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1.1 Biosynthèse et métabolisme

• GABA = Acide ɣ-amino-butyrique

• Physiologie: Principal neurotransmetteur inhibiteur du SNC chez 
les Mammifères.

• Un Acide Aminé « non essentiel » (car synthèse neuronale à partir 
du Cycle de Krebs).

• Présent dans le cerveau à des concentrations μM intra-
synaptiques !
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1.1 Biosynthèse et métabolisme

• Hippocampe
• Thalamus
• Ganglions de la base
• Hypothalamus
• Tronc cérébral

• Interneurones+++
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Distribution des neurones Gabaergiques

Rudy et al., 2010, Tremblay et al., 2016
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1.1 Biosynthèse et métabolisme
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• GABA : Ne franchit pas la Barrière Hémato Encéphalique (BHE)

• 2 isoformes de la GAD : 
• GAD65 et GAD 67
• Séquences primaires différentes, mais même site actifs

•  - Localisation cellulaire différentes : 
• GAD 65 : axonale
• GAD 67 :  somato-dendritique

• Fonctionnement vis à vis du Cofacteur différent (GAD 67 saturée) 

• Les Neurones GABAergiques expriment la glutamic acid decarboxylase (GAD) qui 
transforme le Glutamate en GABA
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1.1 Biosynthèse et métabolisme
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A tripartite synapse: Perea & Araque, 2009 Trends Neurosci. 32:421-431.  

En microscopie électronique, les prolongements terminaux des astrocytes les plus fins = 0,05 µm

Autre originalité: Synapse « tripartite » (glutamate – GABA): 
rôle important des neurones ET des cellules gliales

• Les synapses 
GABAergiques et 
Glutamatergiques

• = Synapse tripartite



1.1 Biosynthèse et métabolisme

11/10/2024 DFGSP3-UE18-Système gabaergique 10



human bétaine–GABA transporter (BGT-1) ó GAT-2 (souris)

Madsen et al., Pharmacology & Therapeutics 125 (2010) 394–401

l4 types de transporteurs membranaires

ð GAT 1, 2, 3, 4 
ð GAT 1,4 

transporteurs Neuronaux
ð GAT 2,3

transporteurs Gliaux
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• Fixation du GABA sur le R-GABA DEPOLARISATION de la membrane du neurone 
A pré-synaptique diminuée (cas n°1)
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1.1 Biosynthèse et métabolisme

GABA

Neurone A 
Présynaptique

Neurone B Postsynaptique

Le neurone A libère un 
neurotransmetteur qui excite 

Le GABA diminue le potentiel d’action 
du neurone A qui libère moins de 
neurotransmetteur

➡le neurone B sera moins excité !

• Inhibition Pré-Synaptique



• Fixation du GABA sur le R-GABA HYPERPOLARISATION de la membrane du 
neurone B post-synaptique (cas n°2)

• Inhibition Post-Synaptique
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1.1 Biosynthèse et métabolisme

GABA

A Présynaptique

B Postsynaptique

Le GABA contrôle le neurone B 
(hyperpolarisation)

➡le neurone B a une réponse plus 
faible



1.1 Biosynthèse et métabolisme
• En résumé, les caractéristiques de la neurotransmission de Gaba sont:

1. Les transporteurs des AA neutres

2. Synthèse par les GAD 65-67

3. Catabolisme par la GABA-T

4. Recapture par les GAT
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1.2 Récepterologie
• 2 familles de récepteurs

• Ionotropiques : GABA-A

• Métabotrobiqes : GABA-B

11/10/2024 DFGSP3-UE18-Système gabaergique 15



1.2 Récepterologie : GABA-B 
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Hétérodimère composé de 2 sous unités R1 et R2 (54% d’homologie)
GABA R2 = couplage GPCR
Domaine VFT : Venus Fly trap pour lier le GABA



1.2 Récepterologie : GABA-A 
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Hétéropentamère

Chaque SU = 4 
segments TM

Perméabilité au Cl-



1.2 Récepterologie : GABA-A 
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20 gènes codant pour les sous-unités du R-GABAA codés chez les 
Mammifères

Structure moléculaire = « pentamère »
• 8 familles de sous-unités différentes

  a, b, g, r, d, e, p, q,
• des sous-familles

a1-6, b1-4, g1-3, r1-3, d, e, p, q,

R-GABAA = hétéro-oligomère composé de l’assemblage de 5 
sous-unités !

Ø Sous-unités organisées avec le canal Cl- au centre

Composition du pentamère variable selon les régions cérébrales
Möhler (2006) Cell Tissue Res, 326: 505-516



1.2 Récepterologie : GABA-A 
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• 20 sous-unités clonées, classées 
en 8 sous-groupes selon leur 
homologie de séquence primaire.

• 1 récepteur GABAA est une 
protéine multimérique, composé 
de 5 sous-unités (pentamère).

• Le nombre de combinaison est 
potentiellement important, mais in 
vivo, seules quelques-unes ont été 
trouvées dans le cerveau



1.2 Récepterologie : GABA-A 

11/10/2024 DFGSP3-UE18-Système gabaergique 20

ARTICLERESEARCH

exclusively with the ECD of the α1-subunits and orient parallel to the 
membrane (Extended Data Fig. 2h–j). When viewed from the synaptic  
cleft, the arrangement of subunits around the pentameric ring is  
β2–α1–β2–α1–γ2 in a counter-clockwise direction, consistent with 
functional studies of concatameric receptors22–24. The ECD of each 
subunit, which carries the signature Cys-loop, begins with an amino- 
terminal α-helix at the apex of the pentameric ring, followed by  
ten β-strands folded into a β-sandwich. The ECD is followed by four 
α-helices (M1–M4), with M2 lining the ion channel (Fig. 1e).

GABA is bound in the classical neurotransmitter site at each of the 
two β2–α1 interfaces in the ECD (Fig. 1c). Strong density for flumaze-
nil was observed at an analogous position at the single α1–γ2 interface 
(Extended Data Figs. 6l, 7l). In addition to the conserved N-linked 
glycans on the periphery of the β-subunits16, the extracellular vestibule 
is populated with a branched network of N-linked glycans emanating 
from α1-subunits (Fig. 1c). Several ordered densities were observed 
at the membrane–receptor interface, and at subunit interfaces in the 
TMD. We have modelled these as CHS, a water-soluble proxy for cho-
lesterol. The ECDs are qualitatively identical between conformations 
A and B, with the exception of the loops that interact with the TMD 
(root mean square deviation (r.m.s.d.) of Cα atoms for the entire ECD 
superposition is 0.34 Å). The TMD conformations are distinct, but both 
conformations rest in what we suggest are non-conducting desensitized 
states, based on patch-clamp electrophysiology experiments carried out 
to achieve steady-state currents (Extended Data Fig. 2e).

Neurotransmitter and benzodiazepine binding sites
We performed patch-clamp experiments to measure the response of 
the receptor cryo-EM construct to neurotransmitter. We found that 
application of GABA induced inward currents that were inhibited 
by bicuculline, a competitive antagonist, in a manner similar to that 
observed at the wild-type receptor25,26 (Fig. 2a, Extended Data Fig. 2d).

The GABAA receptor has two equivalent neurotransmitter- 
binding pockets located at the β2–α1 interfaces in the ECD (Fig. 2c). We 
observed strong density in both sites, correlating in size and shape to 
GABA (Fig. 2b, e, f). The density and chemical environment permitted  
orientation of the carboxylate and amine ends of the molecule. The 
principal (+) side of the neurotransmitter pocket contributes mainly 
aromatic residues: Y97 on loop A, Y157 on loop B, and F200 and Y205 
on loop C (Fig. 2e, f). These side chains form an aromatic glove around 
the basic amino nitrogen of GABA, with F200 and Y205 positioned to 
make favourable cation–π interactions. Substitutions of Y157 and Y205 
greatly decreased the sensitivity to GABA, supporting the importance 
of these residues for GABA recognition27. E155 on loop B is modelled 
outside of strong interaction distance with the GABA amino nitrogen 

(4.2 Å), but may further anchor this end of the ligand, consistent with 
the finding that mutating this residue reduces GABA potency28. Finally, 
T202 is positioned to form a hydrogen bond with the carboxylate group 
of GABA.

The structure also allowed us to define contributions from the 
complementary α-subunit. F65 forms the floor of the binding pocket 
and contributes important hydrophobic interactions, as suggested by 

ca
α1

α1 α1

α1
β2 β2

β2 β2γ2
γ2

Fab

GABA

FabFab
Fab

N-glycan N-glycanFlumazenil

db α1 α1
β2 β2γ2γ2

Fab Fab
Fab

Fab

GABA

Cholesterol Cholesterol

In

Out

In

Out
Flumazenil

e

N

Loop C

Cys loop

M1 M2

M3M4

C

β2 Subunit 

M3–M4 loop

α-Helix1

S–S bond 

Fig. 1 | Overall structure of the GABAA receptor–Fab complex. a, b, Top 
and side views of the 3D reconstruction of GABAA receptor–Fab complex 
coloured by subunit. α1, green; β2, blue; γ2, magenta; Fab, grey; CHS, 
yellow. Conformation A is shown. c, d, Top and side view of the atomic 

model, coloured as in a. Flumazenil is shown as cyan spheres, GABA is 
shown as red spheres, and CHS and N-linked glycans are modelled as 
sticks. e, Structure of a single β2-subunit.
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GABAA receptor cryo-EM construct in HEK cells. n = 3 independent 
experiments. b, Chemical structure of GABA. c, View of the GABAA 
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view of the GABA-binding pocket with loop C backbone hidden for clarity.
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Zhu et al., Structure of a human synaptic GABAA receptor. 
Nature (2018) 559:67-72
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• La stoechiométrie est : 
2 sous-unités a, 2 sous-unités b, 1 sous-unité g

• Les sous types de récepteurs les plus fréquemment
retrouvés sont

a1b2g2s, a2b3g2s et a3b3g2s 
a1b3g2

a2b3g2
a3b3g2

a5b3g2

a6bxg2
a6bxd

a1a6bg2
a4bxg2

a4bxd
a2b1g1q
a2b1g1axbxeaxbxg3 a1a3bxg2

D’après SA Thomson Dohme, Neuroscience Research Centre

D’après Whiting PJ Ann N Y Acad Sci 1999 868:645-53 

α1β2ɣ2



1.2 Récepterologie : GABA-A 
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D’après Fritschy & Mohler 1995

a1

a2

a3

a5

b 2-3

g2

d

Localisation cérébrale des sous-unités GABA-A



Ouverture Fermeture

entrée de Cl- inhibition d’entrée de Cl-

Hypnotique/Sédatif Anxiogène

Anxiolytique Stimulant

Anticonvulsivant Proconvulsivant

Amnésiant Promnésiant

Myorelaxant
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1.2 Récepterologie : GABA-rho
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Appelé autrefois GABA-C

Homo ou 
Hétéropentamère

Formé des SU
 r1

r2
 r3

Perméabilité au Cl-
Insensibles aux BZD et barbituriques 
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1.3 La modulation allostérique
• Agoniste entier:

Ø activité intrinsèque (efficacité)
Ø même effet que l’agoniste endogène

• Agoniste partiel: 
Ø administré seul: agoniste
Ø administré en présence d’un autre agoniste =  se comporte en antagoniste

• Antagoniste:
1. utilisé seul: pas d’activité intrinsèque
2. associé à un agoniste = bloque l’effet de celui-ci 

qantagoniste compétitif = se fixe sur le même site que l’agoniste

qantagoniste non-compétitif = se fixe sur un site différent de l’agoniste



• Le terme «allostérique» (du grec signifiant «autre site») :

Øemployé pour la première fois par Monod et Jacob (1961)

Ødéfini par Monod et al. (1963) en enzymologie

• Monod et coll. (1963) ont défini les différents sites de liaison :

Ø site de liaison au substrat (actif), qui est appelé site isostérique. 

Ø sites accessoires comme des sites allostériques induisant un 

changement conformationnel de la protéine qui affecte la liaison du 

substrat au site isostérique, et vice versa. 
11/10/2024 DFGSP3-UE18-Système gabaergique 26

1.3 La modulation allostérique



Les caractéristiques essentielles d'une simple interaction 

allostérique sont:

Ø Les sites de liaison ne se chevauchent pas; i.e. pas d'exclusivité mutuelle 

dans la liaison. 

Ø La liaison d'un ligand à son site peut affecter la liaison du second ligand à 

un autre site, et vice versa. Les interactions allostériques manifestées au 

niveau de l'affinité de liaison sont de nature réciproque. 

ØL'effet d'un modulateur allostérique peut être soit négatif soit positif 

par rapport à la liaison et / ou à la fonction d'un ligand orthostérique.
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1.3 La modulation allostérique



Overview of
Receptor

Allosterism

1.21.4

Supplement 51 Current Protocols in Pharmacology

AN ALLOSTERIC TERNARY COMPLEX MODEL (ATCM) AND ITS
VARIANTS

The simplest model of a GPCR allosteric interaction involves the concomitant binding of
two ligands, A and B, to the one receptor, R, to form a ternary complex, ARB, with poten-
tially different binding properties relative to the unoccupied receptor (Equation 1.21.1).

B + R + A
Ka

B + AR

Kb αKb

ARB
αKa

BR + A

Equation 1.21.1

Ligand A binds to the orthosteric site, while ligand B, the allosteric modulator, binds to
the allosteric site. The constants Ka and Kb denote the equilibrium association constants
for the binding of A and B, respectively, to their sites on the unoccupied receptor. In this
regard, each of these bimolecular reactions behaves according to the standard mass-action
schemes applied to orthosteric binding. However, allosteric interactions are not only
characterized by unconditional ligand affinity constants, but also by the “cooperativity
factor,” which is denoted by the symbol α (Weber, 1975; Ehlert, 1985, 1988). This latter
parameter is a useful scaling factor that serves as a measure of the magnitude of the
allosteric effect of the interaction between particular orthosteric and allosteric ligands
at equilibrium. The reciprocity of allosteric affinity interactions is therefore embodied
in the cooperativity factor, which is simply the ratio of affinities of either ligand for
the occupied receptor relative to the free receptor (Weber, 1972, 1975; Wyman, 1975).
Values of α > 1 denote positive binding cooperativity, whereas 0 < α < 1 denotes
negative binding cooperativity. Values of α approaching zero are indistinguishable from
competitive antagonism. In contrast, an α value equal to 1 denotes an allosteric interaction
that results in unaltered ligand affinity at equilibrium. As discussed below (Assays
of Radioligand Binding), allosteric binding interactions can be discerned under non-
equilibrium conditions.

It should be noted that an allosteric modulator does not need to be a drug or hormone.
It can just as easily be another protein. In fact, the best-known allosteric modulators
of GPCR ligand binding are G proteins themselves. In general, the interaction between
agonist binding and G protein coupling is positively cooperative in nature (Ehlert, 1985).
This is logical given the mechanisms thought to underlie the signaling of these receptors.
Agonist binding to the orthosteric site causes an alteration of the receptor conformation
that displays a higher affinity towards the G protein, thereby favoring its coupling to the
receptor. However, the binding of GTP to the G protein causes a change of G protein
structure that results in a negatively cooperative effect on agonist binding. This, in turn,
promotes the uncoupling of the activated G protein from the receptor, allowing signaling
to proceed. These negatively cooperative effects of GTP on agonist binding underlie the
“GTP shift” that is often used as a biochemical measure of agonist efficacy (Kenakin,

11/10/2024

A: liaison sur le site orthostérique
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Allosteric interactions between ECDs and TMDs
To understand how the GABA-induced ECD rotation induces confor-
mational changes in the TMD region, we compared ALP/GABA-bound 
and PTX-bound structures (Fig. 5a, b). In the presence of ALP, GABA 
binding leads to equal closure of both β3+/α1− interfaces and a larger 
ECD rotation compared to the pre-open PTX/GABA-bound structure 
(Fig. 5a, Extended Data Figs. 2j, k, 7a, b, Supplementary Video 10). This 
conformational change of the ECD triggers a clockwise rotation of the 
TMD. The resulting tilt of M2 helices moves the 9′ Leu side chains away 
from the channel pore and towards the inter-subunit interfaces (Fig. 5b, 

Extended Data Fig. 7c). These motions are transmitted through  
interactions between the β1–β2 and the M2–M3 loops, whereas  
the β6–β7 (Cys) loops act as pivot points and the TMD bundles  
rotate as rigid bodies (Extended Data Figs. 7d, 8a–f, Supplementary 
Video 10).

The relative flexibility in the M2–M3 loops appears to regulate the 
efficiency of the ECD–TMD signal transduction. In α1 and γ2 subu-
nits, the highly conserved arginine residues at the M2 19′ positions 
interact with and rigidify the M2–M3 loops. However, in β3 subunits, 
the strictly conserved Lys279 residues displace the 19′ Arg269 side 
chains, causing them to rotate and wedge in between the M1 and M2 
helices of the neighbouring α1 subunits. This restricts the β3 TMD 
rotations (Extended Data Fig. 8g–l), possibly dampening signal trans-
duction. In α1 and γ2 subunits, positions equivalent to β3Lys279 are 
occupied by conserved threonine residues, which do not clash with 19′ 
Arg (Extended Data Fig. 8g–l). The M2–M3 loops of β3 therefore seem 
to be more flexible than those of α1 and γ2 (Extended Data Fig. 7d, 
Supplementary Video 10). In agreement with these observations, 
α1β3γ2L receptors containing β3Lys279Thr mutations are 20-fold 
more sensitive to GABA relative to the wild-type receptors49.

We propose that GABA-induced signalling can be described by a 
‘lock-and-pull’ mechanism. GABA binding triggers loops-C closure in 
β subunits, initiating rotation of their ECDs, which become ‘locked’ to 
the neighbouring α− interfaces. These conformational changes ‘pull’ 
the other ECDs, and transfer to the TMDs, leading to a concerted anti-
clockwise rotation. The inclusion of a BZD strengthens the α1+/γ2− 
ECD interface to facilitate these motions (Fig. 5c). In β subunits, signal 
transduction to TMDs is modulated by the flexible M2–M3 loops, 
whereas the ECD rotations of α and γ subunits couple to the TMDs 
more efficiently because their M2–M3 loops are more rigid (Fig. 5d).

Conclusion
The structures presented here illustrate how important pharmacological 
compounds, used broadly in research and in the clinic, interact with a 
full-length human heteromeric GABAA receptor to modulate its confor-
mation and function. Picrotoxin must initially bind to an open channel 
pore and subsequently stabilizes a closed/resting receptor state, which 
explains its simultaneous channel blocker and allosteric antagonist activ-
ities. Bicuculline occupies the agonist-binding sites. However, unlike 
GABA, it cannot drive the rotation of β subunits and therefore stabilizes 
the closed channel pore. Comparison of agonist-free and GABA-bound 
structures delineates the molecular mechanism by which neurotrans-
mitter binding to the β3+/α1− interfaces prompts a global rotation of 
ECD regions, initially in an asymmetrical fashion, and explains how 
different subunit types transduce this conformational change to their 
TMDs. We also characterize the binding sites of two major classical 
benzodiazepines—alprazolam and diazepam—and define their pri-
mary role as stabilizers of the α+/γ− interface, facilitating the concerted 
motion of GABAA receptor subunits. This work underlines the poten-
tial of cryo-EM to study the interactions of drugs with challenging yet 
highly valuable human membrane-protein targets50. Specifically, these 
structures might lead to the rational design of safer and more specific 
anxiolytic, sedative, hypnotic and anticonvulsant drugs.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-018-0832-5.
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desensitized states in a GABAA receptor. a, Superposition of ECDs from 
PTX (grey) and ALP/GABA (red/blue/yellow) structures based on the 
global TMD alignment. Subunits were radially translated by 10 Å away 
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and ALP/GABA-bound (coloured) structures. 9ʹ Leu side chains are shown 
as sticks. c, Schematic illustration of conformational changes initiated by 
GABA binding at the ECD level. GABA stabilizes closure of loop-C in each 
β subunit, causing ECDs to rotate and form stronger β3+/α1− interfaces. 
The black arrows indicate the direction of rotation, with increasing arrow 
thickness representing a greater magnitude of rotation. BZDs such as 
alprazolam bind at the α1+/γ2− interface and reinforce it, facilitating 
the concerted rotation of the ECDs. Black bars (‘stitches’) at the subunit 
interfaces represent the strength of the interfaces (see Extended Data 
Table 2). d, Differences in the relative orientations of ECD–TMD between 
the closed/resting and desensitized states illustrate how GABA binding 
and ECD rotation affect TMDs. Notably, the M2–M3 loops in β subunits 
deform more than the α and γ equivalents, resulting in lower degrees of 
M2 tilt and TMD rotation.
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Fig. 2.11 Allosteric modulation. [A] Allosteric drugs bind at a separate site on the receptor to ‘traditional’ agonists (now often referred 
to as ‘orthosteric’ agonists). They can modify the activity of the receptor by (i) altering agonist affinity, (ii) altering agonist efficacy or (iii) 
directly evoking a response themselves. [B] Effects of affinity- and efficacy-modifying allosteric modulators on the concentration–effect 
curve of an agonist (blue line). In the presence of the allosteric modulator the agonist concentration–effect curve (now illustrated in red) is 
shifted in a manner determined by the type of allosteric modulator until a maximum effect of the modulator is reached. (Panel [A] adapted 
with permission from Conn et al., 2009 Nature Rev Drug Discov 8, 41–54; panel [B] courtesy of A Christopoulos.)

100

50

0

100

50

0

100

50

0

100

50

0

Affinity
modulation

Agonist Allosteric
drug

Efficacy
modulation

Allosteric
agonism

Agonism
(orthosteric)

Negative affinity modulation

%
 M

ax
. R

es
po

ns
e

Log [Agonist] (mol/L)

Positive affinity modulation

%
 M

ax
. R

es
po

ns
e

Response

Log [Agonist] (mol/L)

Negative efficacy modulation

%
 M

ax
. R

es
po

ns
e

Log [Agonist] (mol/L)

Positive efficacy modulation

%
 M

ax
. R

es
po

ns
e

Log [Agonist] (mol/L)

A

B

DFGSP3-UE18-Système gabaergique 29

1.3 La modulation allostérique
SECTION 1  GENERAL PRINCIPLES2

16

Fig. 2.11 Allosteric modulation. [A] Allosteric drugs bind at a separate site on the receptor to ‘traditional’ agonists (now often referred 
to as ‘orthosteric’ agonists). They can modify the activity of the receptor by (i) altering agonist affinity, (ii) altering agonist efficacy or (iii) 
directly evoking a response themselves. [B] Effects of affinity- and efficacy-modifying allosteric modulators on the concentration–effect 
curve of an agonist (blue line). In the presence of the allosteric modulator the agonist concentration–effect curve (now illustrated in red) is 
shifted in a manner determined by the type of allosteric modulator until a maximum effect of the modulator is reached. (Panel [A] adapted 
with permission from Conn et al., 2009 Nature Rev Drug Discov 8, 41–54; panel [B] courtesy of A Christopoulos.)
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Figure 1.21.6 Effect of an allosteric ligand that has the capacity to modulate both affinity and efficacy. For all simu-
lations Equation 1.21.17 was used where pKA = 6, pKB = 7, n = 1, and Em = 100. The upper panels simulate the
effect of a negative modulator of affinity (α = 0.1) that is either a positive (A; β = 3) or negative (B and C; β = 0.3)
modulator of orthosteric ligand efficacy. The lower panels simulate the effect of a positive allosteric modulator of affinity
(α = 10), which is either a positive (D and F; β = 3) or negative (E; β = 0.3) modulator of orthosteric ligand effi-
cacy. Panels C and F illustrate the influence of changing agonist coupling efficiency (logτA = 2 compared to 0.1 for
panels A, B, D, E).

efficacy: A and B; positive for both affinity and efficacy: C and D). In panels B and D,
the coupling efficiencies of both ligands are increased ten-fold relative to panels A and
C, respectively, resulting in a more obvious expression of allosteric agonism, but with
a smaller window to detect the actual allosteric interaction occurring between the two
ligands.
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1.3 La modulation allostérique
Effet de l’agoniste

Concentration en antagoniste

Antagoniste compétitif

Modulateur allostérique négaQf

la limite est dictée par le facteur de 
coopération qui représente l'interaction 
maximale possible entre les sites de liaison 
allostérique et primaire.

Plus de sécurité lors de l’utilisation 
d’un NAM



Modulateurs bivalents = liaison 
simultanée de 2 ligands,  sur 2 

dimères de récepteurs
(Homo- ou hetero-bivalents)

Modulateurs Bitopiques
Liaison sur 2 sites orthosteriques

Modulateur dual-stérique
Liaison sur 1 site orthosterique 

ET sur un site allosterique

1.3 La modulation allostérique
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ARTICLE RESEARCH

mutagenesis and cysteine crosslinking studies29,30. Whereas T130 may 
contribute a hydrogen bond with the GABA carboxylate, R67 appears 
to be key to GABA recognition, stabilizing the carboxylate head of 
the ligand through electrostatic interactions with its basic guanidin-
ium group. Furthermore, this arginine is conserved across α-subunits, 
but is absent in β-and γ-subunits, and mutating it decreases GABA 
potency31. In β-subunits, the equivalent residue is a glutamine—this 
difference could account for the weak binding of GABA by GABA–β3 
homopentamers16,32. Therefore, GABA binding is coordinated through 
interactions with conserved aromatic residues and electrostatic inter-
actions with side chains complementing the anionic and cationic ends 
of the neurotransmitter. These interactions suggest that variability on 
the complementary subunit has a large influence on ligand selectivity.

Benzodiazepines are a class of psychoactive drugs that enhance the 
effect of GABA at the GABAA receptor, resulting in sedative, hypnotic, 
anxiolytic, anticonvulsant and muscle relaxant effects10. Classical ben-
zodiazepines potentiate agonist-mediated activation of the GABAA 
receptor by causing a decrease in the concentration of GABA required 
for activation. Flumazenil, an imidazobenzodiazepine (Fig. 3), is a com-
petitive benzodiazepine antagonist. We tested the effect of flumazenil 
on our cryo-EM constructs and found that it blocks diazepam potenti-
ation of the GABA response and binds with nanomolar affinity (Fig. 3a, 
Extended Data Fig. 2c).

Including flumazenil in purification of the GABAA receptor allowed 
us to interrogate atomic interactions at the benzodiazepine site. At the 
α1–γ2 interface in the ECD, we observed strong planar density con-
sistent with the geometry of flumazenil (Fig. 3e, f). The shape of the  
density map accommodated the benzene and imidazole extensions off 
the diazepine ring when the ligand was positioned in only one orien-
tation. The benzodiazepine ring system sits roughly parallel to loop C, 
with its fluorobenzene end interacting exclusively with the principal  
(α1)-subunit and its ethylcarboxylate extending towards the sol-
vent, between the tip of loop C and the complementary (γ2)-subunit.  
Flumazenil is nestled in an aromatic box formed by three residues 
from the principal subunit and two from the complementary subunit 
(Fig. 3d–f). F100 and Y160 from α1 and F77 from γ2 form the back 
wall of the box; the diazepine ring packs against the phenyl ring of 
F77. Mutagenesis studies support the aromatic nature of this residue 
being important for binding: mutation of F77 to tyrosine has little effect 
on flumazenil affinity33, but other mutations result in large decreases 
in affinity33,34. Y58 on the complementary subunit packs against the 
diazepine methyl group and situates on a loop that we designate D′. It 
forms an incomplete floor of the box; much of the membrane side of 
the binding pocket is open to solvent, suggesting that the receptor does 
not require a substantial conformational change to allow flumazenil 
to dock or undock from its site. Y210 on loop C forms π–π-stacking 
interactions with the benzene ring of flumazenil, thereby contributing 
to the front wall of the box. S205, S206 and T207, also on loop C, add 
to the front wall of the box and may form electrostatic interactions with 
the flumazenil diazepine, imidazole and ester groups (Fig. 3d, e). T142 
in the back of the pocket is also positioned to form a hydrogen bond 
(2.7 Å) with the flumazenil ester carbonyl oxygen.

Of note, the distal fluorine of the antagonist is positioned to form a 
hydrogen bond with the H102 indole nitrogen (3.1 Å) from the principal  
subunit. H102 was identified early as being important in benzodiazepine  
and flumazenil binding. αβγ receptors that contain α1–α3 or α5  
subunits have this histidine and are benzodiazepine-sensitive, whereas 
α4 and α6-containing receptors have an arginine at this position and 
do not respond to benzodiazepines35. Mutation of this residue to any 
other tolerated residue decreases the affinity of all benzodiazepines 
examined as well as flumazenil35–37, with the exception of histidine 
to cysteine mutation in the α5-subunit38. Analysis of the structure 
suggests a straightforward explanation for the exquisite sensitivity 
of flumazenil affinity to the identity of this residue. A residue with a 
long side chain, such as arginine, would clash with flumazenil in its 
observed location, and any residue that is unable to form a hydrogen 
bond with the halide would be unfavourable. Manual superpositioning 

of the benzodiazepine rings of diazepam on flumazenil suggests that 
this positive modulator can be accommodated in the same pocket, 
maintaining the halogen–H102 interaction, without substantial  
conformational rearrangement (Extended Data Fig. 2f, g). An unan-
swered question relates to how the antagonist remains inert with 
respect to GABA binding and activation while the chemically similar 
benzodiazepines potentiate activation by GABA.

Pseudo-ligand binding sites
There are two ECD interfaces that lack density for ligands in our 
structure, α1–β2 and γ2–β2 (Fig. 4a). These are potential targets for 
design of novel modulators but, to our knowledge, only one com-
pound has been characterized as a positive modulator that binds at 
the α–β-interface39. Comparison of the architecture of the empty sites 
with the occupied GABA and benzodiazepine sites allows for clarifi-
cation of important binding determinants for these classes of ligands. 
Superposition of vacant and occupied ligand binding sites reveals an 
overall conservation of backbone conformation (Fig. 4b–g, Extended 
Data Fig. 8). All the interface classes contain four aromatic residues 
at conserved positions: F/Y on loop A, Y on loop B, Y on loop C and 
F/Y on loop D (Fig. 4h, underlined). Their side chains adopt similar  
orientations regardless of the presence or absence of ligand. These 
residues are likely to contribute to the core architecture of GABAA 
receptor binding sites, with other residues defining ligand selectivity. 
Surprisingly, there are no substantial differences in the positions of  
loop C between the agonist, benzodiazepine, and pseudo-ligand 
binding pockets (Fig. 4, Extended Data Fig. 8). An illustration of this 

c

GABA  
GABA
DZ

GABA
FLM

GABA
DZ
FLM GABA 

a

α1

α1

β2

β2
γ2

b

e f

DiazepamFlumazenil

F100

Y160

H102

Y210

S205
S206

F77

Y58

Y210

Y160

F100

H102 F77

Y58

α1 (+) γ2 (–) α1 (+) γ2 (–)

1 µM 10 µM

90°

100 pA
3 s

(9 nA)

d

T142

A79

N

N
O

Cl

N

N

N

OF

O

O

Tyr210

Thr142

Tyr58

His102

Tyr160

Ser205

Phe77 Ser206

Ala79

T142

T207

Fig. 3 | Flumazenil interactions at the benzodiazepine binding site. 
a, Electrophysiology of the cryo-EM construct, showing that flumazenil 
(FLM) (3 µM) blocks GABAA receptor potentiation by diazepam  
(DZ) (1 µM). n = 3 independent experiments. b, Chemical structures 
of flumazenil and diazepam. c, View of the GABAA receptor from the 
synapse, as in Fig. 2c. The box indicates flumazenil bound at the  
α1–γ2 interface. d, Schematic of flumazenil interactions showing 
electrostatic (dashes) and hydrophobic (eyelashes) interactions.  
e, f, Detailed architecture of flumazenil-binding pocket highlighted in  
c, with orientations and representations as in Fig. 2e, f.
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structure of some examples of allosteric ligands, which impact the receptor function in the absence or
presence of GABA.
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Allosteric modulators (in the strict sense) require the presence of the endogenous ligand to exert
their e↵ects. In other words, they modulate the GABA-elicited channel response. In general, allosteric
modulators are classified in the following way.

• Positive allosteric modulators (PAM): they enhance the e↵ect of the endogenous ligand
• Negative allosteric modulators (NAM): they diminish the e↵ect of the endogenous ligand
• Silent allosteric modulators (SAM): they do not influence the e↵ects of the endogenous ligand, but
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2.1 Molécules inhibant la neurotransmission gabaergique

1 Par inhibition de la synthèse

2 Par inhibition de la libération

4 Par stimulation de la dégradation

5 Par stimulation de la recapture

3 Par utilisation d’antagonistes d’hétéro Rc

6 Par utilisation d’agoniste d’auto Rc
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2.1 Molécules inhibant la neurotransmission gabaergique

1 Par inhibition de la synthèse

• Inhibition de la GAD = effet pro-convulsivant
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2.1 Molécules inhibant la neurotransmission gabaergique

• Antagoniste orthostérique

Bicuculline = antagoniste compétitif
   Effet proconvulsivant

• Antagoniste non-compétitif (Bloquer du canal Cl-)

Picrotoxine

3 Par utilisation d’antagonistes d’hétéro Rc
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2.1 Molécules inhibant la neurotransmission gabaergique

3b Par utilisation d’agonistes inverses

Beta-Carbolines (e.g., DBI, DMCM)

Diminuent la fréquence d’ouverture du canal

Substances Convulsivantes, anxiogènes
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2.2 Molécules stimulant la neurotransmission gabaergique

Ouverture Fermeture

Entrée de Cl- Inhibition d’entrée de Cl-

Hypnotique/Sédatif 😴 Anxiogène

Anxiolytique 😱 Stimulant

Anticonvulsivant🫨 Proconvulsivant

Myorelaxant 🦥 Promnésiant

Amnésiant🧠

Dépendance 💉
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2.2 Molécules stimulant la neurotransmission gabaergique

1 Par stimulation de la synthèse

DCI Spécialité Indication

Pregabaline LYRICA® 😱🫨 🧠

🚧 
Mésusage chez les toxicomanes

Indications: chez l’adulte, 
1-Crises épileptiques (2004)
2- Douleurs neuropathiques périphériques et centrales
(neuropathie diabétique, névralgie post-zostérienne - preuves
de qualité modérée) (2019)
3- Trouble Anxieux Généralisé (TAG)

Attention,:
Précautions: contraception recommandée pendant le traitement (car 
risque inconnu!)
Effets indésirables: vertiges, somnolence (chute chez les personnes âgées).

Arrêt du traitement: diminuer progressivement les doses sur une semaine !

•prescription sur ordonnance sécurisée, 
•prescription limitée à 6 mois de traitement. La poursuite du 
traitement nécessitera une nouvelle prescription.

Bloqueur CavL

Ac:vateur Kv

⬆ acQvité GAD ⇒ ⬆ GABA
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2.2 Molécules stimulant la neurotransmission gabaergique

1 Par stimulation de la synthèse

DCI Spécialité Indication

Gabapentine NEURONTIN® 🫨 🧠

Bloqueur CavL

Ac:vateur Kv

⬆ acQvité GAD ⇒ ⬆ GABA

Indications: chez l’adulte, 

1-Crises épileptiques
2- Douleurs neuropathiques périphériques et centrales

DCI Spécialité Indication

Valproate de sodium DEPAKINE® 🫨



11/10/2024 DFGSP3-UE18-Système gabaergique 43

2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation d’agonistes – GABA-B

DCI Spécialité Indication

Baclofène BACLOCUR®, LIORESAL®, 
LYFLEX®, SPACYR®

Myorelaxation
Traitement des 
contractures (SEP)
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- Dr Olivier AMEISE, Associations de patients “Aubes” et “Baclohelp”

- ì consommation de baclofène hors AMM

- 2 études cliniques lancées en 2012:  ALPADIR  et  BACLOVILLE

2012-2013: à Forte dose ≥ 180 mg/jour 
Aurait un effet bénéfique dans le sevrage alcoolique
    - Recommandation temporaire d’utilisation (RTU) du baclofène:
  . LIORESALâ 10 mg, comprimé sécable (Novartis)
  . ZENTIVA® 10 mg, comprimé (Sanofi) 

Alcoolisme: 45 000 décès par an, soit 120 par jour en France, deuxième cause 
de mortalité évitable en France après le tabac. 15 % des accidents du travail.

2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation d’agonistes – GABA-B
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation d’agonistes – GABA-B

En France, 100 000 patients alcoolo-dépendants ont pris du 
baclofène hors AMM (dose: *150-180 mg/jour). 

Conséquences: 
-Recommandation Temporaire d’Utilisation (RTU)
-Réduction de la dose maximale autorisée = 80 mg/jour
-RTU arrêtée en Fév. 2021

-La spécialité BACLOCUR® (baclofène) ayant obtenu une AMM 
en 2018, est désormais disponible en pharmacie pour la 
prise en charge des patients alcoolo-dépendants.
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation d’agonistes – GABA-B

DCI Spécialité Indication

γ-Hydroxy-Butyrate
GHB

γ-Butyrolactone
(GHB Prodrug)

AUCUNE® Sedation
Amnésie
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation d’agonistes – GABA-A

• Muscimol 

• Analogue rigide de GABA : l’un des plus séléctif et 
puissant agoniste GABA 

• hyperthermie, dilation pupilles, euphorie, difficultes de 
concentration, anorexie, ataxie, catalepsie et 
hallucinations.

Amanita muscaria 
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation de PAM GABA-A
Molecules 2020, 25, 999 3 of 47
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Figure 1. Overview of pentamer structure and localization of orthosteric and allosteric binding sites. 
(a): Generic subunit interface, featuring ECD, TMD, and lower TMD. (b) View of the ECD. GABA 
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system, subtype-selective targeting to address specific circuitry and physiology selectively has been 
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1.2. Allosteric Binding Sites 

GABAA receptors are targets of many heavily used pharmaceuticals such as benzodiazepine-
based sedatives, hypnotics, and anxiolytics, barbiturate-based anticonvulsants, and general 
anesthetics of a broad range of chemotypes[16,17]. Nearly all pharmaceuticals and a wide range of 
toxins that target members of the GABAA receptor family do not interact with the binding site for the 
physiological agonist (GABA) as orthosteric ligands, but rather with one or several allosteric-binding 
sites [12,15,17]. Figure 1 provides an overview of the described allosteric sites. 

Of the sites depicted in Figure 1, some display a high degree of variability, while others are fairly 
conserved throughout the family [15]. The extracellular interfaces have large variable pocket-forming 
regions and are, thus, particularly suited for the development of selective agents. The ECD α+/γ− 
interface features potentially 18 subtypes (six α and three γ subunit isoforms) and is the major site of 
action of high-affinity benzodiazepine effects [18]. 

Since their serendipitous discovery and the introduction of chlordiazepoxide (Librium®) in 1960, 
benzodiazepines have spurred enormous efforts to develop benzodiazepine site ligands with further 
improved properties compared to classical benzodiazepines. Dozens of chemotypes, among them β-
carbolines, pyrazoloquinolinones, and imidazopyridines, have been identified as high-affinity 
ligands of benzodiazepine binding sites. The exact number of high and low-affinity benzodiazepine 

Figure 1. Overview of pentamer structure and localization of orthosteric and allosteric binding sites.
(a): Generic subunit interface, featuring ECD, TMD, and lower TMD. (b) View of the ECD. GABA
sites, the benzodiazepine (BZD) site, and the modulatory pyrazoloquinolinone (PQ) site are shown
explicitly. (c) View of the TMD of a canonical receptor with etomidate (Eto) and barbiturate (Bbt) sites
shown explicitly.

1.2. Allosteric Binding Sites

GABAA receptors are targets of many heavily used pharmaceuticals such as benzodiazepine-based
sedatives, hypnotics, and anxiolytics, barbiturate-based anticonvulsants, and general anesthetics of a
broad range of chemotypes [16,17]. Nearly all pharmaceuticals and a wide range of toxins that target
members of the GABAA receptor family do not interact with the binding site for the physiological
agonist (GABA) as orthosteric ligands, but rather with one or several allosteric-binding sites [12,15,17].
Figure 1 provides an overview of the described allosteric sites.

Of the sites depicted in Figure 1, some display a high degree of variability, while others are fairly
conserved throughout the family [15]. The extracellular interfaces have large variable pocket-forming
regions and are, thus, particularly suited for the development of selective agents. The ECD ↵+/��
interface features potentially 18 subtypes (six ↵ and three � subunit isoforms) and is the major site of
action of high-a�nity benzodiazepine e↵ects [18].

Since their serendipitous discovery and the introduction of chlordiazepoxide (Librium®) in
1960, benzodiazepines have spurred enormous e↵orts to develop benzodiazepine site ligands with
further improved properties compared to classical benzodiazepines. Dozens of chemotypes, among
them �-carbolines, pyrazoloquinolinones, and imidazopyridines, have been identified as high-a�nity
ligands of benzodiazepine binding sites. The exact number of high and low-a�nity benzodiazepine
binding sites is still not completely defined, and even high a�nity sites that are not localized to the
canonical ↵+/�� interfaces have been described [18].

Due to the high homology of the ↵+/�� interfaces with the ↵+/�2� interfaces (see Figure 1),
benzodiazepine binding site ligands such as the class of pyrazoloquinolinones can bind at both these
interfaces, eliciting di↵erent functional e↵ects [19]. While still being in an early stage, the ↵+/��
interfaces are considered to be highly promising targets for novel therapeutic principles as well as a
wide range of tool compounds to be utilized in (human brain) imaging or research applications [20].

pyrazoloquinolinone

Site BZD

Site Barbituriques

Site Etomidate
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation de PAM GABA-A : Les Benzodiazépines

Pharmacodépendance 💉
Amnésiant 🧠

Effets Indésirables : 

Hypnotique 😴 
Anxiolytique 😱 
Myorelaxant 🦥
Anti

convulsivant🫨
Sédatif 😴 😴 

Effets Recherchés : 



11/10/2024 DFGSP3-UE18-Système gabaergique 50

2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation de PAM GABA-A : Les Benzodiazépines

Ex: 11 BZD anxiolytiques
Ex: 6 BZD hypnotiques/sédatifs

+ 2 médicaments apparentés
Ex: 1 BZD anti-épileptique

Les BZD ayant une AMM “anxiolytique” sont prescrites
lorsque l'anxiété est le facteur dominant de l'insomnie. 

⚠⚠Toutes n’ont pas une AMM dans ces
indications

DCI Spécialité Indication
Diazépam VALIUM®

Hypnotique 😴
Anxiolytique 😱
Myorelaxant 🦥
Anti
convulsivant🫨
Sédatif 😴 😴 

Bromazépam LEXOMIL®

Nordazépam NORDAZ®

Oxazépam SÉRESTA®

Clorazépate TRANXENE®

Clobazam URBANYL®

Clotiazépam VÉRATRAN®

Alprazolam XANAX®

Loflazépate VICTAN®

Prazépam LYSANXIA®

Lorazépam TÉMESTA®

Nitrazépam MOGADON®

Lormétazépam NOCTAMIDE®

Flunitrazépam ROHYPNOL®

Témazépam NORMISON®

Loprazolam HAVLANE®

Estazolam NUCTALON®
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation de PAM GABA-A : Les Benzodiazépines anxiolytiques

DCI Spécialité

Diazépam VALIUM®

Bromazépam LEXOMIL®

Nordazépam NORDAZ®

Oxazépam SÉRESTA®

Clorazépate TRANXENE®

Clobazam URBANYL®

Clotiazépam VÉRATRAN®

Alprazolam XANAX®

Loflazépate VICTAN®

Prazépam LYSANXIA®

Lorazépam TÉMESTA®

BZD de t1/2 longue = transformées en métabolites actifs par le 
CYP450 3A4 ayant eux-mêmes une t1/2 longue 

_ effets de longue durée.

Ex: diazépam VALIUM® métabolisé en nordazépam
NORDAZ®, forme active déméthylée avec Þ t1/2 = 65 hrs !

3 BZD n’ont pas de métabolites actifs (t1/2 = 10-20 hrs):
- bromazepam LEXOMIL® 
- lorazepam TEMESTA®
- oxazepam SERESTA®

Remarque: Métabolisme par CYP450 3A4: 
cf risques d’interactions médicamenteuses
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation de PAM GABA-A : Les anxiolytiques NON-BZD

DCI Spécialité Mécanisme d’action
Hydroxyzine ATARAX® Antagoniste H1

Buspirone BUSPAR® Agoniste Partiel 5-HT1A

Etifoxine STRESAM® GABA PAM
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation de PAM GABA-A : Les Benzodiazépines hypnotiques

DCI Spécialité T1/2

Nitrazépam MOGADON® 25 h

Lormétazépam NOCTAMIDE® 10 h

Flunitrazépam ROHYPNOL® 20 h

Témazépam NORMISON® 8 h

Loprazolam HAVLANE® 8 h

Estazolam NUCTALON® 17 h

• La qualité du sommeil obtenue sous BZD, sur le plan 
électroencéphalographique, est proche du sommeil 
naturel. 

• PAS un argument pour élargir leur prescription!!

• Pharmacodépendance -> Sevrage
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation de PAM GABA-A : Les hypnotiques NON-BZD

DCI Spécialité T1/2

Zopiclone IMOVANE® 6 h

Zolpidem STILNOX® 3 h

• La qualité du sommeil obtenue sous BZD, sur le plan 
électroencéphalographique, est proche du sommeil 
naturel. 

• PAS un argument pour élargir leur prescription!!

• Pharmacodépendance -> Sevrage
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation de PAM GABA-A : Les Benzodiazépines antiépileptiques

DCI Spécialité Indication

Clonazépam RIVOTRIL® 🫨

Par utilisation de PAM GABA-A : Les Benzodiazépines sédatives

DCI Spécialité Indication

Midazolam HYPNOVEL® 😴 😴 



11/10/2024 DFGSP3-UE18-Système gabaergique 56

2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation de PAM GABA-A : Les Benzodiazépines

Pour limiter le risque d’effets indésirables: règles de prescription des Benzodiazépines (BZD)

- Renouveler le traitement 1 fois seulement (si durée <12 
semaines)
Þ maxi = 12 semaines incluant la période de sevrage

- posologie initiale = demi-doses

- attention aux personnes âgées et/ou poly-médiquées. 

Limitation de la durée du traitement
- à 4 semaines pour les BZD hypnotiques (t1/2 courte) et zolpidem – zopiclone
 
- à 12 semaines pour les BZD anxiolytiques (t1/2 longue) 

* Pas d’études cliniques montrant que pour traiter efficacement une
insomnie ou de l’anxiété Þ ne pas prescrire au delà de 3 mois !
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation de PAM GABA-A : Les Benzodiazépines

En résumé: ce qui différencie les BZD entre elles?

• Leur indication: hypnotique/sédative, anxiolytique, anti-convulsivante/anti-épileptique

• Pharmacocinétique (PK): 
• Leur t1/2 d’élimination plasmatique: courte ou longue
• Métabolites actifs ou pas
• Rôle du CYP3A4 cf risques d’interactions médicamenteuses

• Leurs effets indésirables: 
Ex: clonazepam RIVOTRIL®, un stupéfiant !

• Limitation de la durée de prescription: 
4 ou 12 semaines !!
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation de PAM GABA-A : Les Benzodiazépines
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2.2 Molécules stimulant la neurotransmission gabaergique

3* Traiter les intoxications aux benzodiazépines avec un SAM
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structure of some examples of allosteric ligands, which impact the receptor function in the absence or
presence of GABA.
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Figure 3. Examples of allosteric GABAA receptor ligands.

Allosteric modulators (in the strict sense) require the presence of the endogenous ligand to exert
their e↵ects. In other words, they modulate the GABA-elicited channel response. In general, allosteric
modulators are classified in the following way.

• Positive allosteric modulators (PAM): they enhance the e↵ect of the endogenous ligand
• Negative allosteric modulators (NAM): they diminish the e↵ect of the endogenous ligand
• Silent allosteric modulators (SAM): they do not influence the e↵ects of the endogenous ligand, but

they can compete with a PAM or a NAM for the occupation of a binding site [31].

Figure 4 shows a schematic representation of the e↵ect that a GABAA receptor PAM, NAM, and SAM
can produce in comparison to the response that GABA produces.Molecules 2019, 24, x FOR PEER REVIEW 6 of 48 
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Antagonisme (blocage) du site de liaison des BZD 
sur R-GABA A: flumazénil (ANEXATEÒ) 

 structure chimique = imidazo-benzodiazépine

INDICATIONS: - En anesthésiologie: interruption dʼune 
sédation induite par les BZD 
  - En soins intensifs: traitement des 
intoxications aiguës par les BZD (antidote)

DCI Spécialité Indication

Flumazenil ANEXATE® Cf infra
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation de PAM GABA-A : Les Barbituriques

DCI Spécialité Indication

Phenobarbital GARDENAL® 🫨

Thiopental NESDONAL 😴 😴 
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sites, the benzodiazepine (BZD) site, and the modulatory pyrazoloquinolinone (PQ) site are shown 
explicitly. (c) View of the TMD of a canonical receptor with etomidate (Eto) and barbiturate (Bbt) sites 
shown explicitly. 
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1.2. Allosteric Binding Sites 

GABAA receptors are targets of many heavily used pharmaceuticals such as benzodiazepine-
based sedatives, hypnotics, and anxiolytics, barbiturate-based anticonvulsants, and general 
anesthetics of a broad range of chemotypes[16,17]. Nearly all pharmaceuticals and a wide range of 
toxins that target members of the GABAA receptor family do not interact with the binding site for the 
physiological agonist (GABA) as orthosteric ligands, but rather with one or several allosteric-binding 
sites [12,15,17]. Figure 1 provides an overview of the described allosteric sites. 

Of the sites depicted in Figure 1, some display a high degree of variability, while others are fairly 
conserved throughout the family [15]. The extracellular interfaces have large variable pocket-forming 
regions and are, thus, particularly suited for the development of selective agents. The ECD α+/γ− 
interface features potentially 18 subtypes (six α and three γ subunit isoforms) and is the major site of 
action of high-affinity benzodiazepine effects [18]. 

Since their serendipitous discovery and the introduction of chlordiazepoxide (Librium®) in 1960, 
benzodiazepines have spurred enormous efforts to develop benzodiazepine site ligands with further 
improved properties compared to classical benzodiazepines. Dozens of chemotypes, among them β-
carbolines, pyrazoloquinolinones, and imidazopyridines, have been identified as high-affinity 
ligands of benzodiazepine binding sites. The exact number of high and low-affinity benzodiazepine 

Figure 1. Overview of pentamer structure and localization of orthosteric and allosteric binding sites.
(a): Generic subunit interface, featuring ECD, TMD, and lower TMD. (b) View of the ECD. GABA
sites, the benzodiazepine (BZD) site, and the modulatory pyrazoloquinolinone (PQ) site are shown
explicitly. (c) View of the TMD of a canonical receptor with etomidate (Eto) and barbiturate (Bbt) sites
shown explicitly.

1.2. Allosteric Binding Sites

GABAA receptors are targets of many heavily used pharmaceuticals such as benzodiazepine-based
sedatives, hypnotics, and anxiolytics, barbiturate-based anticonvulsants, and general anesthetics of a
broad range of chemotypes [16,17]. Nearly all pharmaceuticals and a wide range of toxins that target
members of the GABAA receptor family do not interact with the binding site for the physiological
agonist (GABA) as orthosteric ligands, but rather with one or several allosteric-binding sites [12,15,17].
Figure 1 provides an overview of the described allosteric sites.

Of the sites depicted in Figure 1, some display a high degree of variability, while others are fairly
conserved throughout the family [15]. The extracellular interfaces have large variable pocket-forming
regions and are, thus, particularly suited for the development of selective agents. The ECD ↵+/��
interface features potentially 18 subtypes (six ↵ and three � subunit isoforms) and is the major site of
action of high-a�nity benzodiazepine e↵ects [18].

Since their serendipitous discovery and the introduction of chlordiazepoxide (Librium®) in
1960, benzodiazepines have spurred enormous e↵orts to develop benzodiazepine site ligands with
further improved properties compared to classical benzodiazepines. Dozens of chemotypes, among
them �-carbolines, pyrazoloquinolinones, and imidazopyridines, have been identified as high-a�nity
ligands of benzodiazepine binding sites. The exact number of high and low-a�nity benzodiazepine
binding sites is still not completely defined, and even high a�nity sites that are not localized to the
canonical ↵+/�� interfaces have been described [18].

Due to the high homology of the ↵+/�� interfaces with the ↵+/�2� interfaces (see Figure 1),
benzodiazepine binding site ligands such as the class of pyrazoloquinolinones can bind at both these
interfaces, eliciting di↵erent functional e↵ects [19]. While still being in an early stage, the ↵+/��
interfaces are considered to be highly promising targets for novel therapeutic principles as well as a
wide range of tool compounds to be utilized in (human brain) imaging or research applications [20].

L’etomidate

DCI Spécialité Indication

Etomidate HYPNOMIDATE® 😴 😴 
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2.2 Molécules stimulant la neurotransmission gabaergique

3 Par utilisation de PAM GABA-A (?) : Les anesthésiques injectables et volatils

DCI Spécialité Indication

Propofol DIPRIVAN® 😴 😴 

DCI Spécialité Indication

Halothane FLUOTHANE® 😴 😴 

Isoflurane FORENE® 😴 😴 

Enflurane ALYRANE® 😴 😴 

Desflurane SUPRANE® 😴 😴 

Sévoflurane SEVORANE® 😴 😴 

Halothane FLUOTHANE® 😴 😴 

Mécanismes d’action non sélectifs
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4 Par inhibition de la dégradation : Inhibiteurs de la GABA-T

2.2 Molécules stimulant la neurotransmission gabaergique

DCI Spécialité Indication

Vigabatrin SABRIL® 🫨

Valproate de sodium DEPAKINE® 🫨

5 Par inhibition de la recapture : Inhibiteurs de la recapture de GABA

DCI Spécialité Indication

Tiagabine GABITRIL® 🫨

Stiripentol DIACOMIT® 🫨 Inhibe le CYP2C19 et le CYP3A4 
Risque d’interactions médicamenteuses
Usage hospitalier.



• Toutes les personnes atteintes de crises épileptiques ne vont pas développer d’épilepsie per se.

• Prévalence : 5-10%

• Des crises épileptiques peuvent apparaître lors de : 
• trauma craniens
• intoxication (pharmacologique)
• syndrome métabolique (hypoglycémie, sevrage alcoolique, fièvre, infection…)

• Selon l’ILAE (International League Against Epilepsy), l’épilepsie est définie par :
• 2 crises réflexes (non provoquées) en moins de 24h
• plus de 3 crises en moins de 10 ans
• diagnostic d’un syndrome épileptique 
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Risque génétique

• 50 gènes/loci associés à un risque

• Principalement des gènes codant pour :

•  des canaux ioniques,

•  des sous unités de récepteur : 
Ø GABA

Ø Rc Nicotiniques

Ø Rc Glutamatergiques

•  enzymes impliquées dans le métabolisme de neurotransmetteurs
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• Crise d'épilepsie

• Présentation clinique très variée 
Ensemble de manifestations cliniques paroxystiques, imprévisibles et transitoires qui résultent 
de l'hyperactivité paroxystique d'un réseau de neurones corticaux ou cortico-sous-corticaux et de 
son éventuelle propagation.

• Épilepsie
Maladie cérébrale chronique caractérisée non seulement par une prédisposition durable à 
générer des crises mais également par des conséquences neurobiologiques, 
neuropsychologiques, sociales et psychiatriques.

Définition

TRAITEMENT NECESSAIRE
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• Crise Epileptique = période de symptômes anormaux dus à une activité électrique 
cérébrale synchrone ou excessive. 

• Peuvent se développer dans différentes régions cérébrales -> différentes 
manifestations physiques

• Le terme de crise peut à la fois définir une perte de conscience de 3 secondes 
comme une crise générale tonique-clonique, affectant tous les muscles, et 
responsable de troubles élecrtolytiques.
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Types de crise épileptiques
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Caractéristiques électriques d’une crise épileptique
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Classification des épilepsies
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Figure 1 : Démarche de la classification des épilepsies.  

 

 

Type de crise 

Le point de départ de la classification de l’Epilepsie est la détermination du type de crise. Cette étape 
suppose que le clinicien a déjà défini qu’il s’agit d’une crise d’épilepsie et n’est pas censée être un 
algorithme diagnostique pour distinguer la crise d’épilepsie d’événements non épileptiques. La 
classification du type de Crise est déterminée selon la nouvelle nomenclature détaillée dans le papier 
accompagnant10. Les crises sont classées en crise focale, crise généralisée et crise de point de départ 
inconnu.  

Dans certains contextes, la détermination du type de crise peut être le niveau maximal de la 
classification, car il peut n’y avoir aucun accès à l’EEG, à la vidéo et à l’imagerie cérébrale. Dans d’autres 
cas, il peut simplement y avoir peu d’informations disponibles pour être en mesure de faire un 
diagnostic de niveau plus élevé (type d’épilepsie et syndrome épileptique), comme quand le patient 
n’a eu qu’une crise unique. 

 

Type d’épilepsie 

Le deuxième niveau est celui du type de l’épilepsie. Il suppose que le patient a un diagnostic d’épilepsie 
basé sur la définition proposée en 201431. Le type d’épilepsie comprend une nouvelle catégorie : 
« Epilepsie Généralisée et Focale Combinée » en plus des types connus (épilepsies focales et 
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• Pas de traitement antiépileptique temporaire

• Seulement chez les patients présentant un risque élevé de récidive

• Nécessite une information claire et l'accord du patient

Prise en charge thérapeutique
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Prise en charge thérapeutique

• EPILSEPSIE  = Perturbation de l’excitabilité neuronale

• Par diminution de la transmission Inhibitrice, GABA
• Par augmentation de la Transmission Excitatrice, GLUTAMATE

• Les substances qui diminuent la Transmission GABA sont épileptogènes
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Synapse 
Inhibitrice

Synapse 
Excitatrice

GABA-A

GAT

AMPA NMDA

GABA-T

Cav3

Nav

Kv

CavL

Médicament Cible Activité

Progabide GABA
GABA-A / GABA-B

Pro-GABA
Agoniste

Tiagabine GAT Inhibiteur

Vigabatrin GABA-T Inhibiteur irréversible

Acide Valproique GABA-T Inhibiteur

Topiramate GABA-A
(voir synapse excitatrice) Agoniste

Benzodiazépines
(diazepam, clonazepam…) GABA-A Modulateur allosterique +

Barbituriques
(phenobarbital) GABA-A Modulateur allosterique +

Felbamate GABA-A Modulateur allosterique +

GABA-T

GAT

Topiramate

BZD

Barbituriques

Médicament Cible Activité

Gabapentine, Pregabaline CavL Bloqueur

Ethosuximide Cav3 Bloqueur

Phénytoïne Nav Bloqueur

Carbamazepine Nav Bloqueur

Acide Valproïque Nav Bloqueur

Lamotrigine Cav, Nav Bloqueur

Retigabine Kv Activateur

Topiramate Nav, AMPA-R Bloqueur/Antagoniste

Felbamate NMDA Antagoniste

Progabide

Felbamate

Gabapentine, Pregabaline

Ethosuximide

Phénytoïne
Carbamazepine

Lamotrigine

Retigabine

Topiramate

Tiagabin

Vigabatrin

Acide Valproique

Felbamate
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Antiépileptique
valproate de sodium DÉPAKINEâ 
et ses génériques
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2015-2016

L’épilepsie engage le pronostic vital de la mère ET du fœtus.
En France, 135 000 patientes traitées par ce médicament, 
    dont 100 000 en âge d’avoir un enfant.
À l’origine de problèmes de développement du cerveau chez des nourrissons 
dont la mère a pris du valproate de Na+ pendant sa grossesse !

•1986 dans l’AMM : « Risque de malformations (chez 10% des enfants dont la 
mère prend du valproate de Na+), troubles du développement et d'autisme chez 
30-40% des fœtus exposés in utero». 

•2005 dans la Littérature: « Risque de retard mental avéré » et DEPAKINE®

•2006 dans l’AMM: « Utilisation incompatible avec la grossesse ». 

Risque tératogène !



valproate de sodium DÉPAKINEâ et ses génériques (suite)
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Et pourtant……
2015-2018: Encore trop de prescriptions chez des 
femmes enceintes ! Recommandations peu suivies, car 
information non-diffusées, et non pas à l’absence d’informations. 
Principaux prescripteurs de valproate de Na+ à des femmes 
enceintes:

- Médecins généralistes: 57 % des ordonnances
- Psychiatres: 10 %
- Neurologues: 6 % des ordonnances
- Pédiatres…..

https://www.vidal.fr/actualites/19909/valproate_de_sodium_et_grossesse



Conséquences
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http://ansm.sante.fr/

Nouvelles conditions de prescription: 
. Pas de prescription de valproate de sodium DÉPAKINEâ chez:

- les adolescentes, 
- femmes en âge de procréer,
- femmes enceintes présentant une épilepsie (alternative: 

lamotrigine, lévétiracétam….) Tous les antiépileptiques 
présentent un risque de malformations (fermeture du tube neural; 
fente labiale)  2 à 3 x > à la population générale !

. Prescription initiale réservée aux neurologues, psychiatres et pédiatres !

. Accord écrit de la patiente justifiant qu’elle connaît cette 
  contre-indication ABSOLUE !

Déc; 2016
Fév. 2019

Centre de Référence des Agents Tératogènes (CRAT) 
http://lecrat.fr/
“Liste des Médicaments dangereux pendant la grossesse”
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