
site as the GABA, receptor.” We now know that GABA, receptors are ionotropic receptors
and that GABA, receptors are metabotropic. This perspective on GABA receptor antagonists
is limited to mammalian ionotropic receptors.

Ionotropic GABA receptors are ligand-gated ion channels, where binding of GABA neces-
sitates a change in conformation, which leads to opening of the ion channel. The ion channel
is permeable to chloride, and increased conductance of this anion stabilizes the membrane
potential, thereby reducing excitatory depolarization of the postsynaptic membrane. On the
other hand, metabotropic GABA receptors are G-protein-coupled receptors, where GABA
binding activates a variety of second messengers that lead to closing of cation channels to
prevent sodium and calcium entry and opening of potassium channels to permit potassium
efflux. The net effect is a reduction in excitability of the pre- or postsynaptic cell.

Ionotropic GABA receptors are part of the CYS-loop group of receptors that include glycine
and 5-HT, receptors. Ionotropic GABA receptors may be divided into two classes based on
their sensitivity to antagonists. GABA, receptors may be antagonized selectively by bicucul-
line, while GABA . receptors are antagonized selectively by TPMPA ((1,2,5,6-tetrahydropyri-
din-4-yl)methylphosphinic acid) and are insensitive to bicuculline [7]. It turns out that these
two classes differ in several other respects. While GABA . receptors are relatively simple homo-
meric pentameric receptors, GABA , receptors are complex heteromeric pentameric receptors
consisting of a variety of protein subunits, resulting in different possible combinations and
thus a myriad of receptor subtypes. The structural complexity of the GABA, receptors further
supports a range of allosteric binding sites which are binding targets for endogenous and
exogenous allosteric modulators of these receptors. For example, receptors containing o, at,,
a,, or a, subunits along with a v, subunit permit high-affinity benzodiazepine binding [8].
Barbiturates are known to bind to an allosteric site on all GABA, receptor subtypes [9]. As
another example, receptors containing d subunits are targets for endogenous neurosteroids
and ethanol [10-12]. Development of subtype-selective agonists, antagonists, and modulators
of the ionotropic GABA receptors is imperative to the provision of valuable experimental tools
for elucidation of the distribution and various functions of these GABA , receptor subtypes.

Antagonism of ionotropic GABA receptors may result from three distinct mechanisms: com-
petitive antagonism where the binding site for the drug may overlap with the GABA-binding
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site, i.e., the orthosteric site; negative allosteric modulation where the drug binds to a site dis-
tinct from the orthosteric site to reduce the affinity of the agonist; and noncompetitive antago-
nism where the drug binds to a site on the chloride channel to reduce chloride permeability
or channel opening by GABA [13]. In this perspective, we consider examples of all three types
of antagonism of the ionotropic GABA receptors.

2. Picrotoxin, a channel blocker of ionotropic GABA receptors

The first reported GABA receptor antagonist was picrotoxin, a convulsant plant product, a
combination of the Greek words “picros” (bitter) and “toxicon” (poison). It is a 50:50 mixture
of picrotoxinin (Figure 1) and picrotin with picrotoxinin being the more active component as
a GABA receptor antagonist. Early reports showed that picrotoxin antagonized the action of
GABA at invertebrate inhibitory synapses and that it reduced presynaptic inhibition in the spi-
nal cord [14]. In 1968, Davidoff and Aprison showed that picrotoxin antagonized the inhibitory
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Figure 1. GABA, receptor antagonists that are convulsants.
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action of glycine on spinal neurones [15]. Curtis et al. [16] reported antagonist action against
both glycine and GABA, but the results were inconsistent due to the lack of ionization using
the microiontophoresis method of drug administration.

These technical difficulties were eventually overcome using recombinant receptors with bath
application of picrotoxin showing it to be a mixed/noncompetitive GABA , receptor antagonist
[17]. But picrotoxin was also shown to be an antagonist of other CYS-loop receptors, including
glycine, GABA , and 5-HT, receptors [18]. Thus, the utility of picrotoxin (and also picrotoxinin)
as an experimental tool is mitigated by its lack of selectivity for GABA , receptors. It also has no
therapeutic potential owing to its potent convulsant effects.

Many terpenoids related to picrotoxinin are convulsants acting on ionotropic receptors for
GABA and glycine [19]. Of particular interest is tutin that occurs in the berries and flowers of
the indigenous New Zealand tutu plant, Coriaria arborea, and has been credited with convuls-
ing a circus elephant that consumed the berries [20]. Toxic honey was also produced from
bees that collected nectar from the flowers.

3. Bicuculline, a competitive antagonist of GABA , receptors

The discovery of bicuculline as a selective antagonist of what became known as GABA , recep-
tors arose out of a systematic study of convulsant alkaloids [3]. It was well known that the
most widely understood convulsant alkaloid, strychnine, antagonized the inhibitory action
of glycine without influencing the inhibitory action of GABA [21]. Indeed, most convulsant
alkaloids turned out to be glycine receptor antagonists with the important exception of bicu-
culline (Figure 1), an alkaloid from Dicentra cucullaria [22].

While bicuculline is selective for GABA, receptors, having little effect on GABA,, GABA,
glycine, and 5-HT, receptors, its action is largely independent of GABA , subunit composition
[17, 23]. Selectivity for GABA , receptors makes bicuculline a powerful experimental tool but
without any therapeutic potential owing to the nonselective nature of binding to all GABA
receptor subtypes, causing profound convulsive effects. Bicuculline binds at the orthosteric
site to stabilize the receptor in a closed state. It is three times the size of GABA and thus is able
to bind to sites on the receptor that GABA cannot reach [3]. Bicuculline acts as a competitive
antagonist in which it competitively inhibits GABA agonist binding to GABA, receptors, and
GABA competitively inhibits bicuculline binding [24]. Single channel studies show that by
competing with GABA for its binding site, bicuculline acts to reduce both chloride channel

open time and opening frequency [25].

At physiological pH, bicuculline is slowly converted to bicucine, a much less active convul-
sant [26]. This transformation is slowly reversed at acidic pH. Thus, bicuculline solutions
should always be freshly prepared in order to preserve maximum convulsant potency.
Quaternary salts of bicuculline, such as bicuculline methiodide (“N-methyl bicuculline”) or
methochloride, are much more stable than bicuculline, are more water soluble, and are of
similar potency as GABA receptor antagonists, but they do not cross the blood-brain barrier
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on systemic administration [27, 28]. The quaternary salts differ in their pharmacology to bicu-
culline itself in that they are much less selective. It is not always clear in publications whether
the investigators use bicuculline or a quaternary salt [3]. The quaternary salts have significant
actions on nicotinic receptors, calcium-activated potassium channels, and acetylcholinester-
ase [29-31]. Thus, while ensuring chemical stability of bicuculline, the quaternary salts may
be less effective tools owing to their reduced binding specificity for GABA , receptors. Subject
to these considerations, bicuculline and its quaternary salts continue to be used extensively as
GABA,, receptor antagonists in experimentation.

Extensive structure-activity studies have been carried out on bicuculline with little improvement
on potency, selectivity, or stability [3]. Investigations of bicuculline analogs devoid of the phenyl
ring fused to the lactone moiety have yielded positive allosteric modulators. These analogs do not
bind to the orthosteric binding site on GABA , receptors. Instead, they bind to the high-affinity
benzodiazepine site on GABA, receptor subtypes containing subunit combinations described
above and show subtype selectivity that differs from that shown by benzodiazepines [32].

Bicuculline has been shown to improve special memory in the rat hippocampus [33].

4. Gabazine, a competitive antagonist of GABA  receptors

Gabazine (also known as SR 95531, Figure 1) resulted from a study of arylaminopyridazine
analogs of GABA. It was found to be a relatively specific, potent, and competitive antagonist
of GABA, receptors [34]. Although both are functionally competitive inhibitors, gabazine and
bicuculline also interact with other residues on GABA, receptors [35, 36]. Neither gabazine
nor bicuculline compete for the binding at the barbiturate or neurosteroid binding sites on
GABA, receptors. It is suggested that both antagonists act “as allosteric inhibitors of channel
opening for the GABA, receptor after binding to the GABA-binding site” [36]. Gabazine has
little activity at GABA . receptors [37]. At binary (330 recombinant GABA , receptors, gabazine
antagonized GABA currents, whereas bicuculline activated these receptors [38]. Thus, while
functioning as competitive antagonists for GABA, receptors, gabazine and bicuculline clearly
interact with different residues on GABA , receptors.

Structural analogs of gabazine have identified more potent agents [39]. Gabazine analogs
incorporating photoactive groups, such as GZ-B1 (Figure 1), have been developed as photo-
activated antagonists of GABA receptors [40]. These antagonists provide dynamic tools for
visualizing GABA, receptors, permitting a novel means of investigating receptor location,
function, and trafficking [40].

5. TPMPA and related compounds, competitive antagonists of
GABA _ receptors

GABA . receptors, also known as GABA-p and GABA ,-p receptors, have distinctive distribution
and pharmacological properties to GABA , receptors, making them particularly interesting [41].
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They are CYS-loop ligand-gated ion channels with a similar pentameric structure to GABA
receptors but are not so widely distributed. They are homomeric rather than heteromeric and
therefore much simpler receptors. These properties make them important drug targets [42].

TPMPA ((1,2,5,6-Tetrahydropyridin-4-yl)methylphosphinic acid, Figure 2) was the first selec-
tive GABA . receptor antagonist to be synthesized [43, 44]. Other GABA . receptor antagonists
includethebicyclicGABA analog, THIP (Gaboxadol, 4,5,6,7-tetrahydroisoxazolo(5,4-c)pyridin-
3-ol, Figure 2), which is a moderately potent antagonist at the GABA . receptors, yet a potent
agonist at GABA | receptor receptors [45]. Aza-THIP (1H,4H,5H,6H,7H-pyrazolo[3,4-c[pyri-
din-3-ol) is inactive at GABA, receptors but shows moderately potent antagonism at GABA.
receptors. Phosphinic, phosphonic, and seleninic analogs of isonipecotic acid have also been
shown to act as selective GABA . receptor antagonists [46], as have amide and hydroxamate
analogs of 4-aminocyclopent-1-enecarboxylic acid [47].

Unlike many GABA , receptor antagonists, TPMPA is not a convulsant, consistent with many
instances that GABA , and GABA . receptors have been shown to mediate opposing functions,
for example, on excitability [48] and in memory formation [49].

TPMPA and other GABA_. receptor antagonists have been used to demonstrate the important
role of GABA_. receptors in many aspects of vision [50-53]. TPMPA was shown to inhibit
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Figure 2. GABA, receptor antagonists that are not convulsants.
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form-deprivation myopia [51], while (3-aminopropyl)-n-butylphosphinic acid (CGP36742 or
5GS742) was found to inhibit the development of myopia in chicks [50]. Thus, TPMPA and
related GABA . receptor antagonists have been suggested for the treatment of myopia, admin-
istered intravitreally, orally, and ophthalmically [52]. Indeed, GABA . receptor antagonists
have been patented for the treatment of myopia [52].

GABA_. receptor antagonists have also been useful experimental tools for demonstrating
a role for these receptors in learning and memory [49, 50, 54]. TPMPA and the structural
analog PAMPA ((piperidin-4-yl)methylphosphinic acid) were shown to enhance short-term
memory in a bead discrimination task following injection into the multimodal association
forebrain area in chicks [49]. Injection of bicuculline caused the opposite effect. TPMPA has
also been used to demonstrate a role for GABA_. receptors in fear learning and memory in
rats [54]. Rats administered TPMPA via bilateral cannulae injections into the lateral amyg-
dala showed reduced freezing in a foot shock conditioned fear task. This reduction in fear
learning and memory is likely mediated by presynaptically located GABA . receptors in the
lateral amygdala [54].

Arising out of studies on the orally active GABA ;. receptor antagonist (3-aminopropyl)-
n-butylphosphinic acid (CGP36742 or SGS742) [55], cis- and trans-(3-aminocyclopentanyl)
butylphosphinic acid were found to be selective potent GABA . receptor antagonists that
enhanced learning and memory in rats in the Morris water maze task [50].

Based on the structure of the selective GABA . receptor antagonist (S)-4-ACPBPA [(4-aminocy-
clopenten-1-yl)-butylphosphinic acid], a series of fluorescent ligands were produced linking
fluorophores to the parent compound [56]. One of these fluorescent ligands, (S)-4-ACPBPA-
C5-BODIPY, showed moderately potent antagonism for GABA . receptors with greater than
100 times selectivity for these receptors over GABA  receptors. (5)-4-ACPBPA-C5-BODIPY
thus provides a valuable molecular probe for the role of GABA. receptors in physiological
and pathological processes [56].

6. Bilobalide, a nonconvulsant channel blocker

Bilobalide (Figure 2) and a series of terpenoids known as ginkgolides isolated from Ginkgo
biloba are structurally related to picrotoxinin and are relatively potent GABA, and GABA_
receptor antagonists [57], but they also act on glycine and 5-HT, receptors [58, 59].

Unlike picrotoxin, bilobalide is an anticonvulsant. This may be due to its potent action on
GABA . receptors [57]. Bilobalide also has differing effects to those of picrotoxin on the modu-
lation of GABA, receptors by structurally different modulators [60], suggesting a different
binding profile to picrotoxin to negatively modulate the GABA , receptors.

Thus, there are GABA, receptor antagonists that act as channel blockers and negative modu-
lators that do not produce convulsions in vivo. Explanation of this apparent paradox includes
selective actions on GABA, receptor subtypes, reduction of glutamate release from presyn-
aptic terminals via presynaptic receptors and effects on GABA metabolism, together with
actions on non-GABAergic systems.
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Owing to their unique characteristics, bilobalide and other natural terpenoids from Gingko
biloba are being investigated as cognitive enhancers via their effects on the GABAergic system
[61]. Bilobalide has been shown to improve cognition in cognitive- and memory-impaired ani-
mals in a variety of animal models [62-65]. As a result to its nonconvulsant effects, bilobalide
is a superior candidate for therapeutic use in memory impairment related to dementia and
other neurological disorders compared with other GABA , receptor antagonists like picrotoxin
which are pro-convulsive. Natural terpenoids from Gingko biloba, such as bilobalide, are being
investigated in the treatment of neurological disorders via their effects on the GABAergic
system [61].

The plant-derived triterpenoids, asiatic, oleanolic, and ursolic acids (Figure 2), are negative
modulators of GABA, receptor activation acting in vivo as anxiolytics, anticonvulsants, and
antidepressants in animal models [66, 67].

7. 544819, an a5-selective competitive antagonist

The a-B subunit interface has been highlighted as a novel target for subtype-selective drugs [68].
An example of a novel drug that targets this binding site and that is attracting considerable cur-
rent attention as a new therapeutic agent is 544819 (Egis-13,529, 8-Methyl-5-[4-(trifluoromethyl)-
1-benzothiophen-2-yl]-1,9-dihydro-2H-[1,3]oxazolo[4,5-h][2,3]benzodiazepin-2-one, Figure 2),
anovel oxazolo-2,3-benzodiazepine derivative, which selectively inhibits GABA , receptors that
contain the a5-subunit [69, 70].

544819 appears to act as a competitive antagonist at the orthosteric site at the -3 subunit inter-
face of GABA , receptors containing only a5 subunits. Thus, 544819 is a competitive antagonist,
unlike other a5-subunit selective drugs that act as negative allosteric modulators by binding
to the benzodiazepine recognition site between at the a5-y2 subunits [71, 72]. Agents that are
selective for a5 subunit-containing GABA , receptors enhance cognitive performance in a vari-
ety of animal models without sedative or pro-convulsive effects [73]. SR44819 has been shown
in healthy young humans to be orally active, reaching the cerebral cortex on oral administra-
tion where it increases cortical excitability [74], acting on extrasynaptic receptors to reduce
tonic inhibition. Consequently, clinical trials are now underway.

8. Other GABA receptor antagonists

It has not been possible to cover all known GABA receptor antagonists in this perspec-
tive. Other important classes of antagonists include sulfated neurosteroids [75] and agents
derived from 4-PIOL (5-(4-piperidyl)isoxazol-3-ol) [5]. Of particular interest is DPP-4-PIOL
(4-(3,3-diphenylpropyl)-5-(4-piperidyl)-3-isoxazolol hydrobromide) that selectively antagonizes
tonic over phasic GABAergic currents in the hippocampus, suggesting a degree of substrate
specificity [76].
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Salicylidene salicylhydrazide has been reported as a potent antagonist of GABA , receptors
containing the $1 subunit using a high-throughput screen [77]. It was suggested that salicyli-
dene salicylhydrazide is interacting at a previously unidentified site on the f1 subunit, but
this does not appear to have been followed up after the initial publication in 2004.

The most potent GABA  receptor antagonist is the convulsant steroid derivative RU5135,
being some 500 times more potent than bicuculline [78]. It acts as a competitive antagonist,
sharing a common site of action with bicuculline. However it lacks specificity, as it is also a
glycine receptor antagonist sharing a common site of action with strychnine [79].

9. Conclusion

There is still widespread interest in GABA receptor antagonists after many years of investiga-
tion. Reflecting on the use of GABA receptor antagonists in the last 10 years, citation counts via
the Web of Science for publications citing GABA together with a GABA antagonist in the title
or abstract are as follows: bicuculline 1203, picrotoxin or picrotoxinin 564, gabazine or SR 95531
290, TPMPA 48, and bilobalide 14. Thus far, there are only four publications directly related to
the effects of S44819 on cognition.

Nonconvulsant antagonists of ionotropic GABA receptors have considerable therapeutic
potential in the treatment of cognitive problems, myopia, and other CNS disorders. Such
antagonists may be useful in the treatment of Down syndrome [62]. The myriad of possible
subtypes of ionotropic GABA receptors in the CNS as a result of different combinations of
protein subunits make the search for more subtype-specific agents highly desirable. The high-
throughput analysis of ionotropic GABA receptor subtypes should result in the discovery of
novel subtype-specific agonists, antagonists, and modulators that have therapeutic potential
[80]. Clearly, we are going to hear a lot more about 544819 and other yet to be discovered iono-
tropic GABA receptor antagonists that act selectively on ionotropic GABA receptor subtypes.
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Abstract

Magnetic resonance spectroscopy (MRS) provides useful information regarding metabolic
composition in the tissues, and advanced spectroscopic methods are used to quantify mark-
ers of tumor membrane turnover and proliferation (e.g., choline (Cho)), energy homoeo-
stasis (e.g., creatine (Cr)), intact glioneuronal structures (e.g., N-acetylaspartate (NAA)),
and necrosis (e.g., lactate (Lac) or lipids). Results are usually expressed as metabolite ratios
rather than absolute metabolite concentrations. Because glial tumors have some specific
metabolic characteristics that differ according to the grade of tumor, there is a potential for
MR spectroscopy to increase the sensitivity of routinely used diagnostic imaging. MRS also
has many diagnostic applications in neurosciences to support the diagnosis in conditions
like demyelination, infections, and dementia and in postradiotherapy cases. Biochemical
changes in the metabolism of tumor cells related to malignant transformation are reflected
in changes of particular metabolite concentration in the tumor tissue. Our prospective
study aimed to analyze the usefulness of proton MR spectroscopy in grading of glioma
and to correlate various metabolite ratios like choline/creatine, choline/N-acetylaspartate,
N-acetylaspartate/creatine, and lactate/creatine with the histopathological grades of glioma.

Keywords: MRS, MR, grade, glioma, NAA, choline, creatine, ratio

1. Introduction

Magnetic resonance spectroscopy (MRS) is an analytical method used for the identification
and quantification of metabolites. It differs from conventional magnetic resonance imaging
(MRI) since it provides physiological and chemical information instead of only anatomy [1].

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Many of nuclei have been used to obtain MR spectra; few of them include proton (*H), phos-
phorus (*'P), fluorine (*F), carbon (*C), and sodium (*Na).

Proton ('H) MR spectroscopy is most commonly used since hydrogen nucleus is abundant in
human tissues [1].

Magnetic field strength clinically used for conventional MRI ranges from 0.2 to 3 T.

For MRS, higher-field strength (1.5 T or more) is required since the main aim of MRS is to
detect weaker signals from metabolites. Higher-field strength units have the advantage of
higher signal-to-noise ratio (SNR), better resolution, and shorter acquisition times.

2. Metabolites in MRS

2.1. N-Acetylaspartate (NAA)

N-Acetylaspartate (NAA) peak is the most prominent peak in normal adult brain proton MRS
which resonates at 2.0 ppm [2] (Figure 1).

NAA is a derivative of aspartic acid. It is synthesized and stored primarily in the neurons and
hence it is called a neuronal marker or a marker of neuronal density and viability [2].

As a neuronal marker, NAA concentration declines with the destruction of neurons in high-
volume lesions, dementia, hypoxia, or multiple sclerosis.

Due to the relationship between the decline in NAA concentration and increasing glioma
grade, it is possible to use NAA as a substantial marker [13]. A high level of NAA is associated
with a good prognosis [3].

NAA is also helpful for the differentiation of primary brain tumors from metastasis and non-
neuronal tumors where the metabolite is lacking in the spectra [4].

2.2. Creatine (Cr)

Creatine (Cr) is synthesized from amino acids primarily in the kidneys and liver and trans-
ported to the peripheral organs by blood and is called as energy metabolism marker [3].

Total Cr indicates the quantity of phosphocreatine (PCr) and Cr contained in neurons and
glial cells and visualized as a prominent peak in MR spectra at 3.0 ppm; an additional peak
for creatine may be visible at 3.94 ppm [3].

A decrease in the Cr level in high-grade gliomas (HGGs) is due to increased metabolic
demands of the tumorous tissue in the brain. Cr is a relatively constant element of cellular
energetic metabolism of the brain and it is frequently used as a reference metabolite for in vivo
MRS, for example, for mainly calculating the metabolite ratios such as choline (Cho)/Cr,
NAA/Cr, lipid (Lip)-lactate (Lac)/Cr, or myoinositol/Cr [3].
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NORMAL REGION

Figure 1. Normal spectra obtained with short TE sequence (TE = 30 ms). Ins dd1, myoinositol; Cho, choline; Cr, creatine;
Glx, glutamate glutamine; NAA, N-acetylaspartate [9].

2.3. Choline (Cho)

Choline (Cho) is a metabolic marker of cellular proliferation and cell membrane integrity, that
is, phospholipids synthesis and degradation. Choline peak is seen at 3.2 ppm and is the most
important metabolic peak for the diagnosis of a glioma [3].
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Increased choline reflects increased cell membrane synthesis and degradation. Thus, all pro-
cesses resulting in increased membrane turnover like primary brain neoplasm and myelin
breakdown like demyelinating lesions lead to increased choline concentration [5].

2.4. Myoinositol (Myo)

Myoinositol (Myo) is a simple sugar assigned at 3.56 ppm.

It is considered as a glial marker because it is primarily synthesized in glial cells, almost only
in astrocytes. It is also the most important osmolyte in astrocytes [3].

The elevation in Myo detected can be found in cerebral diseases associated with marked glio-
sis. Myo concentration is higher in low-grade glioma (LGG) when compared to high-grade
glioma. Thus, a higher Myo/Cr ratio is seen in low-grade glioma [6].

2.5. Lactate (lac) and lipids (lip)

Lactate (Lac) and lipids (Lip) are known as anaerobic metabolism markers. They are repre-
sented as a doublet peak in the MR spectra at 1.31 ppm. It is important to note that lactate is
not detected in healthy adult brain tissue. There is direct correlation between Lac level and
glioma grade [3].

Malignant transformation of the glial tumors is usually accompanied by an increase in cell
density with their relative ischemia resulting in a higher level of Lac. When ischemia of tumor-
ous tissue progresses further, the peaks of Lip increase, indicating the presence of necrosis
and the destruction of myelin sheaths [7].

Thus, the level of Lip detected by MRS appears to reflect the severity of tissue damage.

2.6. Glutamate (Glu)-glutamine (GIn) and gamma-amino butyric acid

Glx is a complex peak from glutamate (Glu), glutamine (Gln), and gamma-amino butyric acid
(GABA) assigned at 2.05-2.50 ppm [1].

These metabolite peaks are difficult to separate at 1.5 T. Glu is an important excitatory neu-
rotransmitter and plays a role in the redox cycle [8, 9].

An elevated concentration of GIn is found in a few conditions such as hepatic encephalopathy [9].

2.7. Alanine (Ala)

Alanine (Ala) is an amino acid and is a doublet peak assigned at 1.48 ppm.

This peak is located above the baseline in spectra obtained with short or long TE and inverts
below the baseline at intermediate TE = 135-144 ms [1].

The function of Ala is uncertain; however, it plays a role in the citric acid cycle. Alanine peak
may be obscured by lactate peak [8].
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An increased concentration of Ala may occur in oxidative metabolism defects [9].

In tumors, an elevated level of Ala is considered specific for meningiomas [1].

2.8. Other amino acids

In addition to alanine, other amino acids may be seen in various pathologies. Peaks of various
amino acids may be seen at many levels, 0.9—valine and 3.6 —leucine. Amino acids are also
seen in abscesses and neurocysticercosis [10].

3. MRS in tumor grading

This is mainly used for glioma grading. Differentiation between low-grade and high-grade
gliomas is important for estimating the prognosis and for therapeutic planning. Proton MRS
may indicate the tumor grade with more accuracy because it assesses a larger amount of tis-
sue than what is usually excised during the biopsy.

Gliomas are heterogeneous and their spectra vary depending on the region sampled by
MRS. Hence, the region of interest chosen for analysis has a higher influence on the results.
Multivoxel spectroscopy is generally considered preferable because it allows metabolic het-
erogeneity to be evaluated in different components of the tumor.

3.1. Useful metabolites for suggesting the tumor grade
3.1.1. Choline

Statistically significant higher values of Cho/Cr and Cho/NAA are observed in high-grade
than in low-grade gliomas.

Although the cutoff values of metabolite ratios for grading of gliomas are not well estab-
lished, Cho/Cr is the most frequently used ratio. Some institutions use a threshold value of
2.0 for Cho/Cr to differentiate low-grade from high-grade gliomas; others use a cutoff value
of 2.5.

Although increased Cho is related to tumor grade, few of grade IV gliomas have lower levels
of Cho than grade II or grade III gliomas [11]. This may be due to the presence of necrosis in
high-grade tumors, because necrosis is associated with a prominent lipid peak along with the
reduction of rest other metabolites [12].

3.1.2. Lipids and lactates

The presence of lipids and lactates correlates with the necrosis in high-grade gliomas.
High-grade and low-grade tumors and their margins could be differentiated based on the
lactate/lipid peaks.
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Lipids peak is also found in metastasis. When lipids peak is observed in solid tumors, lym-
phoma should also be considered.

An increase in the lipid peak is inversely correlated to prognosis [12].

3.1.3. Myoinositol

Useful information on tumor grade can be obtained by assessing the myo levels at short TE
(30-35 ms).

Myo/Cr ratio is typically higher in low-grade than in high-grade gliomas. This may be due to
a low mitotic index leading to lack of activation phosphatidylinositol metabolism resulting in
the accumulation of myo in low-grade gliomas.

In gliomas without alteration in Cho/Cr ratio, increased levels of Myo have been reported to

be useful in the identification of low-grade tumors [12].

3.1.4. NAA and Cr

A greatest reduction in NAA and Cr levels has been observed in higher-grade tumors. As the
grade of the tumor increases, NAA/Cr ratio decreases and Cho/NAA ratio increases.

4. Other applications of MRS in brain

4.1. Response to radiotherapy

Differentiation between recurrent brain tumor and radiation change/injury is an important
concern in postradiotherapy patients with brain tumors and particularly when fresh contrast-
enhancing lesions are seen in previously operated and/or irradiated regions.

Proton MRS is useful in differentiating radiation-induced tissue injury from tumor recur-
rence. Significantly reduced Cho and Cr levels suggest radiation necrosis; increased lipid and
lactate signals can also be seen in necrotic areas.

Increased Cho levels relative to the normal tissue suggest recurrence of the tumor. Cho/Cr and/
or Cho/NAA ratios are significantly higher in recurrent tumor than in radiation injury [12].

4.2, Infections

Pyogenic abscess: Amino acid peak at 0.9 ppm is useful in differentiating pyogenic abscess
from tumors. Abscess from anaerobic organism in addition has acetate and succinate peaks at
1.9 and 2.4 ppm, respectively [13] .

Tuberculous abscess: Spectra from tuberculous abscess shows lipid-lactate peak at 1.3 ppm.
No amino acid peak is observed in tubercular abscess, which helps to differentiate it from
pyogenic abscess [14].
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Fungal abscess: A spectrum in fungal abscesses shows amino acids and lactate peak along
with multiple peaks between 3.6 and 4.0 ppm. These peaks have been assigned to trehalose
sugar present in the fungal wall [15].

4.3. Metabolic brain disorder

Proton MR spectroscopy is a useful tool in diagnosing metabolic brain disorders when used
as an adjunct to conventional MRI.

In most of the inherited metabolic disorders, MRS findings are abnormal but are not specific
for a single metabolic disease or syndrome.

Few metabolic diseases have specific MRS findings, either abnormal elevation or reduction of
a single normal peak or detection of abnormal metabolite peak.

Specific MRS patterns are mainly found in Canavan’s disease with prominently increased
NAA peak and creatine deficiency with a characteristic reduced creatine peak. In nonketotic
hyperglycemia, there is an appearance of glycine peak at 3.55 ppm and there is detection of
branched-chain amino acids in maple syrup urine disease [16].

4.4. Dementia

Neurodegenerative dementia is characterized by elevated myoinositol and decreased
N-acetylaspartate levels.

An increase in myoinositol occurs before the reduction of NAA levels in Alzheimer’s disease.
An NAA/myo ratio in the posterior cingulate gyri decreases with an increasing burden of
Alzheimer’s disease.

In patients with mild cognitive impairment, 1H MRS is sensitive in the detection of the patho-
physiologic processes associated with the risk of dementia [17].

4.5. Brain ischemia

The characteristic spectroscopic finding in acute brain ischemia is the early appearance of a
lactate peak, a decrease of NAA, and a slight increase of choline. Lactate is observed within
few minutes following brain ischemia and its concentration reduces in sub-acute phase. The
intensity of these peaks in the infracted area is related to the prognosis [18].

4.6. Epilepsy

The role of IH-MRS in epilepsy is to help in characterizing and localizing the epileptogenic
focus, especially in patients with refractory focal epilepsy without clear MR imaging findings.

Temporal lobe epilepsy (TLE) is the most common cause of focal epilepsy; reduction in
NAA concentration and NAA/Cho + Cr ratio is observed in TLE, which reflects the neuronal
damage [1].
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5. Materials and methods

5.1. Study site

The study was conducted at the Department of Radio Diagnosis, Sri Sathya Sai Institute of
Higher Medical Sciences, Whitefield, Bangalore 560066.

5.2. Study population

Initially, all patients suspicious for glioma and fulfilling the inclusion and exclusion criteria
were imaged with conventional MRI and proton MR spectroscopy. All these patients underwent
histopathological examination. Specimens were obtained via surgical resection/biopsy. Patients
who had histopathological confirmation of glioma were included in the study. Histopathological
grading was done according to WHO classification of brain tumors 2007 [19]. Grades I and II
were graded as low-grade and grades Il and IV were graded as high-grade tumors.

5.3. Study design

The study design was a prospective study.

5.4. Sample size

V4
Sample size = 7 (1)

where Z, » is the standard normal variant; SD is the standard deviation of variable; d is the

absolute error of precision.

The standard deviation of Cho/Cr for high-grade glioma is 1.92; Cho/Cr ratio is taken because
for other ratios the sample size becomes very low. Absolute error of precision was 0.5.

Sample size =(1.96)2x (1.92)2/0.5
=3.8x3.6/0.25 )
=54.72(rounded to 55)

The minimum sample size was around 55; we have included 70 patients.
5.5. Duration of the study

The duration of study was over a period of 14 months from 01-10-2014, to 01-02-2016.

5.6. Inclusion criteria

* All cases with neuroparenchymal space occupying lesions suspicious for gliomas on MRI.

¢ All age groups.
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* Both male and female patient population.

5.7. Exclusion criteria

¢ Postoperative and postradiotherapy patients.
* Unavailability of histopathological examination.
* MR spectroscopy with artifact, baseline noise, and uninterruptable spectra.

* MRI contraindicated patients:

o

Patients with cardiac pace maker

o Patients with aneurysm clips in the brain

(@]

Patients with a metallic foreign body in the eye

(o]

Patients with severe claustrophobia

o

Pregnant patients

o

Mentally ill patients.

5.8. Methodology

¢ Concurrence was taken from the chairman, academic committee, scientific committee, and
ethical committee for the study.

* Written informed consent was obtained prior to subject enrolment into the study.

* All the patients were subjected to conventional MRI and proton MR spectroscopy.

5.9. Magnetic resonance imaging

For all patients, initially MR imaging was performed with Siemens 1.5 T Magnetom Aera.

A localizing sagittal T1-weighted image was obtained followed by non-enhanced axial and
coronal T2-weighted (4500/102 [TR/TE]), axial fluid-attenuated inversion-recovery (FLAIR,
8500/86/2500 [TR/TE/TI]), and T1-weighted axial (600/9 [TR/TE]) images, Susceptibility weighted
imaging (50/40 [TR/TE]). Contrast material-enhanced axial T1-weighted imaging was performed.

5.10. Magnetic resonance spectroscopy

After the conventional MRI volume of interest from the lesion (VOI) was selected from T1
post-contrast images, VOI was selected from the solid part of lesion with edges of the voxel
well within the mass and in most of the cases perilesional edema was included within the
VOI. VOI was carefully selected so that it will not include areas of hemorrhage or calcification
and unintended areas like ventricles, calvarium, and so on.

In our institution, we used Multivoxel MR spectroscopy technique (chemical shift method) at
intermediate TE of —135 ms.
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A typical VOI consisted of an 8 x 8 cm region placed within a 16 x 16 cm field of view on a
1.5-cm transverse section. A 16 x 16 phase-encoding matrix was used to obtain 8 x 8 arrays of
spectra in the VOI, with an in-plane resolution of 1 x 1 cm and a voxel size of 1 x 1 x 1.5 cm?.
The time taken to acquire spectra was around 8 min.

The metabolite peaks were assigned as follows: Cho, 3.22 ppm; Cr, 3.02 ppm; NAA, 2.02 ppm;
lactate was identified at 1.33 ppm by its characteristic doublet and inversion at intermedi-
ate TE. Lipid peak was demonstrated at 0.9-1.3 ppm without inversion at intermediate
TE. Metabolite ratios were obtained for Cho/Cr, Cho/NAA, NAA/Cr, and lactate/Cr. Maximal
Cho/Cr, Cho/NAA and lactate/Cr and minimum NAA/Cr ratios were obtained from spec-
tral maps. Lactate/Cr was used instead of lipid-lactate/Cr used by other studies in literature
because lipid peak was not consistently seen in most of the cases at intermediate TE.

5.11. Statistical methods

The data collected were entered into a Microsoft excel spreadsheet and analyzed using IBM SPSS
Statistics, Version 22 (Armonk, NY: IBM Corp). Descriptive data were presented in the form of
frequency, percentage, mean, median, standard deviation, and quartiles. The metabolite ratios of
Cho/Cr, Cho/NAA, NAA/Cr, and lactate/Cr were calculated. The metabolite ratios between the
low-grade and high-grade gliomas were compared using Mann-Whitney U-test. Comparisons
of the categorical variables between the two groups were performed using the chi-squared test.
Receiver-operating characteristic (ROC) curve analysis was done to evaluate the performance of
the metabolite ratios in differentiating high-grade and low-grade gliomas. The area under the
ROC curve was calculated to summarize the performance of each metabolite in differentiating
the two grades of glioma. The sensitivity, specificity, positive-predictive value (PPV), negative-
predictive value (NPV), and diagnostic accuracy with each metabolite were assessed using the
cutoff value obtained with minimum C1 error from the ROC analysis. A P-value of <0.05 was
considered as statistically significant. In the same way, ROC curve analysis was done to evaluate
the performance of metabolite ratios in differentiating grade II and grade III glioma. By similar
way, sensitivity, specificity, positive-predictive value, negative-predictive value, and diagnostic
accuracy with each metabolite were assessed using the cutoff value obtained with minimum C1
error from the ROC analysis in differentiating grade II and grade III gliomas.

6. Results

Seventy histopathologically proved cases of gliomas were included in the study. Grade I [14]
and grade II [19] gliomas were classified as low-grade and grade III [22] and grade IV [15]
were classified as high-grade tumors.

All patients underwent conventional MRI sequences and proton MR spectroscopy. Quantitative
values were calculated for Cho/Cr, Cho/NAA, NAA/Cr, and lactate/Cr ratios. Grading by conven-
tional MRI was also done to know the additional usefulness of MRS in grading of gliomas.

The sensitivity, specificity, PPV, and NPV of conventional MRI in grading of gliomas were
62.2,78.8,76.7, and 65%, respectively, with the total diagnostic accuracy of 70%.
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The sensitivity, specificity, PPV, and NPV of proton MR spectroscopy in differentiating the
grades of glioma were high in comparison to conventional MRI indicating that proton MRS
spectroscopy is a useful tool in differentiating grades of glioma.

Lac/Cr ratio had a total diagnostic accuracy of 95.12%. Cho/NAA and Cho/Cr ratios had a
total diagnostic accuracy of 88.57 and 88.43%, respectively.

Metabolite ratio that had the highest diagnostic value was lactate/Cr followed by Cho/NAA
and Cho/Cr in differentiating low- and high-grade gliomas.

NAA/Cr ratio had poor diagnostic significance in differentiating the grades of gliomas.

The presence of lipid peak was found to be suggestive of high-grade gliomas and was found
in about 46% of high-grade gliomas.

Other metabolite peaks like myoinositol and glutamate could not be evaluated.

MRS had the added advantage in combination with conventional MRI with good diagnostic
accuracy in differentiating grade II and grade III gliomas. Lactate/Cr had the highest diagnos-
tic value followed by Cho/NAA and Cho/Cr in differentiating the two grades.

7. Discussion

Tumor grade is the most important key factor in determining treatment plan. Treatment
plan for low-grade glioma is surgical resection; adjuvant radio chemotherapy is only recom-
mended for patients with incompletely resected grade II tumors or for patients older than age
of 40 years. Whereas high-grade glioma always require chemotherapy and/or radiotherapy
following surgery; therefore, preoperative grading of glioma is necessary for good patient
care and to reduce the morbidity and mortality [19].

The current “gold standard” for the determination of glioma grade is histopathological
examination. It has few limitations; the most significant one is limited number of samples
which creates potential errors in determining the glioma grade. When samples are not taken
from the most malignant region of tumor during biopsy or when the tumor has not been com-
pletely resected, histopathological grading becomes inaccurate. This problem is particularly
observed in glioma because of the infiltrative and heterogeneous nature of these tumors; the
region of highest malignancy may then be within the peritumoral or perilesional-enhancing
region [20, 21].

Because histopathological examination requires biopsy/surgical resection which are invasive,
it has morbidity of up to 3.6%, hemorrhage rate of up to 8%, and mortality of up to 1.7%, as
assessed over a large number of studies [22].

Alternatively, many noninvasive or minimally invasive imaging technologies have been used
to evaluate the malignancy of brain tumors [20, 21].

In our study, grades I and II were graded as low grade and grades III and IV were graded as
high grade [19].
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We have used the following criteria for grading gliomas by conventional MRI: margins of
the lesion, perilesional edema, heterogeneity of lesion, mass effect, crossing the midline,
hemorrhage, necrosis, and enhancement pattern. Other studies have also used the similar
criteria [21].

Sensitivity, specificity, PPV, and NPV of conventional MRI in grading of gliomas were found
to be 62.2, 78.8, 76.7, and 65%, respectively, with the total diagnostic accuracy of 70%.

In other studies conducted by Law et al. [21], Zou et al. [19], and Ellika et al. [23], the sensitiv-
ity ranged from 72 to 86% and the specificity ranged from 60 to 67%.

Other studies in literature have shown sensitivity ranging from 55 to 83% [19, 21].

A study conducted by Dean et al. [24] and Atkinson et al. [25] showed that a high-grade
glioma may be mistaken for a low-grade when it demonstrates minimal edema, no contrast
enhancement, no necrosis, and no mass effect. Conversely, low-grade gliomas sometimes can
be mistaken for a high-grade when it demonstrates peritumoral edema, contrast material
enhancement, central necrosis, and mass effect.

Low diagnostic accuracy in our study was because of the overlapping imaging features in
low- and high-grade gliomas, predominantly between grades II and grade III. Fourteen cases
of grade III tumors were classified as low grade because they had imaging features favor-
ing low grade such as minimal perilesional edema, no significant mass effect, no contrast
enhancement, no necrosis, and no hemorrhage.

Seven cases of low-grade gliomas were classified as high grade since they had imaging fea-
tures favoring high grade such as significant perilesional edema, mass effect, presence of
necrosis or hemorrhage, and heterogeneous contrast enhancement.

In our study, the most consistent characteristics on MRI to predict the grade were necrosis,
mass effect, and crossing the midline.

A study conducted by Dean et al. [24] has shown that mass effect and necrosis are the most
important characteristic for predicting tumor grade by conventional MRL

Because of the limitations of conventional MRI in differentiating high- from low-grade glio-
mas, advanced multi-parametric magnetic resonance techniques have been used in grading
of gliomas and they are diffusion-weighted imaging (DWI), proton MR spectroscopy, and
perfusion imaging [19].

Magnetic resonance spectroscopy is one of the advanced adjuvant MR techniques and because
of its safe and noninvasive nature it is of great advantage in characterizing gliomas.

Because glial tumors have some specific metabolic characteristics which further differ accord-
ing to the grade, there is growing interest in MR spectroscopy that could further increase the
sensitivity of routinely used diagnostic imaging [3].

In our study, we have used Cho/Cr, Cho/NAA, NAA/Cr, and lactate/Cr ratios for grading
since the study was done at intermediate TE, prominent peaks seen were Cho, Cr, NAA, and
lactate.
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In literature, Cho/Cr, Cho/NAA, and NAA/Cr were the commonly used metabolites [19, 21].
Lipid-lactate ratio was used for grading of gliomas in few studies [26]; we have used lactate/
Cr ration since lipid peak was not consistently seen in a majority of cases at intermediate TE.

In our study, the values of mean and median for Cho/Cr, Cho/NAA, and NAA/Cr had statisti-
cally significant difference between low- and high-grade gliomas.

Other studies have also shown significant difference of mean for Cho/Cr, Cho/NAA, and
NAA/Cr between low- and high-grade gliomas [10].

NAA is a neuronal marker and decreases in all gliomas since the neurons are destroyed and/
or substituted by the malignant cells. The elevation of choline is due to the increased cellularity
and cell membrane turnover. The decrease in creatine is due to the altered energy metabolism
in the cells and can be attributed to the low energy status of the glycolyzing tumors. Therefore,
the typical MRS characteristics of a glioma are elevated Cho with reduction in NAA and Cr
signals. This results in an absolute increase in Cho/Cr and Cho/NAA and a decrease in NAA/
Cr ratios [1].

Lac/Cr ratio in our study had significant difference in mean between low- and high-grade
gliomas.

Studies conducted by Yoon et al. [26] and Kim et al. [27] showed significant difference in mean
values for lipid-lactate/Cr between low- and high-grade gliomas.

Since lactate is a marker of anaerobic glycolysis, malignant transformation of glial tumors is
accompanied by an increase in cell density with relative ischemia resulting in a higher level
of lactate. There is a direct correlation between Lac levels and glioma grade with higher peaks
seen in higher-grade tumors [3]. Therefore, Lac/Cr ratio increases with an increase in the
malignant potential of tumor.

In a clinical setting, where decisions such as the extent of tumor resection, the dose of post-
operative chemo radiation, and the interval of follow-up must be made, cutoff values can be
used as important supplementary information in noninvasive grading of gliomas [21].

In our study, we have provided cutoff values for Cho/Cr, Cho/NAA, and lactate/Cr ratios to
differentiate low- from high-grade gliomas.

A cutoff value of 1.76 for Cho/Cr and 2.22 for Cho/NAA ratio provided good sensitivity,
specificity, PPV, and NPV with a total diagnostic accuracy of 78.05 and 82.93%, respectively,
in differentiating low- from high-grade gliomas.

Other studies in literature have given a cutoff value ranging from 1.56 to 2.04 for Cho/Cr and
1.6 to 2.49 for Cho/NAA. These values provided good sensitivity, specificity, PPV, and NPV
with a total diagnostic accuracy ranging from 81 to 88% [21].

Even though the cutoff value for Cho/Cr and Cho/NAA provided by our study was compa-
rable with other studies in literature [21], the small variation in cutoff value between studies
is possibly because of differences in the MRS imaging methods, including magnetic resonance
field strength, acquisition parameters, voxel size and location, heterogeneity of tumor, and
sample size and distribution.
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A cutoff value of 0.68 for Lac/Cr ratio provided an excellent diagnostic accuracy of 95.12%
which was the most useful metabolite ratio in differentiating low- from high-grade gliomas
in our study.

Limited studies in literature have given cutoff for lipid-lactate/Cr ratio in grading of gliomas. A
study performed by Kim et al. gave a cutoff value of 0.59 for lipid-lactate/Cr [28]. A study per-
formed by Yoon et al. gave a cutoff of 1.39 with a sensitivity of 64.6% and a specificity of 91.7% [26].

There was no cutoff value given for NAA/Cr ratio in our study even though the mean values
were statistically significant in differentiating high- and low-grade gliomas because of over-
lapping of NAA/Cr values between the grades; out of 37 people in high-grade gliomas, 29
(78% of high-grade glioma cases) had values higher than the lowest value in low grade.

Zeng et al. [28] and Liu et al. [29] have given cutoff values of 0.72 and 0.97 for NAA/Cr ratio to
differentiate low- and high-grade gliomas with a diagnostic accuracy of 73-75%.

In our study, lipid peak was found in 46% of high-grade and 12% of low-grade gliomas. A
prominent lipid peak in high-grade gliomas was due to necrotic component.

Other studies have also shown that gliomas are heterogeneous tumors and they include areas
of viable tumor, necrosis, and hemorrhage. Elevated lipid peaks are often found in high-grade
gliomas due to the necrotic portion [30, 31].

Since our study is carried out at intermediate TE (135 ms), we could not evaluate other peaks
like myoinositol and glutamate. Few cases had myoinositol peak but the peak was not consis-
tently seen to comment upon.

Differentiation between grade II and III gliomas is clinically important since the treatment
plan and prognosis are different but it is difficult to differentiate them on conventional MRI
because of the overlapping imaging characteristics [32].

Literature review showed limited studies to differentiate grade II and grade III gliomas. In
our study, we analyzed and tried to establish cutoff values to differentiate grade Il and grade
III gliomas.

Lactate/Cr had excellent diagnostic value followed by Cho/NAA and Cho/Cr ratios. NAA/Cr
had poor diagnostic value in differentiating the grade II and grade III because of the overlap-
ping of values.

Cutoff values for Cho/Cr, Cho/NAA, and lactate/Cr ratios were 1.76, 2.22, and 0.685 with good
sensitivity, specificity, PPV, and NPV. Diagnostic accuracy was 78.05, 82.93, and 95.12% for
Cho/Cr, Cho/NAA, and lactate/Cr, respectively.

Stadlbauer et al. [23] found that there was significant difference in Cho, Cr, and NAA levels
between grade II and grade III gliomas, and all patients with a grade II glioma had a Cho/
NAA ratio of less than 0.8, whereas all patients with a grade III glioma had a Cho/NAA ratio
of greater than 0.8.

Zonari et al. [33] found the sensitivity, specificity, PPV, and NPV for Cho/Cr ratio to be 75.6 45,
60.7, and 62.1 and NAA/Cr ratio to be 64.4, 65, 67.4, and 61.9 in differentiating grade II from
grade III gliomas by a logistic regression analysis.
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Advanced multi-parametric magnetic resonance techniques, including DWI, DTI, and MR
perfusion and multimodal imaging including PET/SPECT, also compliment MRS to distin-
guish HGGs from LGGs. Though it is controversial which imaging technique is superior, most
authors concluded that combined techniques would improve the diagnostic accuracy [19].

8. Limitations

1. Our study was done at a magnetic field strength of 1.5 T. A higher-field strength of 3 T or
more would have yielded a better spatial resolution and high SNR.

2. Small sample size may reduce or bias the power of the results. Further studies with a larger
sample size are necessary to extend these results.

3. Our sample volume predominantly consists of astrocytomas, and other glial tumors like
oligodendrogliomas and ependymomas were less frequent.

4. Our study was carried at intermediate TE, so we could not evaluate smaller metabolite
peaks like myoinositol and glutamate. MRS at short TE would have given spectra with
multiple metabolite peaks.

5. Comparison of MRS with other advanced MR techniques like perfusion and DTI would
have given additional value in grading of gliomas.

9. Conclusion

MRS is an important diagnostic and research tool in clinical neuroscience. MRS is a very
useful tool in combination with conventional MRI for grading of gliomas. Lactate/creatine
ratio has highest diagnostic accuracy followed by choline/NAA and choline/creatine ratios.
NAA/creatine has least diagnostic significance in grading of gliomas. Lipid peak on MRS is
more frequently found in high-grade gliomas. MRS could differentiate grade II and grade III
gliomas more effectively in comparison to only conventional MRI. Apart from tumor grading,
MRS can support the diagnosis in many brain infections by showing the specific metabo-
lite peaks. It is also helpful in diagnosis of post-radiotherapy patients when differentiation
between recurrent brain tumor and radiation change/injury is the concern. It also has a sig-
nificant role in narrowing the differential diagnosis of metabolic brain disorders. MRS is also
important in the diagnosis of stroke and demyelination in brain.

A. Appendix A

A.1. Representative cases

Case 1. A 46-year-old female presented with headache since 1 year.
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T2W SWiI Ti+C

MRI shows well-defined cystic lesion with enhancing peripheral mural nodule in the right
cerebellar hemisphere with mild perilesional edema. Local mass effect on the adjacent neuro-
parenchyma. No areas of hemorrhage on SWI. No areas of necrosis.

Diagnosed as low-grade glioma on conventional MRI.
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MRS: Elevated choline, reduced NAA, and Cr. Cho/Cr: 1.63; Cho/NAA: 1; NAA/Cr: 1.09; lac-
tate/Cr: 0.18. No lipid peak.

Histopathological diagnosis: Pilocytic astrocytoma (grade I glioma).
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Case 2: A 70-year-old male presenting with seizures since 2 months.

T2ZW Swi Ti+C

MRI shows relatively well-defined heterogeneous lesion noted in the left parietal lobe with
moderate perilesional edema. There is mass effect on the adjacent neuroparenchyma without
midline shift. Areas of necrosis and hemorrhage noted within the lesion. Peripheral nodular
enhancement is seen.

Diagnosed as high-grade glioma on conventional MRI.

Relatively well-defined heterogeneous lesion noted in the left parietal lobe with moderate perile-
sional edema. There is mass effect on the adjacent neuroparenchyma without midline shift. Areas
of necrosis and hemorrhage noted within the lesion. Peripheral nodular enhancement is seen.

Diagnosed as high-grade glioma on conventional MRI.
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MRS: Elevated choline, reduced NAA, and Cr.

Cho/Cr: 2.47;, Cho/NAA: 3.5; NAA/Cr: 0.7; lactate/Cr: 1.
Lipid peak present.

Histopathological diagnosis: GBM (grade IV glioma).

Paraffin section with hematoxylin and eosin stain showing marked nuclear pleomorphism
and mitotic figures.
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