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This Special Issue, “GABA Signaling: Therapeutic Targets for Neurodegenerative and
Neurodevelopmental Disorders”, focuses on a fundamental property of the neurotrans-
mitter γ-aminobutyric acid (GABA), namely its capacity to shift, in particular conditions,
from the hyperpolarizing to the depolarizing direction.

GABA, the main inhibitory neurotransmitter in the adult brain, hyperpolarizes the mem-
brane and inhibits neuronal firing by activating two different classes of receptors: GABAA
and GABAB. Unlike GABAA receptors, which form integral ion channels, GABAB receptors
are coupled to ion channels via guanine nucleotide-binding proteins and second messengers.
In physiological conditions, GABA exerts a powerful control over cell excitability and network
oscillations thought to be associated with high cognitive functions.

Early in postnatal life, GABA, acting on GABAA receptors, depolarizes and ex-
cites its targets through an outwardly directed flux of chloride. The low expression
of the KCC2 extruder at birth leads to Cl− accumulation inside the neuron via NKCC1.
The developmentally up-regulated expression of KCC2, which in rodents occurs toward
the end of the first postnatal week, results in the extrusion of Cl−, causing a shift of GABA
from the depolarizing to the hyperpolarizing direction. Therefore, the direction of GABAA-
mediated neurotransmission (depolarizing or hyperpolarizing) depends on the intracellular
levels of chloride [Cl−]i, which in turn are maintained by the activity of the cation-chloride
importer and exporter: NKCC1 and KCC2, respectively [1]. This system is highly labile
and is altered in a wide range of brain disorders, leading to a reduction in KCC2 with
the consequent accumulation of chloride inside the cell, and a depolarizing and often exci-
tatory action of GABA. These alterations have been observed not only in developmental
disorders, but also in neurodegenerative ones, as well as in trauma, infarct, and lesions,
suggesting that this is a common reaction of networks to insults.

This research topic comprises one research and four review articles, highlighting
the role of GABA neurotransmission in several brain disorders and the beneficial effect
of restoring proper GABAergic signaling and excitatory/inhibitory balance in the neuronal
circuits involved.

The research article by Alfano et al. focuses on the function of GABAA receptors
in type II focal cortical dysplasia (FCD), one of the most frequent drug-resistant forms
of epilepsy in pediatric patients [2]. Using Xenopus oocytes transplanted with human
tissues from patients affected by FCD, the authors found that while the prototypical pro-
inflammatory cytokine IL-1β reduced the amplitude of GABA responses via its signaling
pathway in tissues obtained from adults, it potentiated those obtained from children.
In agreement with previous data, this effect was associated with a more depolarizing
response to GABA, caused by the upregulation of the chloride importer NKCC1 [3].
These results indicate that an inflammatory process and an altered chloride homeostasis are
responsible for the enhanced excitability and focal epilepsy induced by cortical dysplasia
in children. Whether the two processes are causally related remains to be established.

Brain Sci. 2023, 13, 1240. https://doi.org/10.3390/brainsci13091240 https://www.mdpi.com/journal/brainsci

https://doi.org/10.3390/brainsci13091240
https://doi.org/10.3390/brainsci13091240
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com
https://orcid.org/0000-0002-1183-2772
https://orcid.org/0000-0001-6208-8480
https://doi.org/10.3390/brainsci13091240
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com/article/10.3390/brainsci13091240?type=check_update&version=1


Brain Sci. 2023, 13, 1240 2 of 3

Emerging non-invasive proton magnetic resonance spectroscopy (1H-MRS) used to unveil
the role of GABAergic signaling in addictions caused by alcohol, nicotine, cocaine, and cannabis
has been reviewed by Shyu et al. [4]. Improvements in this technique have allowed the quan-
tification of GABA concentration and the monitoring of its dynamic changes associated with
addiction in order to better characterize the nature of this disorder and its treatment using drugs
acting on GABAergic transmission. Changes in GABAergic signaling are effective in reducing
withdrawal, cravings, and other addiction-related behaviors such as stress, emotion, memory,
attention, and reward processing. However, most studies are still preliminary, based on a rel-
atively small sample size, and do not reach clinical significance. Moreover, whether changes
in GABA concentration following different addictive substances are region-dependent remains
to be determined. Although still in its infancy, MRS appears to be a promising non-invasive
method to quantify in vivo metabolite concentrations in addiction research.

In their review, Szymanski and Minichiello discuss how, early in postnatal develop-
ment, brain-derived neurotrophic factor (BDNF) and the TrkB signaling pathway alter
the expression of the cation-chloride importer NKCC1 [5]. As reported in a recent paper
by Badurek et al., the specific deletion of Ntrk2/Trkb from immature mouse hippocam-
pal dentate granule cells, during a particular time window, impairs their integration
in the proper hippocampal circuitry and reduces the expression of NKCC1 in their targets,
the CA3 principal cells [6]. The premature shift of GABA from the depolarizing to the
hyperpolarizing direction leads, at the network level, to the disruption of early synchro-
nized neuronal activity and to the impairment of the morphological maturation of CA3
pyramidal neurons, ultimately contributing to alter the hippocampal synaptic plasticity and
cognitive processes in adulthood. A premature shift in GABA from the depolarizing to the
hyperpolarizing direction, associated with reduced BDNF/TrkB signaling, has recently
been found in a mouse model of autism spectrum disorders, carrying the human R451C
mutation of the Nlgn3 gene (NLG3R451C KI) found in some families with autistic children.
Similar results were obtained in mice lacking the Nlgn3 gene (NLG3 KO mice), suggesting
a loss of function [7].

The expression of GABAB receptors in the developing brain has been reviewed
by Bassetti [8]. By modulating the function of K+ and Ca2+ channels, these receptors,
expressed at both post and pre-synaptic levels on glutamatergic and GABAergic terminals,
influence several developmental processes including cell migration during cortex forma-
tion, cell maturation, and network development. They are also expressed in astrocytes,
where they are instrumental in shaping neuronal activity and plasticity processes. Many in-
teracting proteins may participate in the formation of GABAB receptor complexes, leading
to a variety of different functions which can be targeted by newly designed drugs. GABAB
receptors are developmentally regulated; they are already present at embryonic stages, and
their distribution varies during development in a region-specific manner. Their dysfunction
may affect brain growth and circuit formation. Thus, GABAB receptors represent a suitable
target for treating a variety of developmental brain disorders.

Finally, the review by Capsoni et al. highlights the role of GABAA-mediated neuro-
transmission in neurodegenerative disorders such as Alzheimer’s disease (AD) [9]. Alter-
ations in nerve growth factor (NGF) signaling, discovered in 1952 by Rita Levi-Montalcini
and primarily involved in the growth, maintenance, proliferation, and survival of periph-
eral and central neurons, play a key role in AD development. Previous data have reported
changes in GABAergic signaling and alterations in the excitatory/inhibitory balance in hip-
pocampal neurons, as well as in the role of the cation-chloride co-transporters in mice
engineered to express recombinant neutralizing anti-nerve growth factor (NGF) antibod-
ies, which develop a neurodegenerative pathology reminiscent of that observed in AD
patients. In the hippocampus of these mice, GABA exerts on its targets a depolarizing and
excitatory action due to the intracellular accumulation of chloride, consequent to a reduc-
tion in the cation-chloride exporter KCC2, an effect that can be reversed by bumetanide,
a selective antagonist of the cation-chloride importer NKCC1 [10]. An impressive new
therapeutic approach, consisting of the repurposing of bumetanide, the selective antagonist
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of the cation-chloride importer NKCC1, has recently been provided to treat late-onset
AD [11]. Bumetanide ranked 1st out of 1300 compounds as the most effective flipping
drug, and it was selected as the top candidate for further investigations because of its safety
in long-term use and its positive effects on other brain diseases. Perhaps more impressively,
analyzing millions of clinical files, the authors also show that adults (>65 years old) treated
with bumetanide have a significantly reduced probability of developing Alzheimer’s dis-
ease. The therapeutic potential of bumetanide for AD treatment was validated both in vitro
and in vivo and statistically with real-world data.

We wish to thank all authors who submitted their work to this Special Issue and the re-
viewers for dedicating their time to improving the quality of the published manuscripts.

Author Contributions: This Editorial was written and approved by E.C. and Y.B.-A. All authors have
read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ben-Ari, Y.; Khalilov, I.; Kahle, K.T.; Cherubini, E. The GABA excitatory/inhibitory shift in brain maturation and neurological

disorders. Neuroscientist 2012, 18, 467–486. [CrossRef] [PubMed]
2. Alfano, V.; Romagnolo, A.; Mills, J.D.; Cifelli, P.; Gaeta, A.; Morano, A.; Mühlebner, A.; Aronica, E.; Palma, E.; Ruffolo, G.

Unexpected Effect of IL-1β on the Function of GABAA Receptors in Pediatric Focal Cortical Dysplasia. Brain Sci. 2022, 12, 807.
[CrossRef] [PubMed]

3. Cepeda, C.; André, V.M.; Levine, M.S.; Salamon, N.; Miyata, H.; Vinters, H.V.; Mathern, G.W. Epileptogenesis in pediatric cortical
dysplasia: The dysmature cerebral developmental hypothesis. Epilepsy Behav. 2006, 9, 219–235. [CrossRef] [PubMed]

4. Shyu, C.; Chavez, S.; Boileau, I.; Le Foll, B. Quantifying GABA in Addiction: A Review of Proton Magnetic Resonance Spectroscopy
Studies. Brain Sci. 2022, 12, 918. [CrossRef] [PubMed]

5. Szymanski, J.; Minichiello, L. NKCC1 Deficiency in Forming Hippocampal Circuits Triggers Neurodevelopmental Disorder:
Role of BDNF-TrkB Signalling. Brain Sci. 2022, 12, 502. [CrossRef]

6. Badurek, S.; Griguoli, M.; Asif-Malik, A.; Zonta, B.; Guo, F.; Middei, S.; Lagostena, L.; Jurado-Parras, M.T.; Gillingwater, T.H.;
Gruart, A.; et al. Immature Dentate Granule Cells Require Ntrk2/Trkb for the Formation of Functional Hippocampal Circuitry.
iScience 2020, 23, 101078. [CrossRef] [PubMed]

7. Sgritta, M.; Vignoli, B.; Pimpinella, D.; Griguoli, M.; Santi, S.; Bialowas, A.; Wiera, G.; Zacchi, P.; Malerba, F.; Marchetti, C.; et al.
Impaired synaptic plasticity in an animal model of autism exhibiting early hippocampal GABAergic-BDNF/TrkB signaling
alterations. iScience 2022, 26, 105728. [CrossRef] [PubMed]

8. Bassetti, D. Keeping the Balance: GABAB Receptors in the Developing Brain and Beyond. Brain Sci. 2022, 12, 419. [CrossRef] [PubMed]
9. Capsoni, S.; Arisi, I.; Malerba, F.; D’Onofrio, M.; Cattaneo, A.; Cherubini, E. Targeting the Cation-Chloride Co-Transporter NKCC1

to Re-Establish GABAergic Inhibition and an Appropriate Excitatory/Inhibitory Balance in Selective Neuronal Circuits: A Novel
Approach for the Treatment of Alzheimer’s Disease. Brain Sci. 2022, 12, 783. [CrossRef] [PubMed]

10. Lagostena, L.; Rosato-Siri, M.; D’Onofrio, M.; Brandi, R.; Arisi, I.; Capsoni, S.; Franzot, J.; Cattaneo, A.; Cherubini, E. In the adult
hippocampus, chronic nerve growth factor deprivation shifts GABAergic signaling from the hyperpolarizing to the depolarizing
direction. J. Neurosci. 2010, 30, 885–893. [CrossRef] [PubMed]

11. Taubes, A.; Nova, P.; Zalocusky, K.A.; Kosti, I.; Bicak, M.; Zilberter, M.Y.; Hao, Y.; Yoon, S.Y.; Oskotsky, T.; Pineda, S.; et al.
Experimental and real-world evidence supporting the computational repurposing of bumetanide for APOE4-related Alzheimer’s
disease. Nat. Aging. 2021, 1, 932–947. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/1073858412438697
https://www.ncbi.nlm.nih.gov/pubmed/22547529
https://doi.org/10.3390/brainsci12060807
https://www.ncbi.nlm.nih.gov/pubmed/35741692
https://doi.org/10.1016/j.yebeh.2006.05.012
https://www.ncbi.nlm.nih.gov/pubmed/16875879
https://doi.org/10.3390/brainsci12070918
https://www.ncbi.nlm.nih.gov/pubmed/35884725
https://doi.org/10.3390/brainsci12040502
https://doi.org/10.1016/j.isci.2020.101078
https://www.ncbi.nlm.nih.gov/pubmed/32361506
https://doi.org/10.1016/j.isci.2022.105728
https://www.ncbi.nlm.nih.gov/pubmed/36582822
https://doi.org/10.3390/brainsci12040419
https://www.ncbi.nlm.nih.gov/pubmed/35447949
https://doi.org/10.3390/brainsci12060783
https://www.ncbi.nlm.nih.gov/pubmed/35741668
https://doi.org/10.1523/JNEUROSCI.3326-09.2010
https://www.ncbi.nlm.nih.gov/pubmed/20089897
https://doi.org/10.1038/s43587-021-00122-7
https://www.ncbi.nlm.nih.gov/pubmed/36172600

	References

