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Neurotransmitter
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Typical Neurotransmitters



Transmitter-gated Ion Channel
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Ionotropic Receptors

Metabotropic Receptors

 Immediate, simple, and brief signaling

 Far slower and more complex 

 Longer-lasting in its consequences



γ-Aminobutyric Acid (GABA)

the major inhibitory neuro transmitter in the central nervous system (CNS)

GABA Synthesis Pathway

GABA Release GABA Clearance

The major inhibitory neurotransmitter in the CNS
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• For GABAB receptors, see: Evenseth, L. S. M. Molecules 2020, 25, 3093

• For GABAA−ρ receptors, see: Pharmacol. Rev. 2008, 60, 243

GABA Receptors

7

GABA type A Receptor GABA type B Receptor

 Class C of GPCR GABA-gated chloride channels

GABAA−ρ Receptor

“.. IUPHAR .. designate the 

GABA ρ receptors as part of 

the GABAA-R family and to 

recommend against the use 

of the term GABAC receptor”



GABA and Disorders 
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Anxiety Disorders

Epilepsy

Autism



• Spiering, M. J. J. Biol. Chem. 2018, 293, 19159

Milestone 
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1950

The Discovery of GABA 

in Mammalian Brain

Eugene Roberts

1987 2014



• Ben-Ari, Y. et al. Can. J. Physiol. Pharmacol. 2022, 100, 1

Milestone 
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1950

Determine GABA as 

An Inhibitory Neurotransmitter



Milestone 
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1950

Discovery of Antagonists of 

GABA and Synaptic Inhibition

“..suggesting the existence of a pharmacologically and molecularly distinct receptor.”

1987 2014



Milestone 
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1950

Discovery of The Benzodiazepine 

Recognition Site and Allosteric Regulation

“These results..are not inconsistent with the proposal that 

benzodiazepines exert their physiological effects through 

GABA, since such effects may be indirect (for example, 

benzodiazepines might facilitate GABA release)”

Synthesized by 

Hoffmann-La Roche 

(1959) 

Valium entered the 

market (1963) 

1987 2014



Milestone 
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1950

Discovery of GABAB Receptors

1987

Norman Bowery 

2014



Milestone 
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1950 2014

cDNA Cloning of GABAA Receptor 

Subunits and Structure Elucidation

1987

• Schofield, P. R. Nature 1987, 328, 221

• Nayeem, N. et al. J. Neurochem. 1994, 62, 815



Milestone 
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1950 2014

Resolution of the Crystal Structure of 

Human GABAA Receptors

1987

• Miller, P. S.; Aricescu, A. R. Nature 2014, 512, 270

• Hibbs, R. E. et al. Nature 2018, 559, 67; Laverty, D. et al. Nature 2019, 565, 516

• Gouaux, E. et al. Nature 2023, 622, 198

GABAAR-β3cryst homopentamer α1β3γ2 GABAAR−Mb38 complex 
α1*-β2-α1-β2*-γ2 nα1-

GABAAR−APG complex 
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Overview of the Structure of GABAAR 
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• Laverty, D. et al. Nature 2019, 565, 516

• Luscher, B. et al. Neuron 2011, 70, 385; Ghit, A. et al. J. Genet. Eng. Biotechnol. 2021, 19, 123

• Nutt, D. J.; Malizia, A. L. Br. J. Psychiatry. 2001, 179, 390



• Miller, P. S.; Smart, T. G. Trends Pharmacol. Sci. 2009, 31, 161

The Superfamily of Pentameric LGICs
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nAChRs

200–250 

amino acids

α-helical M1–M4

transmembrane 

bundle
M3–M4 intracellular loop 

of 85–255 residues



• Hassaine, G. et al. Nature 2014, 512, 276; Laverty, D. et al. Nature 2019, 565, 516

• Wang, J.; Hattori, M. PNAS, 2024, 121, e2405659121; Shaffer, P. L. et al. Nature 2015, 526, 277

The Superfamily of Pentameric LGICs
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5-HT3 Receptor

GlyRα3−StrychnineZAC

α1β3γ2 GABAAR−Mb38 complex 



• Miller, P. S.; Aricescu, A. R. Nature 2014, 512, 270

The Superfamily of Pentameric LGICs
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• Sigel, E.; Steinmann, M. E. J. Biol. Chem. 2012, 287, 40224

Subunits of GABAAR
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• Sigel, E.; Steinmann, M. E. J. Biol. Chem. 2012, 287, 40224

Subunits of GABAAR
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• Ghit, A. et al. J. Genet. Eng. Biotechnol. 2021, 19, 123

Subunits of GABAAR
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• Olsen, R. W.; Sieghart, W. Neuropharmacology 2009, 56, 141

• Smart, T. G. et al. Front. Cell. Neurosci. 2012, 6, 1

Distribution of Receptor Types
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α6, δα4, δ

α5, δ

Tonic 

Inhibition

Phasic 

Inhibition

α1, β1-3, γ2



• Miller, P. S.; Aricescu, A. R. Nature 2014, 512, 270

Crystal Structure of GABAAR-β3cryst
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M1

M2

M3 M4



• Hibbs, R. E. et al. Nature 2018, 559, 67

Cryo-EM Structure of α1β2γ2 GABAAR
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α1β3γ2

GABAAR−Fab complex



• Laverty, D. et al. Nature 2019, 565, 516

N-linked Glycans in GABAARs
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α1β3γ2L
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Molecules in the Following Slides
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• Sigel, E.; Steinmann, M. E. J. Biol. Chem. 2012, 287, 40224

• Masiulis, S. et al. Nature 2019, 565, 454

The Orthosteric Site

30

α1β3γ2



• Sigel, E.; Steinmann, M. E. J. Biol. Chem. 2012, 287, 40224

• Masiulis, S. et al. Nature 2019, 565, 454

The Orthosteric Site
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• Sigel, E.; Steinmann, M. E. J. Biol. Chem. 2012, 287, 40224

• Masiulis, S. et al. Nature 2019, 565, 454

The Orthosteric Site
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• Kim, J. J.; Hibbs, R. E. Trends Biochem. Sci. 2021, 46, 502

• Hibbs, R. E. et al. Nature 2020, 585, 303; Wieland, H. A. et al. J. Biol. Chem. 1992, 267, 1426

The Benzodiazepine Site
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high-affinity 

benzodiazepine site

α1β2γ2



• Kim, J. J.; Hibbs, R. E. Trends Biochem. Sci. 2021, 46, 502

• Hibbs, R. E. et al. Nature 2020, 585, 303; Hanchar, H. J. et al. PNAS. 2006, 103, 8546

The Benzodiazepine Site
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α4β3δ 

GABAAR destabilization effect 

of flumazenil 

high-affinity 

benzodiazepine site



• Masiulis, S. et al. Nature 2019, 565, 454

The Mechanism of BZD Agonists
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• Masiulis, S. et al. Nature 2019, 565, 454

The Mechanism of BZD Agonists
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low-affinity 

benzodiazepine site

• Kim, J. J.; Hibbs, R. E. Trends Biochem. Sci. 2021, 46, 502

• Hibbs, R. E. et al. Nature 2020, 585, 303

Lower Affinity BZD Sites
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α1β2γ2



• Hibbs, R. E. et al. Nature 2020, 585, 303

Anesthetics
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• Hibbs, R. E. et al. Nature 2020, 585, 303

Barbiturates
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α1β2γ2



• Hibbs, R. E. et al. Nature 2020, 585, 303

Propofol and Etomidate
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α1β2γ2



• Smart, T. G. et al. Nature 2006, 444, 486

• Miller, P. S. et al. Nat. Struct. Mol. Biol. 2017, 24, 986; Gouaux, E. et al. Nature 2023, 622, 198

Neurosteroid

41

α1β2γ2



• Masiulis, S. et al. Nature 2019, 565, 454

Picrotoxin
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α1β3γ2

α1β2γ2

α1β3γ2

α1β2γ2



• Masiulis, S. et al. Nature 2019, 565, 454

• Hibbs, R. E. et al. Nature 2020, 585, 303

Picrotoxin

43

◼ However…

More chemistry of Picrotoxin will be presented in the future..

α1β2γ2 α1β3γ2
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Summary
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Summary
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Prospect
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Miller et al. 2016

Photolabeling

Hibbs et al. 2020

Cryo-EM



Prospect
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Hibbs et al. 2018

Cryo-EM exhibits a collapsed conformation



Prospect

?
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α1+/γ2− TMD, which is primarily hydrophobic, 

remains as the “orphan site”



Prospect

50

◼ The mechanism and binding modes of many molecules remain pressing challenges…

Neurite outgrowth vs. Convulsions?
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