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Abstract

Gamma-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the central nervous
system, where it is widely distributed. GABA has an important role in neurodevelopment, and depending
on the period of development, its action can be excitatory or inhibitory. In prenatal stages, GABA
is excitatory, and in the adult stage, GABA acquires an inhibitory function in the nervous system and
modulates the function of other organs and systems including the endocrine system and the immune
system. Disorders in the function of GABA are responsible for various pathologies, both neurological
and non-neurological, and include epilepsy, anxiety, depression, schizophrenia, endocrine disorders and
immunological disorders. In the present narrative review, we show that the activity of GABA depends on
the synthesis, degradation, membrane transport and the presence of specific GABA receptors, present in
both nervous tissue and non-neural tissue. We describe general aspects of the physiology, physiopathology,
and pharmacotherapeutics of the GABA system, and finally, we emphasize that although there are multiple
GABAergic therapeutic options, more research is required into the GABA system since future applications
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Introduction

Gamma-aminobutyric acid (GABA) is the most important brain
inhibitory neurotransmitter with key roles in the regulation and
function of many cortical and subcortical circuits. These aspects mean
that alterations in the GABAergic function can be determinative
in the development of multiple pathologies, and the GABAergic
function is a key target in therapeutic strategies. The present work is
a narrative review of the existing literature. We performed a search
in databases such as PubMed, Scopus and Google Scholar using the
key terms GABA, GABA agonists, GABA antagonists, and GABA
pathophysiology. Based on the results obtained, the information was
analyzed, organized and presented, focusing on three issues: general
aspects of GABA, the pathophysiology of GABA, and GABAergic
pharmacology and therapeutics.

General Aspects of GABA Neurotransmission

The synthesis of GABA is carried out through a three-stage process
involving three enzymes: glutamate decarboxylase (GAD), GABA
transaminase (GABA-T) and succinate semialdehyde dehydrogenase
(SSADH). This cycle is called the GABAergic shunt: glutamine
glutamate GABA, and glucose is the source of the carbons (Figure
1). From glucose, glutamate is synthesized, which is derived from
the Krebs cycle and this in turn will give rise to GABA. The enzyme
glutamate decarboxylase (GAD), which requires pyridoxal phosphate
as a cofactor, produces GABA by catalyzing the decarboxylation of
glutamate. This cytoplasmic enzyme has two subtypes, GAD 65 and
GAD 67; it is found in a large proportion of the interneurons and in
non-neural tissue such as liver, pancreas and kidney. GADs are used as
markers to identify GABAergic circuits. After its synthesis, the GABA
is stored in vesicles that go to the presynaptic terminals where it is
released in a calcium-dependent mechanism after a nervous stimulus
depolarizes the synaptic terminal. The released GABA reaches the
postsynaptic neuron where it binds to specific receptors. GABA that
does not interact with the receptors is taken up to be metabolized,
either by the presynaptic neuron or by the glial cells. Reuptake is
performed by a GABA cytoplasmic membrane transporter (GAT) of
which four subtypes have been identified (GAT 1-4). Inside the cell,

GABA is degraded to succinic semialdehyde through the action of
enzymes GABA-T and SSADH, and then to succinate (Figure 1).
The GABA-T enzyme is present throughout the nervous system in
neurons, glial cells and ependymal cells [Bak, Goto, 1-3].

GABAergic circuits

GABA is the main inhibitory neurotransmitter in postnatal life and is
found throughout the central nervous system, mainly in interneurons.
GABAergic neurons are part of extensive neural circuits that connect
structures such as the cerebral cortex, the hippocampus, the limbic
system, the olfactory bulb, the basal ganglia, thalamus, hypothalamus,
brain stem nuclei, and pituitary gland. In the cerebellum, GABA is
also present in important structures, especially in Purkinje neurons,
which are GABAergic neurons. The most studied GABAergic
connections are those that connect the striatum with the brain stem
and cerebellar cortex. The connections between the hypothalamus
and adenohypophysis have also been extensively studied. In recent
years, it has been shown that GABA can also be synthesized in non-
neural tissue such as pancreatic islets, adrenal glands, testes, ovaries,
placenta, uterus and cells of the immune system such as macrophages,
monocytes and T cells [4-7].

GABAergic receptors

There are three types of GABA receptors that have been identified by
analogous substances that partially or totally reproduce the GABAergic
response. Initially, two types of receptors were identified, which were
called GABA-A and GABA-B (Figure 1). GABA-B was identified by
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using baclofen (beta-p-chlorine phenyl GABA), an analogue of GABA
that activates the GABA-B and GABA- A receptors that were identified
by using bicuculline. Subsequently, a third receptor was identified that
was not sensitive to classical substances and was named GABA-C. It is
currently accepted that there are three receptors for GABA: two fast-
acting receptors, GABA-A and GABA-C, and one with slow action,
GABA-B [8-11]. The GABA-A receptor is a pentameric chloride-
type ionotropic channel receptor that has five different subunits,
each one with isoforms, which generate 19 subunits: alpha subunit
(al-6 isoforms), beta subunit (B1-3 isoforms), gamma subunit (y1-3
isoforms), and subunits delta (5), epsilon (¢), theta (8), pi (1) and rho
(isoforms p1-3). A GABA-A receptor is composed of the combination
of five subunits to form a chloride-permeable channel. Most receptors
contain two alpha subunits, two beta subunits and one gamma subunit.
The receptor has specific binding sites for GABA and for analogous
substances. Depending on the combination of subunits, the efficacy
of the GABA agonist site and the affinity for the additional allosteric
sites changes. Each subunit has four transmembrane hydrophobic
domains embedded in the cell membrane, designated M1, M2, M3
and M4. Each oligomeric complex has a site corresponding to the
ion channel, which is a channel of chlorine and additional allosteric
binding sites for other substances that modulate the action of GABA:
benzodiazepines, barbiturates, steroids, zinc and ethanol [11,12]. High
and low affinity sites for GABA have been identified in the structure
of the channel. The high affinity site is modulated by drugs that bind
to additional allosteric sites. The low affinity site is antagonized by the
benzodiazepines. Researchers have also identified a site for exogenous
agonists such as benzodiazepines and a site for inverse agonists that

are also binding sites to partial agonists (cyclopyrrolones), binding
sites for selective antagonists (bicuculline), and sites of nonselective
antagonists (flumazenil). The activation of GABA-A receptors
generates a chlorine inlet current, which induces a hyperpolarization
of the cell membrane and therefore inhibits nerve impulse conduction.
This is reflected in the presence of postsynaptic inhibitory potentials
(IPSPs).The GABA B receptor is a heterodimer coupled to a G protein,
meaning that it belongs to the family of metabotropic receptors. This
receptor is a membrane protein that consists of 7 transmembrane
hydrophobic domains; several isoforms of this receptor have been
described, designated GABA Bla, GABA B1lb and GABA B2. At the
brain level, there is a difference in the expression of these receptor
subtypes [13,14]. In general, the GABA-B receptor is anchored in the
plasma membrane of both the presynaptic terminal and postsynaptic
terminal and modulates the activity of calcium channels and potassium
channels by an interaction with protein G and adenylyl cyclase. The
binding of an agonist to the presynaptic GABA-B receptor decreases
the calcium intake, which induces a lower concentration of calcium
and therefore a lower release of excitatory neurotransmitters such as
glutamate, thereby reducing glutamatergic excitatory activity. On the
other hand, the activation of the postsynaptic GABA-B receptor by a
GABAergic agonist increases the potassium efflux to the extracellular
medium, producing a slow inhibitory potential, which hyperpolarizes
the membrane and generates IPSPs [15-17]. The GABA-C receptor
is an ionotropic receptor that was isolated in the vertebrate retina.
GABA-C receptors were characterized as GABA receptors that do
not respond to the GABA analogs bicuculline or baclofen. They are
receptors that regulate chlorine channels generating IPSPs [18].

reduces the flow of chlorine induced by GABA (beta carbolines). There
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Figure 1: GABA synthesis. The synthesis of GABA is part of glutamate/GABA-glutamine cycle an intracellular
process in which GABA or glutamate from neurons are uptake by astrocytes. Subsequently, astrocytes synthesize
and release glutamine a precursor of GABA and glutamate synthesis. GABAergic neurons synthesize GABA
from glucose and others precursors, including pyruvate and others amino acids. a-KG: a-keto-glutarate; EAAT:
excitatory amino acid transporter; GABA-T: GABA transaminase; GABA-R: GABA receptor; GAD: glutamate
decarboxylase; GAT: GABA Transporter; GDH/AAT: glutamate dehidrogenase/aspartate aminotransferase; GLN:
glutamine; GLU: glutamate; GLU-R: glutamate receptor; GS: glutamine synthetase; PAG: glutaminase; Succ:
succinate; SSA: succinic semialdehyde; SSADH: succinate semialdehyde dehydrogenase; vGAT: vesicular GABA
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Functional aspects of GABA

The neurotransmitter GABA is considered to be an inhibitory
neurotransmitter since activating its receptors reduces nerve
transmission. In the case of the ionotropic GABA-A and C receptors,
the influx of chlorine into the cell, due to the chemical gradient and
the Nerst potential for chlorine (20 mM vs 110 mM; ECl = =70 mV),
causes a hyperpolarization of the cell membrane, which generates
IPSPs. However, this is not true in embryonic cells because in this
circumstance, intracellular chlorine is elevated with respect to
extracellular chlorine (80-120 vs 110 mM). This is due to the early
expression of the cotransporter for sodium, potassium and chlorine
called NKCC1, which favors the accumulation of intracellular
chlorine. Therefore, in embryonic neurons, GABA causes a strong
depolarization, because when activating the GABA-A receptor, a
chlorine efflux current is produced, which generates a depolarization
that has been called giant potentials. For this reason, at this stage,
the GABA neurotransmitter is excitatory and apparently is key in
the formation and development of brain circuits [19,20]. The factor
that changes the embryonic (excitatory) to mature (inhibitory)
phenotype in the neuron is the expression of a chlorine and potassium
cotransporter called KCC2, which decreases the intracellular chlorine,
which allows the current GABA-A to activate the current. Chlorine
entry hyperpolarizes the membrane. In the case of postsynaptic
GABA-B receptors, hyperpolarization is due to the indirect activation
of potassium channels, which generates a potassium outflow and thus
hyperpolarization. In the presynaptic terminal, the GABA-B receptor
modulates calcium channels and decreases calcium entry, thus
causing less release of excitatory neurotransmitters such as glutamate.
The final result is that GABA inhibits nerve transmission mediated
by glutamate and other excitatory neurotransmitters in the different
neuronal circuits of the cerebral cortex, either by hyperpolarizing the
postsynaptic cell membrane or by reducing the release of excitatory
neurotransmitters from the presynaptic terminal. The GABA
receptors have different locations; they can be located in the synapse or
positioned in extrasynaptic territories, which allows for the generation
of two types of responses: a fast postsynaptic potential (fast IPSP),
characteristic of the action of GABA on synaptic ionotropic receptors
and a slow (slow IPSP) that is dependent on the action of GABA that
diffuses and acts on extrasynaptic receptors [21]. However, there
are also numerous subtypes of GABAergic interneurons in circuits
of the cerebellum, the basal ganglia and many areas of the cerebral
cortex that have specific biophysical properties and contribute to the
diversity of responses related to GABAergic tone. However, GABA
does not only act as a neurotransmitter; its roles as a neurohormone,
trophic factor and immunomodulator have also been described, and
these roles make GABA a multifunctional molecule [11].

GABA and balance inhibition-excitation

The general function of GABA in the different circuits is to generate
a balance between the excitatory impulses in the different circuits,
through a presynaptic or postsynaptic inhibitory effect, which, when
reducing neuronal excitability, is considered to act as an inhibitory
tone. It is suggested that this modulating activity is reflected in the
synchronized oscillatory activity of neuronal circuits, which can be
the basis of multiple cognitive functions that include perception,
attention, memory and learning. Macroscopically, these oscillatory
patterns of cortical circuits are reflected in the electroencephalogram
in high-frequency oscillatory activity such as gamma rhythms with
frequencies of 30-100 Hz and beta frequencies of 13-30 Hz [22].
These rhythms fluctuate normally in physiological conditions and

are altered in pathological situations. Some depressant chemicals
of the central nervous system increase this inhibitory tone through
modulation of the GABA receptors in the presynaptic or postsynaptic
neurons. An example are some nervous system depressants such as
benzodiazepines or alcohol. Other drugs reduce the flow of calcium in
the neurons by reducing the release of various neurotransmitters such
as noradrenaline, glutamate and substance P, which causes various
responses including pain inhibition. Drugs such as pregabalin and
gabapentin have been used in the treatment of pain, but they are also
used in the treatment of pathologies as diverse as anxiety, epilepsy and
other neuropathies [23,24].

GABA and sleep

There are many neurotransmitters that participate in the
phenomenon of sleep and the sleep-wake cycle: neurotransmitters
such as glutamate, noradrenaline, serotonin and histamine can be
part of excitatory circuits of alertness and wakefulness; endorphins,
acetylcholine and of course GABA participate actively in the inhibitory
circuits to trigger sleep. GABA apparently participates in both REM
and non-REM sleep [25-27]. Sleep is a complex phenomenon that,
by generating a restriction of neuronal activity, apparently favors
detoxification and functional recovery at the cellular level. Sleep is
part of a fundamental biological cycle common to many species: the
sleep-wake cycle. This cycle includes three phases: wakefulness, sleep
with rapid eye movements (REM sleep) and sleep without rapid eye
movements (non-REM sleep) and is the result of the participation of
various neural circuits in the reticular formation of the brain stem
to the cortex that have both excitatory and inhibitory characteristics
[26,27].

GABA and neurodevelopment

The role of GABA in postnatal brain development processes
has been studied in animal models where the development of the
somatosensory and visual cortex has been explored [18,19]. Cortical
activity and its postnatal development depends on a balance between
excitatory circuits and inhibitory circuits. It has been observed
that the administration of agonist substances or GABA antagonists
modifies the structure of cerebral cortical units, namely, the cortical
columns. This has been studied in rodents, where it was observed that
the infusion of benzodiazepines expands the distance between the
cortical columns of the visual cortex, while the antagonists reduce the
distance between the columns [28,29]. These structural and cortical
modifications can be key in processes such as learning, memory and
processing of sensory and motor information [22,25,30].

GABA in the neuroendocrine system

One of the additional functions of GABA is as a neurohormone.
It has been reported that GABA inhibits the release of gonadotropin
releasing hormone (GnRH), and it inhibits the release of prolactin,
although its inhibitory effect is less potent than that of dopamine. It
has been shown that a decrease in GABA together with an increase in
glutamate coincides with the high release of GnRH during puberty.
At a peripheral level, GABA participates in the activity of ovaries
and testes by regulating the release of estrogen, progesterone and the
process of spermatogenesis [7]. However, in fish it has been observed
that an injection of GABA causes an increase in the release of GnRH
and LH and inhibits the activity of dopaminergic cells. It has also been
observed that by inhibiting GABA transaminase there is an increase
of GABA in the pituitary gland and elevation of gonadotropin levels in
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plasma. Apparently the changes in GABA are cyclic and are regulated
by estrogen levels, since estradiol produces a decrease in GABA
levels [31,32]. GABA and synthetic enzymes such as GAD are also
present in other endocrine tissues. In the islets of Langerhans in the
pancreas, the beta cells produce this neurotransmitter. Here, GABA
seems to have a cytoprotective effect, since it has been observed that
it reduces the apoptosis of beta cells and favors their proliferation
[33]. At the level of the digestive tract, the presence of cells reactive
to GABA, especially at the level of the pyloric sphincter and small
intestine, has also been described, which could mean that GABA can
act as a neurotransmitter and intestinal hormone [34]. Some studies
have shown that GABA can stimulate gastric secretion in rodent
models [35]. More recently, the existence of a brain-gut axis has been
proposed in which microbiota in the digestive tract can modify levels
of neurotransmitters such as dopamine, norepinephrine, serotonin
and GABA [36].

GABA as an immunomodulator

In recent years, multiple studies have shown that GABA can be
synthesized, stored and released by the immune system. Cells of the
immune system such as macrophages, monocytes and T lymphocytes
express GABA-A and B receptors, GAD and transporters for GABA.
The activation of GABA receptors, at a non-neural level, requires
much lower concentrations than those present in the nervous
system. At the peripheral level, GABA can modulate the activity of
the immune system by activating or inhibiting cytokine secretion,
decreasing the proliferation of T cells and modifying the migration of
defense cells. In animal models it has been observed that a decrease
in the expression of GAT increases the proliferation of T cells and the
production of cytokines [4-6,37].

GABA and cardiovascular regulation

The modulating effect of GABA in cardiovascular regulation
circuits located in the central nervous system at the brain stem level
has been widely studied in multiple models. The administration of
GABAergic agents in the nervous system produces a decrease in
heart rate and blood pressure by reducing the sympathetic tone. This
response can be reversed by GABA antagonists such as bicuculline
[26,38-40]. In a recent work, by using a zebrafish model, we found that
GABA modifies the variability of heart rate (HRV) in larvae, probably
by central action [41]. GABA has also been identified at the level of
structures of the peripheral nervous system such as the sympathetic
ganglia, but its role in cardiovascular regulation at this level is not
clear and research is needed to establish the regulatory mechanisms.
This information proposes a possible therapeutic approach to
cardiovascular pathologies with substances that act peripherally and
selectively [1,38,42,43].

Pathophysiology of Gaba, Neurological and Non-
Neurological Diseases

GABA is implicated in a large number of diseases including anxiety
and stress disorders [44], pain [24], musculoskeletal disorders [1],
sleep disorders, depression, addiction and withdrawal syndromes,
seizure syndrome, encephalopathies, hepatic disorders, memory
and learning disorders, hormonal disorders such as premenstrual
syndrome and more recently a role of GABA in schizophrenia,
depression and Alzheimer's disease has been revealed [25,45].

GABA and neurological disorders, Convulsive syndrome

A convulsive syndrome is a multi-causal phenomenon in which
a relatively common phenomenon is the decrease or absence of
neuronal inhibition mediated by GABA. The decrease of inhibitory
GABAergic tone is associated with an increase in neuronal excitability
that favors the hyper synchronization of neuronal electrical activity
and the appearance of convulsive episodes. This can trigger numerous
pathological processes such as epileptic states. Studies in humans
have shown that the expression of the transporter for GABA is
diminished in the hippocampus of epileptic patients, which probably
leads to the increase of GABA in the synaptic cleft; as a response, the
internationalization of GABA receptors into the cytoplasm (down
regulation) and their reduction in number in the cell membrane
occurs and this decreases the response to GABA and increases the
action of excitatory neurotransmitters [Goto, 46-48].

GABA and affective disorders

Experimental evidence shows a relationship between impaired
GABAergic function and affective disorders such as stress, anxiety,
depression and addictive behaviors, especially related to alcoholism.

Anxiety, depression and GABA

Anxiety and depression are disorders of affect that often occur
simultaneously in the same patient and some researchers have
suggested that both pathologies may have a similar pathophysiological
mechanism. It has been proposed that a reduction of GABAergic
tone may be present in both anxiety disorders and more complex
pathologies such as major depression [Pehrson, 45]. Studies of cerebral
functional images in patients with depression have shown lower levels
of GABA at the cortical level and in experimental models in rats it has
been observed that a decrease in the expression of GABA-A receptors
generates a pattern of behavior similar to anxiety. GABA has also
been implicated in the pathophysiology of panic disorder along with
serotonin and dopamine [45].

Alcoholism and GABA

The neurobiological effects of alcoholism, such as acute and
chronic intoxication, convulsive episodes, psychotic states, Wernicke-
Korsakoff syndrome and alcohol-fetal syndrome, are the expression
of the effects and consequences of ethanol, a GABAergic agonist, on
the glutamatergic system. Acute consumption of ethanol facilitates
GABAergic transmission (by increasing the conductance of chlorine
through the GABA receptor) and inhibits glutamatergic function
(by decreasing cathonic conductance through the NMDA receptor).
Paradoxically, the development of tolerance associated with the chronic
consumption of ethanol leads to a reduction in GABAergic function
and an increase in glutamatergic activity. The prolonged inhibition of
the NMDA receptor by ethanol results in the development of super
sensitivity, and acute withdrawal of ethanol causes a marked increase
in the activity of postsynaptic neurons that include various circuits
such as the dopaminergic, noradrenergic and glutamatergic system
that can lead to neurotoxicity by glutamate [49,50].

GABA and cognitive disorders. Schizophrenia

GABA has also been implicated in the pathophysiology of
schizophrenia [51, Schmidt]. Recent studies carried out in autopsies
of patients with schizophrenia indicate that the GABA function is
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diminished in brain areas that present structural changes observed
in computerized axial tomography and magnetic resonance studies.
These reported structural changes are associated with the patient's
negative symptoms, poor premorbid functioning and decreased
turnover of dopamine and serotonin. There are other findings, both
in schizophrenic patients and in animal models, related to GABA:
reduction in the density of GABAergic neurons, structural alterations
of the receptors and disorders in the reuptake of this neurotransmitter.
This accumulated evidence suggests the participation of GABA in the
genesis of this disease and we have proposed models that propose
an interaction of the GABAergic and dopaminergic system in the
pathophysiology of schizophrenia [52,53, Benes].

Immune system and GABA. Autoimmune pathologies

The neurotransmitter GABA has also been implicated in disorders
related to autoimmunity that include multiple sclerosis, diabetes
mellitus type 1, rheumatoid arthritis, asthma, and sepsis. In patients
with multiple sclerosis it has been found that serum levels of GABA
are decreased. In animal models of rheumatoid arthritis and obesity,
the administration of GABAergic agents decreases the inflammatory
response [4-6]. In diabetes mellitus type 1, it has been suggested that
the destruction of beta cells may be mediated by proinflammatory and
cytotoxic activity of T cells, which would coincide with a reduction
in GABAergic function; it has been suggested that GAD can act as
an autoantigen [7,54,55]. GABA could also play an important role in
conditions such as sepsis, where a massive release of cytokines can
cause a patient's condition to rapidly deteriorate [56,57]. Similarly,
in other pathologies with an immunological component such as in
asthma, it has been suggested that the production of GABA in the
respiratory epithelium may be aprotective factor since it apparently
induces bronchial smooth muscle relaxation, but the underlying
mechanisms are still unclear [58].

Pharmacology and Therapeutics of Gaba

The use of chemical substances that act on the GABA system is not
new; in fact, the first sedative-acting agents developed more than 100
years ago act on the GABAergic system, namely barbiturate substances
derived from barbituric acid [59]. Based on the knowledge of the
structure, function and participation of GABA and its recipients in
various pathologies, mechanisms of action of conventional multiple
drugs traditionally used in clinical practice have been clarified, for
which mechanisms of action were not previously known, but they
have also been used to develop new therapeutic alternatives that target
GABA and its actions (Table 1).

GABA-A  agonists include barbiturates  (pentobarbital,
secobarbital, phenobarbital), classical and new benzodiazepines
(diazepam, alprazolam, flurazepam, imidazenil, triazolam), ethanol,
neurosteroids, muscimol and topiramate. Neurosteroids are a group
of interesting substances because they are metabolites derived from
steroid hormones that can apparently be synthesized in the nervous
system. Derivatives of progesterone and corticosterone produce
hypnotic, sedative and anxiolytic effects [60,61]. One of these
steroids is the anesthetic alfaxalone that acts as a potent modulator
of GABA. Other steroidal derivatives are: allopregnanolone, alo tetra
hydroxycorticosterone, androstanediol, ethiocolanone, pregnenolone
and dehydroepiandrosterone [23]. The ability of neurosteroids to
modulate the function of GABA could explain the different responses
to the administration of GABAergic agents when administered to
men or women and the symptoms of anxiety that occur with the
abrupt suspension of corticosteroids administered chronically.
GABA A antagonists are experimental agents such as beta carbolines,
picrotoxin, bicuculline, and pentylenetetrazole; these agents are
characterized by blocking GABA effects and producing anxiety states
to convulsions. Also in this group should be considered flumazenil, a
drug used as an antidote in poisonings by benzodiazepines (Table 1).

N

\

TARGET TYPE MECHANISM EFFECT DRUGS REFERENCES
GABA Blocker Reduces GABA synthesis Reduces inhibitory tone | Hidracines, valproic acid. [32,69]
(SEI;ISESIS Activator Reactive synthesis of GABA | Reduces excitatory tone | Piridoxine. [32, 69]
TRANSPORT Blocker Prevents GABA reuptake Increase inhibitory tone | Vigabatrin, valproate, tiagabine, | [32, 51, 52, 53, 69]
(GAT) diaminobutyric acid, nipocotic
acid and guvacine
DEGRADATION | Inhibitor Blocks GABA degradation | Increase inhibitory tone | Vigabatrine, valproic acid. [70]
(GABA-T)
GABA-A Agonist Increases chlorine entry by | Inhibition (rapid IPSP). | BZD, barbiturates alcohol, [17, 23, 25,27, 28, 29,
RECEPTOR GABA-A receptor Increase inhibitory neurosteroids, muscimol, 32,48, 49, 61,64, 65, 66,
tone. abecarnil, topiramate. 69,71,72,77, 82, 89]
Antagonist | Decreases chlorine Excitatory tone Picrotoxin, bicuculline, [23, 27, 29, 65, 66, 69,
permeability. Reduces predominates pentylenetetrazole, flumazenil. | 71, 72]
inhibitory tone
GABA B Agonist Increases potassium output | Inhibition (slow IPSP) | Baclofen, 3-APPA, 3-APMA. [10, 15, 16, 17, 18, 32,
RECEPTOR postsinapsis Reduces 37, 54, 65, 66, 69, 73, 74,
Reduces calcium entry neurotransmitter release 86, 90]
presynapsis
Antagonist | Reduces inhibitory tone Excitatory tone Saclofen, dcido amino-valérico. | [15, 16,17, 18, 19, 65,
predominates 66, 69, 86]
Table 1: Pharmacology of GABA. The therapeutic targets, mechanisms of action, final effects on GABAergic transmission and pharmacological agents can
be observed.
3-APMP: 3-aminopropyl(methyl)phosphonic acid; 3-APPA: 3-aminopropylphosphonic acid; BZD: benzodiazepines; GABA-T: GABA transaminase; GAD: glutamate
decarboxylase enzyme; GAT: GABA transporter; IPSP: inhibitory postsynaptic potential.
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For GABA-B receptors, the number of available drugs is lower.
Baclofen is the agonist par excellence, while antagonists are saclofen
and valeric amino acid. With the direct action of these agents on
GABAergic receptors, phasic GABAergic inhibition is modulated,
which depends on the release of GABA and its action on synaptic
receptors [60].

GABAergic action can also be modulated by acting on the synthesis,
degradation and / or transport systems (Table 1). With these agents the
inhibitory tone is modulated without directly acting on GABAergic
receptors, causing a fleeting or prolonged effect of GABA on their areas
of influence. This can positively or negatively modulate the GABAergic
tonic inhibition. Some drugs can increase the inhibitory tone by
activating synthetic enzymes (GAD), as happens with pyridoxine,
a cofactor of GAD, and whose deficiency can generate seizures.
GABAergic tone is also increased by inhibiting degradation enzymes
such as GABA-T (valproate, vigabatrin, gabaculin, phenelzine) or by
inhibiting the GAT membrane transporter (tiagabine, deramciclane,
adhyperforin, hyperforin). The inhibitory tone can be reduced by
inhibiting the GABA synthesis enzyme, GAD 65/67, with hydrazines.

From the clinical point of view, understanding the function of
GABAergic neurons and their participation in pathological disorders
is key in clinical areas such as neurology, psychiatry and rehabilitation
because a large number of anxiolytics, muscle relaxants, sedatives
and anticonvulsants exert their pharmacological action by acting
on receptors or enzymatic systems; however, new clinical areas and
therapeutic proposals based on the findings of recent years have
emerged.

Clinical Applications

Anticonvulsants: GABAergic agents are an option in the treatment
of epilepsy in order to increase the inhibitory tone to reduce neuronal
cortical hyperexcitability [55]. The mechanism of these agents
varies and includes GABA agonist drugs such as benzodiazepines
or barbiturates. Agents that modify transport and metabolism that
include inhibitors of the GABA transporter or pyridoxine as a cofactor
of GAD can be considered to act as an anticonvulsant in cases of
seizures due to pyridoxine deficiencies (see Table 1). Sodium valproate
is an inhibitor of semialdehyde succinic dehydrogenase and GABA
transaminase; its mechanism of action is to inhibit enzymes that are
related to the degradation of GABA and therefore it maintains the
necessary levels of GABA. Another strategy is to block the reuptake
of GABA by presynaptic neurons, which is achieved with substances
such as diaminobutyric acid, nipecotic acid and guvacine [46,47,62].

Sleep disorders: Many GABAergic agents have sedative and hypnotic
actions and many of them have been used with that intention, such as
barbiturates, benzodiazepines to anesthetic agents and alcohol. With
the contribution of molecular biology to identify subtypes of subunitsit
has been possible to establish that the expression pattern of subunits
determines the predominance of a particular effect. Apparently, the
presence of alpha 1 subunits results in a greater sedative effect and
the presence of alpha2 / alpha3 subunits produces a greater anxiolytic
effect [25,63].

Anxiety and depression: Given that it is postulated that anxiety and
depression are clinical situations that may be present in the same
patient and that GABA may be participating in its genesis, many
GABAergic agents have been used for the treatment of anxiety and as
coadjutants in the treatment of depression [43,64-66].

Schizophrenia: In patients diagnosed with schizophrenia, a
reduction in the number of GABAergic type of interneurons has been
found in post mortem studies. More recently, it has been suggested
that deficiencies in the expression of the a2 subunit of the GABA-A
receptor could be involved in the genesis of schizophrenia, learning
disorders, chronic pain and drug dependence [60]. Early intervention
with GABAergic agents at this level, much less aggressive than
traditional neuroleptics, could delay the onset of symptoms and the
progression of schizophrenia [52,53,65-67].

Abnormal movements, spasticity and analgesia: For the
management of spasticity[68],a GABA B agonist has traditionally been
used to modulate muscle tone in situations in which it presents, such
as in upper motor neuron and / or basal ganglia lesions [9,69]. GABA
and its receptors are present in circuits responsible for coordinating
the perception and response to painful stimuli. The antinociceptive
effect of GABA agonists has been demonstrated in various animal
models. It has also been shown that in some types of chronic pain
there is a decrease in the GABAergic inhibitory tone in the circuits
responsible for the processing of sensory information related to pain
[24]. However, the use of GABAergic agents as analgesics is limited
because the response varies depending on the type of pain and its
time of evolution. Additionally, side effects occur such as sedation,
which in turn is directly related to the analgesic effect [70-71]. Some
medications that have been used for pain control include baclofen,
diazepam, pentobarbital, progesterone-derived neurosteroids, and
ethanol [72-74].

Immunomodulator: As previously mentioned, GABA has been
implicated in some autoimmune pathologies, which implies that
parallel to its inhibitory function in the nervous system, it has a
modulating function on the immune system [75]. In patients with
Stiffman syndrome (rigid person syndrome) which is associated with
autoimmune diabetes mellitus and seizures, anti-GAD antibodies
have been found and therefore reduced levels of GABA [76]. In some
experimental models of autoimmune encephalitis, the stimulation of
GABAergic tone reduces the progressive paralysis that occurs due to
the inflammatory process [5,36]. Some studies with benzodiazepines
have shown that this GABA agonist agent plays a role in the regulation
of the production of corticosteroids by the adrenal cortex and central
nervous system in stress situations; however, extensive studies are
required to establish the therapeutic potential of GABAergic agents
[77,78].

Asthma: In some experimental models in which hyperresponsiveness
of the airway is induced by some type of allergen (ovalbumin, for
example), in which there is overproduction of mucus, an increase in
the synthesis of GABA and an increase in the expression of GABA-A
receptors is observed. This suggests an excitatory role for GABA at this
level. Also in humans, there is an increase in the expression of GAD
and GABA-A receptors after exposure to allergens. The intranasal
application of GABA antagonists reduces the overproduction of nasal
mucus induced by allergens [Forkuo, 79]. However, GABA-B receptors
also have an important role in inhibiting bronchoconstriction
stimulated by acetylcholine or cytokines; it has been shown that
the use of GABA-B receptor agonists could have a protective effect
in asthma [80,81]. However, additional studies on these responses
are required as well as studying if there is any connection between
asthma and emotional states such as stress and anxiety typical of
many asthmatic patients.
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Digestive disorders: Although less studied, the presence of GABA
in the digestive tract can be evidenced when using GABA agents in the
treatment of diseases characterized by disorders of gastric secretion
or intestinal motility. The secretory function of the gastrointestinal
tract seems to be modulated by GABA, since there are studies in
animal models that show that the application of GABA in the central
nervous system decreases the vagal tone and thereby reduces gastric
acid secretion mediated by acetylcholine, which reduces significant
and dose-dependent ulcers caused by stress [82]. The use of GABA
agonists, such as pentobarbital, in the treatment of irritable bowel
syndrome reduces pain and improves digestive symptoms [83].
Similarly, baclofen, a GABA-B agonist, has been used to increase
gastric emptying in animal models of delayed gastric emptying
induced by dipyrone [84]. Similarly, the theory of the bowel brain axis
raises the possibility of acting on the microbiota to modify affective
and / or cognitive disorders [85,86, Kelly]. However, more studies are
required to confirm or reject these hypotheses.

Conclusions

Research and current knowledge show that GABA is a versatile
molecule, which, besides being a key inhibitory neurotransmitter in
the development and function of the nervous system, can perform
other tasks in nonneural tissue, either as a neurohormone or as a
neuroimmunomodulator. This makes GABA one of the fundamental
molecules of the neuroimmunoendocrine system, which can become
a potential therapeutic target for the treatment of a large number of
pathologies related to this system. However, it is necessary to carry out
more research, both basic research and clinical research, to confirm or
rule out its therapeutic usefulness.
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