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Abstract: GABA depolarizes and often excites immature neurons in all animal species and brain
structures investigated due to a developmentally regulated reduction in intracellular chloride concentration ([Cl−]i) levels. The control of [Cl−]i levels is mediated by the chloride cotransporters
NKCC1 and KCC2, the former usually importing chloride and the latter exporting it. The GABA
polarity shift has been extensively validated in several experimental conditions using often the
NKCC1 chloride importer antagonist bumetanide. In spite of an intrinsic heterogeneity, this shift is
abolished in many experimental conditions associated with developmental disorders including autism, Rett syndrome, fragile X syndrome, or maternal immune activation. Using bumetanide, an
EMA- and FDA-approved agent, many clinical trials have shown promising results with the expected side effects. Kaila et al. have repeatedly challenged these experimental and clinical observations. Here, we reply to the recent reviews by Kaila et al. stressing that the GABA polarity shift is
solidly accepted by the scientific community as a major discovery to understand brain development
and that bumetanide has shown promising effects in clinical trials.
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1. GABA Polarity Shift: A Brief Historical Perspective
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In 1989, recording from hundreds of neonatal rat hippocampal slices, we made three
completely unexpected observations [1].
Instead of the expected membrane hyperpolarization, in neonatal neurons, GABA
mediates synaptic currents, and exogenous GABA applications induce a membrane depolarization that often reaches the threshold for action potential generation. The depolarizing/excitatory action of GABA progressively shifts with age toward a hyperpolarizing/inhibitory action.
This early developmental alteration is due to a higher intracellular chloride concentration ([Cl−]i) that is progressively reduced following the same time course as the excitation/inhibition shift.
The interplay between the depolarizing action of GABA and glutamate generates a
primordial form of polysynaptic synchrony, crucial for synaptic wiring and refinement of
local neuronal circuits that we termed “giant depolarizing potentials”, or GDPs. GDPs
disappear when the polarity of GABA shifts from the depolarizing to the hyperpolarizing
direction.
Collectively, these observations (Figure 1) indicate that the actions of GABA follow
a developmental course with a significant polarity shift of its actions, and this underlies
major changes in cell and network activity. Earlier studies had observed a late maturation
of inhibition [2–4], but this study was the first to put together a global picture of the developmental actions of GABA and to highlight the central role of [Cl−]i in these events.
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Since then, the GABA developmental polarity shift became a major topic of investigation,
providing considerable advances in understanding its underlying mechanisms and biological significance, notably in relation to the trophic actions of GABA [5–9]. This phenomenon is well preserved throughout evolution, as suggested by its presence in virtually
all brain regions and animal species investigated. However, the mechanisms underlying
the developmental excitatory/inhibitory shift of GABA were still unknown. Ten years
later, Rivera et al. confirmed this shift and made a significant contribution to the field
showing that it results from the differential temporal expression of the cation–chloride
cotransporters NKCC1 and KCC2, involved in chloride uptake and extrusion, respectively
[10]. This is a fitting example of how science proceeds to reach an objective.

Figure 1. Giant depolarizing potentials (GDPs) and depolarizing actions of GABA in immature hippocampal pyramidal neurons. This is the first description of GDPs, which are synaptic events readily blocked by TTX (A,B). They are present during the first 12 days of post-natal life in rodents (C);
(D) concomitant extracellular (upper trace) and intracellular (lower trace) recordings of a GDP; (E)
spontaneous GDPs associated with an increase in input conductance, as shown by changes in electrotonic potentials resulting from injection of constant hyperpolarizing current pulses (−200 pA)
through the recording electrode. From [11].

However, Kaila et al. have recently written reviews in Cells, TINS, Epilepsia, and bioxRiv presenting a very biased summary of these facts, omitting quite systematically to
refer to our discovery and quoting much later works published by their groups. Using the
GDP terminology while referring to their own papers goes beyond a misquotation issue
[12]. Our first motivation here was simply to stress these unquestionable facts. More importantly, our aim is to challenge what we consider a dogmatic biased view on what has
been or ought to be carried out to understand the GABA polarity shift and its experimental
or clinical implications.
2. Fact 1: The Polarity Shift Is Not Anymore Debated
Since our original paper, the developmental shift of GABA from the depolarizing to
the hyperpolarizing direction has been observed at early developmental stages in several
brain regions in rodents using in vitro recordings. It has been detected also in newborn
neurons in the adult brain. The few studies that have challenged this shift are based on
wrong assumptions and irreproducible results, as stressed by a review signed by most of
the experts of the domain [13] and by a parallel study by Kaila et al. [14]. In fact, the most
reliable and direct evidence of the GABA shift stems from non-invasive single GABA
channel recordings to determine EGABA and NMDA-receptor-mediated currents to
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determine Vrest. All other techniques are invasive and provide indirect measures of these
parameters.
In vivo studies, including those made by Kaila et al., are derived from recordings in
anesthetized animals [15–17]. Conclusions from these studies are hampered by the effects
of anesthetics (reviewed in[13]. Thus, in vivo and in vitro, anesthetics impact heavily dendritic excitability and propagation of calcium currents [18]. A recent study performed on
non-anesthetized rodents has confirmed the excitatory actions of GABA at least on pyramidal neurons of the hippocampus in vivo [19] (Figure 2).

Figure 2. GABA excites pyramidal neurons in vivo in unanesthetized rodents. Changing the role of
anion conductance by photostimulation of channelrhodopsin virally expressed in the soma of nonGABAergic neurons generates different effects at P3 and P7. This stimulation increased the firing
rate at P3 and reduced it at P7. With permission From [19].

Therefore, stating as in [17] that “the very existence of the developmental shift in
[Cl−]i described above has been intensely debated because of the lack of such (adequate)
measurements” referring to our collective paper where these “challenges“ are shown to
be artifacts [13] is misleading and infirmed by the published evidence. Clearly, recognizing the limitations of each technique is a very useful exercise and combining in vitro and
in vivo preparations and techniques are indispensable to reduce, at least in part, these
limitations. Briefly, the polarity shift is a fact. What remains is to better understand all its
facets. Kaila et al have also challenged our earlier observations on the oxytocin-mediated
neuroprotective shift during birth, suggesting that GABA remains depolarizing during
birth [20,21]. There are important differences between the two experimental conditions
[22]. However, most importantly, the tools used by Kaila et al. to determine [Cl−]i levels
are indirect and unreliable. At birth, many rodent CA1 pyramidal neurons have little or
no dendrites, and therefore, applying caged GABA on dendritic regions is difficult to interpret [23]. Additionally, determining chloride extrusion capacity by photolysis of
whole-cell recordings neither provides a reliable estimation of DFGABA nor the dynamics
of [Cl−]i levels. All invasive recordings of immature neurons alter Vrest by over 15 mV [24],
impacting the determination of EGABA. Single-channel, cell-attached recordings remain the
only reliable technique, in particular in immature neurons. It also bears stressing that the
GABA shift during birth was also abolished in rodent models of Rett syndrome [25], autism spectrum disorders, fragile X syndrome [26], and maternal immune activation [27].
It bears stressing that oxytocin controls the GABA excitatory-to-inhibitory shift (via KCC2
activation) [28], plasma oxytocin levels are lower in children with ASDs [29], sensitive
parenting is impacted by oxytocin [30], and intranasal oxytocin attenuates social deficits
in patients with ASDs [31].
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3. Fact 2: Reducing High [Cl−]i Levels with Bumetanide Has Beneficial Effects in
Several Neurological and Psychiatric Disorders
In a wide range of experimental conditions and disorders, the shift of GABA from
the hyperpolarizing to depolarizing direction is absent or delayed with high [Cl−]i levels
and excitatory actions of GABA, notably in epilepsies [32–34] (reviewed in [35]). Similar
high [Cl−]i levels have been observed in many brain disorders [35]. Bumetanide, an
NKCC1 chloride importer antagonist, has raised considerable interest since it is able to
restore the inhibitory action of GABA in vitro and attenuate the severity of the disorders
in animal models extending from certain types of epilepsies, autism spectrum disorders
(ASDs), Parkinson’s disease, brain trauma, Down syndrome, chronic pain, and even glioblastoma, to quote only a few of a long list [35]. Attempts to cause the same effect using a
KCC2 activator have, to the best of our knowledge, failed most likely because of the short
life span of the protein and its rapid internalization after insults [36]. A recent study has
shown that bumetanide is the most promising among over 1300 widely used treatments
blindly tested to reverse APOE specific genetic signatures. Furthermore, patients over 65
years old who were treated with bumetanide had a much lower likelihood to have Alzheimer’s disease, and bumetanide reduced in mice physiological and morphological features of Alzheimer’s disease [37].
Relying on these observations, clinical studies using oral administration of bumetanide has been found to mitigate the severity of ASD symptoms in hundreds of children
and adolescents in many independent trials made in France, Sweden, Tunisia, The Netherlands, and China [21,37–46] (Figure 3 and Table 1). 2 meta-analysis of studies suing
bumetanide to treat autism reveal that bumetanide attenuates the severity of ASDs (496
children) [47,48]. To the best of our knowledge, only one trial by Bruining et al. has shown
negative results with no significant differences between treated and placebo [45]. However, the authors stress in that study that bumetanide did significantly attenuate the repetitive behavioral scale, reflecting the usefulness of the treatment. In a later study, the
same group showed that bumetanide attenuates ASDs in patients having special EEG features, in fact these allow the prediction of treatment outcomes, illustrating the importance
of identifying responders using specific biomarkers [49] (also see below).
Unfortunately, the large phase III trial performed by Servier and Neurochlore failed
to reach significant differences between bumetanide treated and placebo (211 children 2–
7 years old and 211 adolescents 7–18 yrs old, in 40 centers in Europe, USA, Brazil, and
Australia). Yet, several hundreds of children with ASDs have been and are treated successfully with bumetanide (Table 1) [48]. This failure illustrates the heterogeneity of ASDs,
suggesting that a single treatment to all patients with ASDs might be difficult, which
makes the identification of subpopulations of bumetanide responders indispensable. This,
however, does not invalidate the efficacy of bumetanide but does raise important questions as to the biomarkers of the responders to the treatment. To this end, we are currently
reexamining all the data using artificial intelligence to identify subpopulations of responders.
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Figure 3. Bumetanide attenuates the severity of autism spectrum disorders (ASDs) in children 2–18
years old. A double-blind, randomized trial performed in several French centers using bumetanide
treatment. Note that the CARS scale was reduced primarily and almost exclusively in children
treated with bumetanide (blue columns) but not placebo with one exception (orange columns). Reducing CARS with 4 points or more is considered significant by EMA or FDA. From [41].
Table 1. Summary of the clinical trials using bumetanide to treat ASDs. Positive effects were observed in pilot or doubleblind, randomized trials performed in France, China, Sweden, Great Britain, The Netherlands, and Tunisia. Two open
trials evaluated eye-tracking and fMRI changes with bumetanide.
Country

N.

Age (y)

Rating scale

Dose

Duration

China

119

3–6

Sweden

6

3–14

Netherland

92

7–15

China

83

3–6

Netherland

15

8–21

Tunisia

29

Average ADI-R, CARS,
0.1
Improvement in CARS
12 months
7.9
CGI
mg/day
score

France

9

Average
21.4

France

88

2–18

CARS, SRS,
CGI

China

60

Average
4.5

ABC, CARS,
CGI

0.5 mg
CARS, ADOS,
twice/da 3 months
CGI, SRS
y
0.5 mg
CARS
twice/da 4-12 weeks
y
0.5 mg
SRS2
twice/da 3 months
y
0.5 mg
CARS, ADOS,
twice/da 3 months
CGI
y
0.5 mg
ABC-I (TSC) twice/da 3 months
y

Eye tracking 1 mg/day 10 months

End points

Side effects

References

mild (polyuImprovement in CARS
ria, hypokascore
lemia)

[40]

Improvement in CARS mild (polyuscore
ria)

[42]

Improvement in repetitive behavioral scale
But not SRS2

mild
(hypokalemia)

[45]

Reduction in CARS
score, CGI-I

mild (polyuria)

[44]

Improvement in ABC-I
score EEG

fMRI

0.5-2 mg
Improvement in CARS,
twice/da 3 months
CGI, SRS score
y
0.5 mg
Improvement in ABC,
twice/da 3 months
CARS, CGI score
y

mild
(hypokalemia)
mild
(hypokalemia)

[50]

[46]

None

[51]

mild
(hypokalemia)

[41]

None

[43]

Cells 2022, 11, 396

6 of 11

ADOS, fMRI
Average
emotion recog- 1 mg/day 10 months
19.3
nition

Improvement performance for emotion
recognition

mild (polyuria)

[51]

Improvement in CARS,
ADOS score

mild
(hypokalemia)

[38]

None

[39]

France

7

France

60

3–11

CARS, SRS,
ADOS

France

5

3–11

CARS, ABC,
Improvement in CARS,
CGI, RDEG, 1mg/day 3months
CGI,
RRB

1 mg/day 3 months

Compatible with an excitatory action of GABA [52], bumetanide was also able to reduce the paradoxical effects of benzodiazepine on both cognition and EEG in a girl affected by ASD, epilepsy, and cortical dysplasia [53]. Visual eye tracking and brain imaging
techniques have confirmed the beneficial actions of oral bumetanide in ASD adolescents
[51,52]. In addition, bumetanide attenuates the autism traits but not the seizures in patients with tuberous sclerosis [50]. Bumetanide attenuated social behavior, reduced irritable and hyperactive behavior, and health-related quality of life. Additionally, atypical
event-related potentials (ERPs) were attenuated by bumetanide, providing an electrical
partial signature of the amelioration. More recently, Bruining et al. have shown that the
efficacy of bumetanide in patients with ASDs can be predicted relying on EEG measures
[49] (Figure 4). These patients had unique EEG features, and bumetanide administration
restored the EEG and attenuated the clinical symptoms of ASDs. Interestingly, the effects
of bumetanide could be predicted by the EEG configuration. Collectively, these studies
suggest that biological and/or genetic markers are essential to identify a subpopulation of
patients for whom bumetanide treatment will be effective. It seems a priori difficult to
consider these ameliorations as “illusions”, as suggested by Kaila and Löscher [54] or being exclusively peripherally mediated.

Figure 4. Bumetanide, but not placebo, affects alpha oscillations in children with ASDs: (A–D)
whole-brain average EEG measures at treatment time points. Grand average topographies of the
treatment on EEG measures. Significant changes are shown with white circles in (E–H); these are
exclusively present in treated children, not placebo. This is observed in absolute EEG power, relative
power, and fE/I ratio. Adapted with permission from [49].
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4. Fact 3: The Side Effects of Bumetanide Are Well Controlled and Limited
Yet, relying on the postulate that bumetanide has strong ototoxic side effects, Löscher
and Kaila have repeatedly advocated against the usefulness of bumetanide to treat brain
disorders [54–56]. Recently, Kaila et al. pleaded against pursuing phase III clinical trials
in spite of promising preliminary observations stating: “Soul et al. [37] concluded that
definitive proof of bumetanide’s efficacy awaits an appropriately powered Phase 3 trial,
which we would emphatically advise against because of the many reasons explained in this commentary.” The authors stress two major limitations of bumetanide: ototoxicity and poor
blood–brain barrier (BBB) permeability. Concerning ototoxicity, Kaila et al. refer systematically to the trial of Pressler et al. (2015), which consisted in treating 2-day-old babies
affected by encephalopathy with bumetanide (four i.v. injections), antiepileptics (phenobarbital, midazolam, phenytoin, and lidocaine) and antibiotics (tobramycin or gentamycin), known to have ototoxic effects [57]. Pressler et al. stress consistently that seizures
associated with neonatal encephalopathies (three babies died during the trial) cannot be
compared with other types of more adult forms of epilepsies [58]. A recent trial made by
the Boston group [37] has also indicated the limited side effects of bumetanide, in addition
to phenobarbital, to treat seizures in babies. There is little doubt that speculating from lifethreatening encephalopathy with all the major metabolic disturbances to ASDs or other
disorders where bumetanide is administered orally (0.5 or 1 mg) is, at best, a lack of understanding of the issues in the development of treatments and ethically unacceptable.
Incidentally, to the best of our knowledge, there is not a single reference showing ototoxic
actions of bumetanide following oral treatment with bumetanide. Therefore, the assumption that bumetanide should not be used to treat neuropsychiatric disorders is scientifically biased and unsubstantiated. It is not astonishing that the administration of bumetanide is acceptable by authorities all over the world precisely because of the lack of severe
uncontrollable side effects (usually diuresis and hypokalemia). Admittedly, it is impossible to demonstrate that [Cl−]i levels are high in central neurons of children with ASDs, yet
the convergence of experimental and human data is not that frequently reached in the
development of treatment of brain disorders.
The issue of the BBB permeability deserves indeed a detailed reply beyond the scope
of this rebuttal. The vision of a static BBB identical in immature, adults,rodents, humans
in health and disease is somehow outdated. It is important to take into account the high
complexity of the BBB and its dependence on species, age, local permeability changes in
disorders, etc. [59,60]. Reduction of BBB effectiveness are well characterized in many central and peripheral disorders [61]. We must admit that data on human BBB in chidren with
ASD notably is completely lacking. Is it completely excluded that the BBB is altered in
children with ASDs, and an active transport occurs? Is it reasonable to consider that
measures in rodents represent babies, adults, and patients with Parkinson, ASD, Alzheimer etc? there are now extensive investigations showing the profound alterations of
the BBB in many disorders in humans [60] .The recent studies showing that bumetanide
attenuates both EEG alterations in patients with ASDs and clinical manifestations cannot
be readily reconciled with an exclusive peripheral action [49]. A peripheral type of action
of bumetanide likely contributes. Thus, GABA and muscimol stimulate the release of
adrenocorticotropic hormone (ACTH) or the growth hormone (GH) in pituitary cells.
Consistent with a depolarizing action of GABA, RT–PCR analysis from cultured anterior
pituitary cells (obtained from adult female rats) unveiled high levels of NKCC1 but not
KCC2 mRNA [62]. Bumetanide may act on these cells by reducing serum levels of ACTH,
GH, and cortisol, which, in autistic subjects, were found to be higher, compared with controls [63]. The recent study showing that out of 1300 widely used agents tested, bumetanide is the most promising drug to treat Alzheimer [12] illustrates the usefulness of repositioning this agent. A large study on millions of seniors over 65 years old revealed a
significance decreased incidence of Alzheimer in those who used Bumetanide [12] .To
summarize, the experimental and clinical data accumulated cannot readily be reconciled
by exclusively peripheral action, and therefore, a global, central, and peripheral action is
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more likely. Additionally, independently of the exact site of action, bumetanide ameliorates the life of infants with seizures or ASDs, and, from an ethical point of view, it remains
an important goal to pursue.
Our phase III trial was accepted by the European Medicine Agency precisely because
the side effects are limited—“Primum non Nocere”—and controllable, the health authorities requiring a positive benefice/risk ratio. If KCC2 activators will be found in clinical
trials to attenuate brain disorders, this would be a highly recommended avenue, even if
they have a short life span. In addition, the dogma that KCC2 activators are more suitable,
because contrary to NKCC1, KCC2 is exclusively neuronal is challenged with the demonstrated presence of KCC2 on pancreatic cells that modulate insulin release [62]. Dogmas
are always open to challenge! It is perhaps safe to state that there are, to the best of our
knowledge, no successful advanced phase II or III trials on any brain disorder centered on
KCC2 -targeting molecules, in spite of the immense investments by the pharmaceutical
industry. Therefore, even if bumetanide attenuates a proportion of children with ASDs,
this remains an important contribution to the treatment of this disorder that has remained
refractory to treatments. The actual trend of the pharmaceutical industry is to develop
novel bumetanide analogs, and this attests to the importance of the pioneer works and
trials we and others have made.
5. Conclusions: Future Directions Will Have to Rely on Many Avenues
When facing such a complex domain with wide experimental and clinical implications, there are many important avenues that deserve investigation. Kaila et al. insist on
their reviews on the fine regulation of NKCC1 and KCC2, including single-cell approaches, to determine the fine local regulation of cotransporters. Nevertheless, they also
stress that determining these mechanisms and the amount of total mRNA of the cotransporter do not directly transfer to functional efficacy [36]. At the end of the day, determining [Cl−]i levels remains an unavoidable step. Additionally, there are many other avenues
that are indispensable, depending on the question being asked. We advocate, for instance,
more investigations on what occurs in utero and during birth in disorders such as ASDs,
maternal immune activation, and genetic disorders such as Rett syndrome. As ASDs are
“born” in utero and birth, we should be able to identify already at birth babies susceptible
to be diagnosed later with ASDs. Indeed, this is feasible using machine learning [64]. The
next step would be to identify the sequels of the inaugurating insult and the deviations it
produces in brain construction. The “neuroarcheology “ concept posits that these early
insults lead to the persistence of neurons endowed with immature features that are the
cause of the disorder [65]. This concept will remain fundamental to understand, diagnose
early, and treat ASDs and many other disorders. Clearly, the heterogeneity and dynamic
features of developmental processes necessitate a better understanding of the deviations
produced by the initial insult and whether and how this impacts parturition and birth.
This has major implications and has remained terra incognita for a long period. In a few
words, there are many ways to reach the grail, and many grails to uncover.
Author Contributions: Both Y.B.-A. and E.C. conceived and wrote the article. All authors have read
and agreed to the published version of the manuscript.
Funding: No funding was required or obtained to write a review article.
Institutional Review Board Statement: Ethical review and approval were waived for this study
due to the fact that this is a review of published papers with no additional experiments included.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Acknowledgments: We are grateful to Diana Ferrari for her comments and criticism. We are also
grateful to our team of collaborators without whom our studies would not have been possible.

Cells 2022, 11, 396

9 of 11

Conflicts of Interest: E.C. declares no conflict of interest. Y.B.-A. is CEO of Neurochlore a company
dedicated to treat autism.

References
1.

2.

3.
4.
5.
6.

7.
8.
9.

10.
11.
12.

13.

14.

15.

16.
17.

18.
19.
20.

21.

22.

Kursan, S.; McMillen, T.; Beesetty, P.; Dias-Junior, E.; Almutairi, M.M.; Sajib, A.A.; Kozak, J.A.; Aguilar-Bryan, L.; Di Fulvio, M.
The neuronal K+Cl− co-transporter 2 (Slc12a5) modulates insulin secretion. Sci. Rep. 2017, 7, 1–14, https://doi.org/10.1038/s41598017-01814-0.
Mueller, A.; Taube, J.; Schwartzkroin, P. Development of hyperpolarizing inhibitory postsynaptic potentials and hyperpolarizing response to gamma-aminobutyric acid in rabbit hippocampus studied in vitro. J. Neurosci. 1984, 4, 860–867.
https://doi.org/10.1523/jneurosci.04-03-00860.1984.
Harris, K.M.; Teyler, T.J. Evidence for late development of inhibition in area CA1 of the rat hippocampus. Brain Res. 1983, 268,
339–343, https://doi.org/10.1016/0006-8993(83)90500-0.
Dunwiddie, T.V. Age-Related Differences in the in vitro Rat Hippocampus. Dev. Neurosci. 1981, 4, 165–175,
https://doi.org/10.1159/000112753.
Ben-Ari, Y.; Gaiarsa, J.-L.; Tyzio, R.; Khazipov, R. GABA: A Pioneer Transmitter That Excites Immature Neurons and Generates
Primitive Oscillations. Physiol. Rev. 2007, 87, 1215–1284, https://doi.org/10.1152/physrev.00017.2006.
Kasyanov, A.M.; Safiulina, V.F.; Voronin, L.L.; Cherubini, E. From The Cover: GABA-mediated giant depolarizing potentials as
coincidence detectors for enhancing synaptic efficacy in the developing hippocampus. Proc. Natl. Acad. Sci. USA 2004, 101, 3967–
3972, https://doi.org/10.1073/pnas.0305974101.
Chen, J.; Kriegstein, A.R. A GABAergic projection from the zona incerta to cortex promotes cortical neuron development. Science
2015, 350, 554–558, https://doi.org/10.1126/science.aac6472.
Ben-Ari, Y. Excitatory actions of gaba during development: The nature of the nurture. Nat. Rev. Neurosci. 2002, 3, 728–739,
https://doi.org/10.1038/nrn920.
Mohajerani, M.H.; Sivakumaran, S.; Zacchi, P.; Aguilera, P.; Cherubini, E. Correlated network activity enhances synaptic efficacy via BDNF and the ERK pathway at immature CA3 CA1 connections in the hippocampus. Proc. Natl. Acad. Sci. USA 2007,
104, 13176–13181, https://doi.org/10.1073/pnas.0704533104.
Rivera, C.; Voipio, J.; Payne, J.A.; Ruusuvuori, E.; Lahtinen, H.; Lamsa, K.; Pirvola, U.; Saarma, M.; Kaila, K. The K+/Cl− cotransporter KCC2 renders GABA hyperpolarizing during neuronal maturation. Nature 1999, 397, 251–255, doi:10.1038/16697.
Ben-Ari, Y.; Cherubini, E.; Corradetti, R.; Gaiarsa, J.-L. Giant synaptic potentials in immature rat CA3 hippocampal neurones.
J. Physiol. 1989, 416, 303–325, https://doi.org/10.1113/jphysiol.1989.sp017762.
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. https://doi.org/10.1038/s43587-021-00122-7.
Ben-Ari, Y.; Woodin, M.A.; Sernagor, E.; Cancedda, L.; Vinay, L.; Rivera, C.; Legendre, P.; Luhmann, H.J.; Bordey, A.; Wenner,
P.; et al. Refuting the challenges of the developmental shift of polarity of GABA actions: GABA more exciting than ever! Front.
Cell Neurosci. 2012, 6, 35.
1Ruusuvuori, E.; Kirilkin, I.; Pandya, N.; Kaila, K. Spontaneous Network Events Driven by Depolarizing GABA Action in Neonatal Hippocampal Slices are Not Attributable to Deficient Mitochondrial Energy Metabolism. J. Neurosci. 2010, 30, 15638–
15642, doi:10.1523/jneurosci.3355-10.2010.
Valeeva, G.; Tressard, T.; Mukhtarov, M.; Baude, A.; Khazipov, R. An Optogenetic Approach for Investigation of Excitatory and
Inhibitory Network GABA Actions in Mice Expressing Channelrhodopsin-2 in GABAergic Neurons. J. Neurosci. 2016, 36, 5961–
5973, https://doi.org/10.1523/jneurosci.3482-15.2016.
Kirmse, K.; Kummer, M.; Kovalchuk, Y.; Witte, O.W.; Garaschuk, O.; Holthoff, K. GABA depolarizes immature neurons and
inhibits network activity in the neonatal neocortex in vivo. Nat. Commun. 2015, 6, 7750, https://doi.org/10.1038/ncomms8750.
Sato, S.S.; Artoni, P.; Landi, S.; Cozzolino, O.; Parra, R.; Pracucci, E.; Trovato, F.; Szczurkowska, J.; Luin, S.; Arosio, D.; et al.
Simultaneous two-photon imaging of intracellular chloride concentration and pH in mouse pyramidal neurons in vivo. Proc.
Natl. Acad. Sci. USA 2017, 114, E8770–E8779, https://doi.org/10.1073/pnas.1702861114.
Potez, S.; Larkum, M. Effect of Common Anesthetics on Dendritic Properties in Layer 5 Neocortical Pyramidal Neurons. J.
Neurophysiol. 2008, 99, 1394–1407, https://doi.org/10.1152/jn.01126.2007.
Murata, Y.; Colonnese, M.T. GABAergic interneurons excite neonatal hippocampus in vivo. Sci. Adv. 2020, 6, eaba1430,
https://doi.org/10.1126/sciadv.aba1430.
Tyzio, R.; Cossart, R.; Khalilov, I.; Minlebaev, M.; Hübner, C.A.; Represa, A.; Ben-Ari, Y.; Khazipov, R. Maternal oxytocin triggers a transient inhibitory switch in GABA signaling in the fetal brain during delivery. Science 2006, 314, 1788–1792,
doi:10.1126/science.1133212.
Spoljaric, A.; Seja, P.; Spoljaric, I.; Virtanen, M.A.; Lindfors, J.; Uvarov, P.; Summanen, M.; Crow, A.K.; Hsueh, B.; Puskarjov,
M.; et al. Vasopressin excites interneurons to suppress hippocampal network activity across a broad span of brain maturity at
birth. Proc. Natl. Acad. Sci. USA 2017, 114, E10819–E10828, https://doi.org/10.1073/pnas.1717337114.
Ben-Ari, Y. Oxytocin and Vasopressin, and the GABA Developmental Shift during Labor and Birth: Friends or Foes? Front Cell
Neurosci. 2018; 12, 254.

Cells 2022, 11, 396

23.

24.
25.

26.

27.

28.
29.
30.

31.

32.

33.

34.

35.
36.
37.

38.

39.
40.

41.

42.
43.

44.

10 of 11

Tyzio, R.; Represa, A.; Jorquera, I.; Ben-Ari, Y.; Gozlan, H.; Aniksztejn, L. The Establishment of GABAergic and Glutamatergic
Synapses on CA1 Pyramidal Neurons is Sequential and Correlates with the Development of the Apical Dendrite. J. Neurosci.
1999, 19, 10372–10382, doi:10.1523/jneurosci.19-23-10372.1999.
Tyzio, R.; Ivanov, A.; Bernard, C.; Holmes, G.L.; Ben-Ari, Y.; Khazipov, R. Membrane Potential of CA3 Hippocampal Pyramidal
Cells During Postnatal Development. J. Neurophysiol. 2003, 90, 2964–2972, doi:10.1152/jn.00172.2003.
Lozovaya, N.; Nardou, R.; Tyzio, R.; Chiesa, M.; Pons-Bennaceur, A.; Eftekhari, S.; Bui, T.-T.; Billon-Grand, M.; Rasero, J.; Bonifazi, P.; et al. Early alterations in a mouse model of Rett syndrome: The GABA developmental shift is abolished at birth. Sci.
Rep. 2019, 9, 1–16, https://doi.org/10.1038/s41598-019-45635-9.
Tyzio, R.; Nardou, R.; Ferrari, D.C.; Tsintsadze, T.; Shahrokhi, A.; Eftekhari, S.; Khalilov, I.; Tsintsadze, V.; Brouchoud, C.;
Chazal, G.; et al. Oxytocin-Mediated GABA Inhibition During Delivery Attenuates Autism Pathogenesis in Rodent Offspring.
Science 2014, 343, 675–679, https://doi.org/10.1126/science.1247190.
Fernandez, A.; Dumon, C.; Guimond, D.; Tyzio, R.; Bonifazi, P.; Lozovaya, N.; Burnashev, N.; Ferrari, D.C.; Ben-Ari, Y. The
GABA Developmental Shift Is Abolished by Maternal Immune Activation Already at Birth. Cereb. Cortex 2018, 29, 3982–3992,
https://doi.org/10.1093/cercor/bhy279.
Leonzino, M.; Busnelli, M.; Antonucci, F.; Verderio, C.; Mazzanti, M.; Chini, B. The timing of the excitatory-to-inhibitory GABA
switch is regulated by the oxytocin receptor via KCC2. Cell Rep. 2016, 15, 96–103. https://doi.org/10.1016/j.celrep.2016.03.013..
Modahl, C.; Green, L.A.; Fein, D.; Morris, M.; Waterhouse, L.; Feinstein, C.; Levin, H. Plasma oxytocin levels in autistic children.
Biol. Psychiatry 1998, 43, 270–277, https://doi.org/10.1016/s0006-3223(97)00439-3.
Feldman, R.; Zagoory-Sharon, O.; Weisman, O.; Schneiderman, I.; Gordon, I.; Maoz, R.; Shalev, I.; Ebstein, R. Sensitive Parenting
Is Associated with Plasma Oxytocin and Polymorphisms in the OXTR and CD38 Genes. Biol. Psychiatry 2012, 72, 175–181,
https://doi.org/10.1016/j.biopsych.2011.12.025.
Parker, K.J.; Oztan, O.; Libove, R.A.; Sumiyoshi, R.D.; Jackson, L.P.; Karhson, D.S.; Summers, J.E.; Hinman, K.E.; Motonaga,
K.S.; Phillips, J.M.; et al. Intranasal oxytocin treatment for social deficits and biomarkers of response in children with autism.
Proc. Natl. Acad. Sci. USA 2017, 114, 8119–8124, https://doi.org/10.1073/pnas.1705521114.
Nardou, R.; Yamamoto, S.; Chazal, G.; Bhar, A.; Ferrand, N.; Dulac, O.; Ben-Ari, Y.; Khalilov, I. Neuronal chloride accumulation
and excitatory GABA underlie aggravation of neonatal epileptiform activities by phenobarbital. Brain 2011, 134, 987–1002,
https://doi.org/10.1093/brain/awr041.
Huberfeld, G.; Wittner, L.; Clemenceau, S.; Baulac, M.; Kaila, K.; Miles, R.; Rivera, C. Perturbed Chloride Homeostasis and
GABAergic Signaling in Human Temporal Lobe Epilepsy. J. Neurosci. 2007, 27, 9866–9873, https://doi.org/10.1523/jneurosci.2761-07.2007.
Pallud, J.; Le Van Quyen, M.; Bielle, F.; Pellegrino, C.; Varlet, P.; Labussiere, M.; Cresto, N.; Dieme, M.-J.; Baulac, M.; Duyckaerts,
C.; et al. Cortical GABAergic excitation contributes to epileptic activities around human glioma. Sci. Transl. Med. 2014, 6,
244ra89–244ra89, https://doi.org/10.1126/scitranslmed.3008065.
Ben-Ari, Y. NKCC1 Chloride Importer Antagonists Attenuate Many Neurological and Psychiatric Disorders. Trends Neurosci.
2017, 40, 536–554, https://doi.org/10.1016/j.tins.2017.07.001.
Kaila, K.; Price, T.; Payne, J.A.; Puskarjov, M.; Voipio, J. Cation-chloride cotransporters in neuronal development, plasticity and
disease. Nat. Rev. Neurosci. 2014, 15, 637–654, doi:10.1038/nrn3819.
Soul, J.S.; Bergin, A.M.; Stopp, C.; Hayes, B.; Singh, A.; Fortuno, C.R.; O’Reilly, D.; Krishnamoorthy, K.; Jensen, F.E.; Rofeberg,
V.; et al. A pilot randomized, controlled, double-blind trial of bumetanide to treat neonatal seizures. Ann. Neurol. 2021, 89, 327–
340. https://doi.org/10.1002/ana.25959.
Lemonnier, E.; Degrez, C.; Phelep, M.; Tyzio, R.; Josse, F.; Grandgeorge, M.; Hadjikhani, N.; Ben-Ari, Y. A randomised controlled
trial of bumetanide in the treatment of autism in children. Transl. Psychiatry 2012, 2, e202–e202,
https://doi.org/10.1038/tp.2012.124.
Lemonnier, E.; Ben-Ari, Y.; The diuretic bumetanide decreases autistic behaviour in five infants treated during 3 months with
no side effects. Acta Paediatratica 2010, 99, 1885–1888. doi: 10.1111/j.1651-2227.2010.01933.x.
Dai, Y.; Zhang, L.; Yu, J.; Zhou, X.; He, H.; Ji, Y.; Wang, K.; Du, X; Liu, X.; Tang, Y.; et al. Improved symptoms following bumetanide treatment in children aged 3−6 years with autism spectrum disorder: A randomized, double-blind, placebo-controlled
trial. Sci. Bull. 2021, 66, 1591–1598.
Lemonnier, E.; Villeneuve, N.; Sonie, S.; Serret, S.; Rosier, A.; Roué, J.-M.; Brosset, P.; Viellard, M.; Bernoux, D.; Rondeau, S.; et
al. Effects of bumetanide on neurobehavioral function in children and adolescents with autism spectrum disorders. Transl.
Psychiatry 2017, 7, e1056. https://doi.org/10.1038/tp.2017.10.
Fernell, E.; Gustafsson, P.; Gillberg, C. Bumetanide for autism: Open-label trial in six children. Acta Paediatr. 2020, 110, 1548–
1553, https://doi.org/10.1111/apa.15723.
Du, L.; Shan, L.; Wang, B.; Li, H.; Xu, Z.; Staal, W.G.; Jia, F. A Pilot Study on the Combination of Applied Behavior Analysis and
Bumetanide Treatment for Children with Autism. J. Child Adolesc. Psychopharmacol. 2015, 25, 585–588,
https://doi.org/10.1089/cap.2015.0045.
Zhang, L.; Huang, C.-C.; Dai, Y.; Luo, Q.; Ji, Y.; Wang, K.; Deng, S.; Yu, J.; Xu, M.; Du, X.; et al. Symptom improvement in
children with autism spectrum disorder following bumetanide administration is associated with decreased GABA/glutamate
ratios. Transl. Psychiatry 2020, 10, 9. https://doi.org/10.1038/s41398-020-0692-2.

Cells 2022, 11, 396

45.

46.

47.
48.
49.

50.

51.

52.
53.

54.
55.

56.
57.
58.

59.
60.
61.
62.
63.

64.

65.
.

11 of 11

Sprengers, J.J.; van Andel, D.M.; Zuithoff, N.P.; Keijzer-Veen,et.al. Bumetanide for Core Symptoms of Autism Spectrum Disorder (BAMBI): A Single Center, Double-Blinded, Participant-Randomized, Placebo-Controlled, Phase-2 Superiority Trial. J. Am.
Acad. Child Adolesc. Psychiatry 2020, 60, 865–876, https://doi.org/10.1016/j.jaac.2020.07.888.
Hajri, M.; Amor, A.B.; Abbes, Z.; Dhouib, S.; Ouanes, S.; Mrabet, A.; Daghfous, R.; Bouden, A. Bumetanide in the management
of autism. Tunisian experience in Razi Hospital | Le bumétanide dans l’autisme. Expérience pilote du service de pédopsychiatrie de l’hôpital Razi Tunisie. Tuinisie Med. , 2019, 97, 971–977.
James, B.; Gales, M.A.; Gales, B.J. Bumetanide for autism spectrum Disorder in children: A review of Randomized controlled
trials. Annals of pharmacol. Ann. Pharmacother. 2019, 53, 537–544. doi: 10.1177/1060028018817304.
Wang, T.; Shan, L.; Miao, C.; Xu, Z.; Jia, F. Treatment effect of bumetanide in children with autism spectrum disorder: A systematic review and meta-analysis. Front. Psychiatry 2021, 12, 751575. https://doi.org/10.3389/fpsyt.2021.751575.
Juarez-Martinez, E.L.; Sprengers, J.J.; Cristian, G.; Oranje, B.; van Andel, D.M.; Avramiea, A.E.; Simpraga, S.; Houtman, S.J.;
Hardstone, R.; Gerver, C.; et al. Prediction of Behavioral Improvement Through Resting-State Electroencephalography and
Clinical Severity in a Randomized Controlled Trial Testing Bumetanide in Autism Spectrum Disorder. Biol. Psychiatry: Cogn.
Neurosci. Neuroimaging 2021, https://doi.org/10.1016/j.bpsc.2021.08.009.
Van Andel, D.M.; Sprengers, J.J.; Oranje, B.; Scheepers, F.E.; Jansen, F.E.; Bruining, H. Effects of bumetanide on neurodevelopmental impairments in patients with tuberous sclerosis complex: An open-label pilot study. Mol. Autism 2020, 11, 30–14,
https://doi.org/10.1186/s13229-020-00335-4.
Hadjikhani, N.; Johnels, J..; Zürcher, N.R.; Lassalle, A.; Guillon, Q.; Hippolyte, L.; Billstedt, E.; Ward, N.; Lemonnier, E.; Gillberg,
C. Look me in the eyes: Constraining gaze in the eye-region provokes abnormally high subcortical activation in autism. Sci. Rep.
2017, 7, 1–7, https://doi.org/10.1038/s41598-017-03378-5.
Hadjikhani, N.; Johnels, J.Å.; Lassalle, A.; Zürcher, N.R.; Hippolyte, L.; Gillberg, C.; Lemonnier, E.; Ben-Ari, Y. Bumetanide for
autism: More eye contact, less amygdala activation. Sci. Rep. 2018, 8, 3602. https://doi.org/10.1038/s41598-018-21958-x.
Bruining, H.; Passtoors, L.; Goriounova, N.; Jansen, F.; Hakvoort, B.; de Jonge, M.; Poil, S.-S. Paradoxical benzodiazepine response: A rationale for bumetanide in neurodevelopmental disorders? Pediatrics 2015, 136, e539–e543.
https://doi.org/10.1542/peds.2014-4133.
Löscher, W.; Kaila, K. Reply to the commentary by Ben-Ari and Delpire: Bumetanide and neonatal seizures: Fiction versus
reality. Epilepsia 2021, 62, 941–946, https://doi.org/10.1111/epi.16866.
Brandt, C.; Seja, P.; Töllner, K.; Römermann, K.; Hampel, P.; Kalesse,; et al. Bumepamine, a brain-permeant benzylamine derivative of bumetanide, does not inhibit NKCC1 but is more potent to enhance phenobarbital's anti-seizure efficacy. Neuropharmacology 2018, 143, 186–204, https://doi.org/10.1016/j.neuropharm.2018.09.025.
Löscher, W.; Puskarjov, M.; Kaila, K. Cation-chloride cotransporters NKCC1 and KCC2 as potential targets for novel antiepileptic and antiepileptogenic treatments. Neuropharmacology 2013, 69, 62–74, https://doi.org/10.1016/j.neuropharm.2012.05.045.
Smit, E.; Liu, X.; Gill, H.; Sabir, H.; Jary, S.; Thoresen, M. Factors Associated with Permanent Hearing Impairment in Infants
Treated with Therapeutic Hypothermia. J. Pediatr. 2013, 163, 995–1000, https://doi.org/10.1016/j.jpeds.2013.06.012.
Pressler, R.M.; Boylan, G.; Marlow, N.; Blennow, M.; Chiron, C.; et al. Bumetanide for the treatment of seizures in newborn
babies with hypoxic ischaemic encephalopathy (NEMO): An open-label, dose finding, and feasibility phase 1/2 trial. Lancet
Neurol. 2015, 14, 469–477. https://doi.org/10.1016/s1474-4422(14)70303-5.
Kealy, J.; Greene, C.; Campbell, M. Blood-brain barrier regulation in psychiatric disorders. Neurosci. Lett. 2018, 726, 133664,
https://doi.org/10.1016/j.neulet.2018.06.033.
Sweeney, M.D.; Sagare, A.P.; Zlokovic, B.V. Blood–brain barrier breakdown in Alzheimer disease and other neurodegenerative
disorders. Nat. Rev. Neurol. 2018, 14, 133–150, doi:10.1038/nrneurol.2017.188.
Prasad, S.; Sajja, R.K.; Naik, P.; Cucullo, L. Diabetes Mellitus and Blood-Brain Barrier Dysfunction: An Overview. J. Pharmacovigil. 2014, 2, 125.
Zemkova, H.W.; Bjelobaba, I.; Tomic, M.; Zemkova, H.; Stojilkovic, S.S. Molecular, pharmacological and functional properties
of GABAA receptors in anterior pituitary cells. J. Physiol. 2018, 586, 3097–3111.
Iwata, K.; Matsuzaki, H.; Miyachi, T.; Shimmura, C.; Suda, S.; Tsuchiya, K.J.; Matsumoto, K.; Suzuki, K.; Iwata, Y.; Nakamura,
K.; et al. Investigation of the serum levels of anterior pituitary hormones in male children with autism. Mol. Autism 2011, 2, 16–
16, https://doi.org/10.1186/2040-2392-2-16.
Caly, H.; Rabiei, H.; Coste-Mazeau, P.; Hantz, S.; Alain, S.; Eyraud, J.-L.; Chianea, T.; Caly, C.; Makowski, D.; Hadjikhani, N.; et
al. Machine learning analysis of pregnancy data enables early identification of a subpopulation of newborns with ASD. Sci. Rep.
2021, 11, 1–14, https://doi.org/10.1038/s41598-021-86320-0.
Ben-Ari, Y. Neuro-archaeology: Pre-symptomatic architecture and signature of neurological disorders. Trends Neurosci. 2008,
31, 626–636, doi:10.1016/j.tins.2008.09.002.

