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Antidepressant drug treatments are designed to target monoaminergic 

neurotransmission, and they have set the foundation for: 

of affective disorders

Catecholamine hypothesis  
Serotonin 

hypothesis 

However, there is a growing consensus that altered monoaminergic 

transmission is insufficient to explain the etiology of depressive disorders 

and that currently used antidepressants instead are modulating

other neurochemical systems that have a more fundamental role in MDD

Schildkraut, Am J Psychiatry 

1965; Bunney and Davis, 1965; Coppen, 1967; 

Matussek, 1969

Hirschfeld, J Clin Psychiatry 2000; Heninger et al., Pharmacopsychiatry 1996

Antidepressant treatments and major depression: 

other neurochemical systems are involved 

Joseph Jacob Schildkraut
Alec Coppen



The recognition of aminoacids (glutamate 

and GABA) as major neurotransmitters 

proceeded during the ’60-70's culminating in 

a meeting organized by Eugene Roberts in 

1975 at Santa Barbara (California)

(Eccles, Springfield 1969; 

Roberts et al., New York 1976)

The real beginning of the GABA era 

occurred at a meeting organized by Frode 

Fonnum in Spatind, Norway in 1977,

where most of the players who developed 

the GABA field in subsequent years first 

gathered and met including Norman 

Bowery (School of Pharmacy, London)

Olsen, Neuropharmacology, 2018

..I hastily arranged a sabbatical leave in London for 1979 at the National Institute 

for Medical Research, Mill Hill, with numerous jovial, valuable visits with Norman..

Eugene Roberts, who first reported that GABA 

is a major amino compound in the brain

Frode Fonnum and Norman Bowery who discovered 

a novel metabotropic receptor sub-type, GABAB 



GABA is present at nearly one third of all synapses in the CNS and 

shapes neural network dynamics via GABAergic interneurons

A role for GABA neurotransmission 

across depression is not surprising

Möhler, J Neurochem, 2007

Thus, GABA system functionality is pivotal for physiological 

processes affected in psychiatric disorders, neural plasticity, stress 

reactivity, sensory processing, memory formation, and attention

Mody and Pearce, Trends Neurosci 2004; Möhler, J Neurochem, 

2007; Vinkers et al., Expert Opin Investig Drugs 2010

Although GABA levels are relatively low in the brain 

(61 mmol/kg compared with 5–15 mmol/kg for glutamate)…..

Shür et al., Hum Brain Mapp 2016;37:3337–3352 

Gabaergic neurons represent between 20-40% of  

all the brain neurons throuout the neuroaxis

Luscher et al., Mol Psychiatry, 2011



Different types of GABAARs mediate 

different forms of inhibition in the brain

A fraction of postsynaptic receptors 

(30%) are persistently activated by 

millimolar GABA concentrations under 

physiological conditions. 

This suggests the existence of regulatory 

mechanisms to control GABA responses

Gravielle, Neurochem Int 2018

activation of distinct 

signal transduction 

pathways

calcium influx 

through L-type 

voltage-gated calcium 

channels

GABAA receptor 

internalization

Regulatory mechanisms to control GABA 

responses under physiological conditions



Rationale underlying γ-aminobutyric 

acid hypothesis of major depression

Deficits in γ-aminobutyric acid and downstream 

alterations in monoaminergic neurotransmission

supported by evidence that:

cortical brain tissues

GABA levels of patients with depression

plasma

cerebrospinal fluid

1

2

3

Expression of GABA-

synthesizing enzymes 

in the brain tissue of persons 

who have died by suicide

Number (or loss) 

of GABAergic 

interneurons 

in the brain tissue of 

patients with depression

mRNA for GABA 

type A (GABAA) 

α4 and δ subunits 

in the brain tissue of depressed 

subjects who died by suicide

Luscher et al., Mol Psychiatry 2011;16: 383-406 



Shür et al., Hum Brain Mapp 2016;37:3337–

3352; Petty et al., Mol Psychiatry 1999  

MDD patients (but not in remitted cases) showed lower GABA levels than controls 

(SMD 520.41, 95% confidence interval [CI]: 20.70 to 20.13, P50.005)

Plasma GABA levels have been reported to 

be low in 35–40% of depressed patients



Brain GABA levels across 

major depressive disorder

Shür et al., Hum Brain Mapp 2016;37:3337–3352 

GABA differences between 

MDD patients and controls 

were larger in occipital related 

to melancholic features than in 

prefrontal regions

GABA levels in MDD 

were state-dependent

Mutations or functional 

polymorphisms  in genes 

involved in gabaergic levels



The role of gabaergic neurotrasmission 

in anhedonia and MDD pathophysiology

Shen et al., Biol Psychiatry 2010

Relative to controls, MDD adolescents had reduced ACC GABA/w (only 

anhedonic patients). ACC GABA/w levels were negatively correlated with 

anhedonia scores (white matter decreased in adolescents with MDD).

A pathophysiological role for GABA, the major inhibitory 

neurotransmitter in the brain, in the ACC in adolescent MDD



GABA-A receptors and gabaergic subunits

Olsen and Sieghart Pharmacol Rev 2008; 60(3):243–260

➢ I recettori GABAA, pentameri costituiti da

almeno quattro diversi tipi di subunità

(due subunità α, due β, e almeno una γ o

δ). Le subunità α possono essere di 4 tipi, di

3 le β, γ, δ, ε, π, e di 1 subunità ρ (esiste,

tuttavia, solo un numero limitato di

combinazioni).

➢ Le subunità α, β, γ sono indispensabili per

garantire una fisiologica attività del

recettore GABA-A.

α1βγ2=amnestic, addictive 

α2βγ2=anxiolytic, anti-hyperalgesic

α3βγ2=myorelaxant

α5βγ2=myorelaxant, sedative



GABA-A allosteric modulators: PAMS e NAMs

Modulatore allosterico positivo (PAMs)

Una molecola che lega un recettore cellulare in una zona di legame 

diversa da quella del ligando fisiologico. Questo legame determina 

una modificazione conformazionale della struttura del recettore

provocando una facilitazione o un impedimento all'attivazione

Modulatore allosterico negativo (NAMs)

Effetto di tipo facilitorio 

(benzodiazepine, z drugs) sulla 

funzione biologica del recettore, 

potenzia l'effetto che si ha dopo 

il legame tra agonista (ligando) 

endogeno e recettore

Effetto di tipo inibitorio (β-

carboline) sulla funzione biologica 

del recettore, antagonizza o riduce 

parzialmente l'effetto che si 

avrebbe dopo il legame tra ligando 

endogeno e recettore

I PAMs sono solitamente 

molecole ad attività sedativa 

e ansiolitica (sito di legame 

per le BDz)

Gli agonisti inversi (NAMs) sono molecole

ad attività antidepressiva, potenzialmente 

ansiogenica e cognitive enhancing (sito di 

legame per la picrotossina)

Solomon et al. Eur J Med Chem, 2019



C5 position of quinoline and 

C8 position of cinnoline were 

essential for dual functional 

modulation, particularly at a5 

negative allosteric 

modulation (NAM) activity

Solomon et al. Eur J Med Chem, 2019

The efficacy of GABA-A allosteric modulators 

is related to their chemical structure

The orientation of the two nitrogen atoms in the 2-pyrimidyl ring 

with the plane of cinnoline or quinoline ring structures is believed to 

increase modulation's efficacy at α5.



Allosteric gabaergic modulators 

with antidepressant activity

NAMs of GABA-A 

receptors containing 

α5-subunits

L-655,708 
MRK-016 

L-655 781

PAMs of GABA-A 

receptors containing 

α2/3-subunits 
KRM-II-82

MP-III-080
KRM-II-81

Carbolines
Harmane

Harmine
Norharmane

Annomontine

Sulfated 

neurosteroids 

(NAMs) 

Neurosteroids 

targeting GABA-

Aδ-subunit 

(PAMs) Pregnenolone 

sulfate
Dehydroepi-

androsterone 

sulfateAllopregnanolone

1 2

3

5

RY-080

Benzodiazepines
Triazolo-BZ 

alprazolam

4

Eszopiclone

SSRIs, NARI, ECT, 

sleep derivation, 

lamotrigine

6

Fluoxetine

Nor-fluoxetine
Imipramine

Reboxetine



α5-subunits are upregulated in mice after chronic 

stress suggesting a potential role in the cognitive 

deficits associated with chronic stress/depression
Matsumoto et al, Stress 2007

Because disinhibition promotes induction of LTP, the presumptive cellular 

basis of memory, NAMs of GABAARs containing α5-subunits have been 

developed as cognitive enhancers
Atack et al., Neuropharmacology 2006

The antidepressant, motivational, and cognition-enhancing effects

that might be derived from negative modulation of α5-containing GABAAR 

could be beneficial in the treatment of neurodegenerative disorders

Martin et al. J Neurophysiol 2014; Xu et al., Psychopharmacology 2018

NAMs binding GABAARs containing 

α5-subunits: antidepressant and 

cognitive ehnancement properties



NAMs binding GABAARs 

containing the α5-subunit are 

most expressed by PFC/ 

hippocampal neurons (a 

strategy for targeting cortical 

inputs to mesolimbic circuits, 

minimizing side effects)

Weakening the strength 

of gabaergic inhibitory 

transmission is a mean to increase 

excitatory interactions between 

cells (a ketamine-like 

antidepressant response)

Antidepressant effects induced within 24 hours. They represent a novel, 

rapidly acting, effective, and clinically viable treatment for human

depression (they are not epileptogenic, hallucinogenic, anxiogenic)

α5-containing GABAARs mediate tonic and slow phasic 

inhibition and lower the excitability of pyramidal cells

(Fischell et al., Neuropsychopharmacology 2015)

NAMs binding GABAARs containing 

α5-subunits: L-655,708 and MRK-016 

BDNF signaling mTOR signaling protein synthesis

a 10–100 fold selectivity for GABAARs 

L-655,708

MRK-016 

1

2

MRK-016 

L-655,708



NAMs binding GABAARs containing α5-subunits, including MRK-016 and L-

655, 781, exert a rapid antianhedonic behavioral response and restore the 

strength of stress-sensitive hippocampal synapses in rat chronic stress models

(Fischell et al., Neuropsychopharmacology 2015)

GABAAR-NAMs exert both antidepressant and pro-cognitive actions?

Zanos et al., eNeuro. 2017;4(1)

The need for new fast-acting ketamine-like

and persistent antidepressants: drugs targeting 

GABAAR containing 5 subunits 

They act as 

partial inverse 

agonists 

(benzodiazepine 

binding site) 

Yes, if they target GABA-A receptors containing 5 subunits 

They reverse 

the behavioral 

signs of 

consumatory 

anhedonia

They did not 

affect 

locomotion 

or motor 

performance

They did not 

modify 

psychosis 

susceptibility

They did not 

appear to have 

abuse 

potential

They have significant potential for the treatment of memory and 

learning deficits without convulsant or anxiogenic side-effects

Solomon et al. Eur J Med Chem, 2019



NAMs binding GABAARs containing 

α5-subunits might relieve anxiety 

There are no data indicating that NAMs of GABAAR

composition produce anxiogenic-like effects in animals

NAMs of GABAAR containing 

a5-subunits and anxiety/agitation

Behlke et al. Neuropsychopharmacology 2016

Savić et al. Brain Res 2008

Excitatory input driving agitated behaviors can be selectively

attenuated by specific NAMs targeting α5βγ2 GABAAR (e.g., RY-080)

Xu et al., Psychopharmacology 2018



Therapeutic potential of PAMs binding GABAAR 

containing α2/3-subunits: non-sedating anxiolytics

They may have anxiolytic effects 

anticonvulsant activity 

analgesic efficacy
(Methuku et al., Pharmacology, Biochemistry and Behavior 2018)

(Poe et al., J Med Chem 2016; Witkin et al., Neuropharmacology 2017) 

(Witkin et al., Neuropharmacology, 2018) 

KRM-II-82
MP-III-080

KRM-II-81

Poe et al., J Med Chem 2016

Anxiolytic and 

antidepressant 

effects of this 

mechanism can be 

chemically 

dissociated

α2/3-containing GABAA receptors as drivers of antidepressant-like efficacy

1

2

3

GABAergic inhibition 

acting via α2-containing 

GABAAR has an antidepres-

sant-like effect in vivo; these 

receptors represent a specific 

molecular substrate for 

regulating depressive 

states

Vollenweider et al., Behav Brain Res, 2011



Positive allosteric modulators of α2/3-containing 

GABAAR: drivers of antidepressant-like efficacy

Eszopiclone, binding α2βγ2/α3βγ2 subtypes without affecting 

hippocampal proliferation, shows promise in depression/insomnia,

and lends support to the α2/3 hypothesis of antidepressant activity

Molecules (e.g., fluoxetine or escitalopram) with some selectivity for 

α2/3 proteins augment the antidepressant effects of SSIRs

These effects are not observed with α1-selective 

positive allosteric modulators (e.g., zolpidem) 

(Fava et al., J Clin Psychiatry 2011)

(Fava et al., J Clin Psychiatry 2006, 2011; 

Krystal et al., J Clin Sleep Med, 2007)

Methuku et al., Pharmacol Biochem Behav 

2018; Krystal et al., J Clin Sleep Med 2007



Farzin and Mansouri, Eur. Neuropsychopharmacol. 2006; 

Rejon-Orantes et al., Planta Med. 2011, 77, 322–327

The antidepressant effect of –carbolines is 

triggered via the benzodiazepine binding site

Carbolines with GABAergic activity 

and antidepressant-like activity

➢ Annomontine in the EPM test increased the time spent in the open arms and the open

arm entries at 10 and 30 mg/kg, but not the total arm entries (flumazenil at a dose of 3

mg/kg antagonized the effect. However, in the open field test, annomontine showed no

differences with diazepam, neither did the investigation of locomotor activity in the

rotarod test and the pentobarbital-induced sleeping test show any significant results.

➢ The antidepressant-like effect of -carbolines harmane,

harmine and norharmane has been explored in

preclinical models the forced swim test on mice.

➢ Harmane and harmine dose-dependently reduced the

immobility time from 5 to 15 mg/kg, while norharmane

was already effective at a dose of 2.5 mg/kg (flumazenil

(5 mg/kg completely antagonized the effect).



Some other studies supported greater efficacy of BZs

With some studies reportied more rapid therapeutic onset

Coryell et al., Biol Psychiatry 1989

Fawcet et al., J Clin Psychopharmacol 1987; 

Laakman et al., Psychopharmacology

The antidepressant 

efficacy of benzodiazepines

More recent meta-analyses of clinical data concluded that the antidepressant 

efficacy of BZs is limited to the triazolo-BZ alprazolam and adinazolam

Birkenhager et al., Int Clin Psychopharmacol 1995; Petty et al., Biol Psychiatry 1995

Some early studies have reported antidepressant efficacy of BZs 

that was comparable with that of standard antidepressants
1

2

3

Remick et al., Can J Psychiatry 1988; Petty, J Affect 

Disord 1995; Jonas et al., J Clin Psychopharmacol 1996

BDz promote the dendritic maturation of immature neurons but also accelerate 

the exit of immature dentate gyrus granule cells (limited efficacy as ADs)

Luscher et al., Mol Psychiatry 2011;16: 383-406 



Belelli and Lambert, Nat Rev Neurosci 2005

Neuroactive steroids appear to affect GABA-ARs 

promiscuously, with little selectivity for various subtypes

They seem to have preferential effects on δ-subunit (high-affinity 

modulators of extrasynaptic α4βδGABA-ARs)

At low concentrations (nanomolar range), they act as PAMs, while at higher 

concentrations they can directly activate the receptor in absence of GABA

Positive GABAA receptors neurosteroid modulation occurs by 

increasing both the frequency and duration of channel opening

(Carver and Reddy, Psychopharmacology 2013)

(Laverty et al., Nat. Struct. Mol. Biol. 2017)

Neuroactive steroids are 

predominantly PAMs of GABAAR

Using a receptor chimera, a single site (located at the subunit 

interface) was found responsible for activation/potentiation



Neuroactive steroids are unique 

among GABAAR PAMs

Neuroactive steroids  seem to be unique among 

GABAAR PAMs. They augment tonic and 

phasic inhibition (in contrast to benzodiazepines, 

which primarily augment phasic inhibition)

Zorumski, Neurobiol Stress, 2019

These agents are being considered for use in other disorders 

(e.g., insomnia, anxiety disorders and essential tremor)

Tonic inhibitionPhasic inhibition

Steroids endogenous “stress” 

modulators are among the 

most potent GABAAR PAMs 

identified to date, rivaling 

benzodiazepines

Zorumski, Neurobiol Stress, 2019

0



Recovery in the 

expression of δ 

subunit

Rationale for examining the role of gabaergic 

modulation in pregnancy and parturition

Failure of extrasynaptic 

GABAAR to adapt to 

dynamic changes 

These changes have important modulatory 

effects on affective behaviour and anxiety

Maguire and Mody, Neuron 2008; 59: 207–13

Alterations in 

GABAAR activity/ 

expression

Changes in 

activation kinetics

Gulinello and Smith, J Pharmacol Exp Ther 2003; 

Friedman et al., Brain Res 1996

Pregnancy

Chronic exposure of GABAA 

receptors to endogenous 

neurosteroids induces tolerance 

Expression of δ subunit 

is downregulated 

(dynamically regulated)

Allopregnanolone levels 

dramatically increase (from less 

than 5 nM to 157 nM)

Parturition Increased

progesterone 

levels

We presently don't understand exactly how allopregnenolone and 

other steroids  may act as antidepressants, particularly in pregnancy

1

2

3



Brexanolone, a neurosteroid antidepressant, vindicates the 

GABAergic deficit hypothesis of depression (it may foster resilience)

Clinically

significant antidepressant

activity in postpartum 

depression

It may enhance 

GABA-A receptor 

function by increasing 

the GABAergic 

inhibition

It may stabilize normal 

mood by decreasing the 

activity of stress-responsive 

dentate granule cells and

sustain resilience behavior

Kanes et al., Lancet. 2017;390(10093):480-489ClinicalTrials.gov, number NCT02614547



SAGE-217 has a plasma 

half-life of 16 to 23 hours

Sedative 

properties
Anticonvulsant 

effect 

Anxiolytic 

activity

compatible with 

once-daily dosing

Associated with a 

rapid onset of action

Gunduz-Bruce et al. Eur Neuropsychopharmacol 2017; 27:S856-S857

SAGE-217 shares a similar molecular pharmacology 

profile with intravenous brexanolone

Potent modulators of 

GABA and glutamate

Compounds such as SAGE-217 are able to attenuate 

self-perpetuating neuronal hyperexcitability and

chronic HPA axix activation

1 2 3



Gunduz-Bruce et al., N Engl J Med. 2019;381(10):903-911

BACKGROUND: Altered neurotransmission of γ-aminobutyric acid (GABA) has been implicated in the pathogenesis of

depression. Whether SAGE-217, an oral positive allosteric modulator of GABA type A receptors, is effective and safe

for the treatment of major depressive disorder is unknown.

METHODS: In this double-blind, phase 2 trial, we enrolled patients with major depression and randomly assigned them

in a 1:1 ratio to receive 30 mg of SAGE-217 or placebo once daily. The primary end point was the change from baseline

to day 15 in the score on the HAM-D17 (scores range from 0 to 52, with higher scores indicating more severe depression).

Secondary efficacy end points, which were assessed on days 2 through 8 and on days 15, 21, 28, 35, and 42, included

changes from baseline in scores on additional depression and anxiety scales, a reduction from baseline of more than 50%

in the HAM-D score, a HAM-D score of 7 or lower, and a Clinical Global Impression of Improvement score of 1 (very

much improved) or 2 (much improved) (on a scale of 1 to 7, with a score of 7 indicating that symptoms are very much

worse).

RESULTS: A total of 89 patients underwent randomization: 45 patients were assigned to the SAGE-217 group, and 44

to the placebo group. The mean baseline HAM-D score was 25.2 in the SAGE-217 group and 25.7 in the placebo group.

The least-squares mean (±SE) change in the HAM-D score from baseline to day 15 was -17.4±1.3 points in the SAGE-

217 group and -10.3±1.3 points in the placebo group (least-squares mean difference in change, -7.0 points; 95%

confidence interval, -10.2 to -3.9; P<0.001). The differences in secondary end points were generally in the same direction

as those of the primary end point. There were no serious adverse events. The most common adverse events in the SAGE-

217 group were headache, dizziness, nausea, and somnolence.

CONCLUSIONS: Administration of SAGE-217 daily for 14 days resulted in a reduction of depressive symptoms at

day 15. Adverse events were more common in the SAGE-217 group than in the placebo group. Further trials are needed to

determine the durability and safety of SAGE-217 in major depressive disorder and to compare SAGE-217 with available

treatments.



(Reddy, Progr Brain Res 2010)

➢ They are not potentiating molecules, they bind to a discrete intrasubunit site within

the transmembrane domain, inhibit GABAA function reducing the frequency of

channel opening GABAAR (particularly those containing δ subunits that are more

neurosteroids sensitive)

The activation of PK enhances the neurosteroid modulation of 

GABAAR. The phosphorylation of the extrasynaptic β3 and α4 subunits 

by PKC was necessary for the potentiating effects of neurosteroids

(Adams et al., Neuropharmacol 2015)

Sulfated neurosteroids may be also 

negative GABA-A modulators

➢ A second class acting as NAMs (sulfated at the 3-position of

the steroid A-ring) opposed to having a hydroxyl group in the

3αposition in NAS positive allosteric GABA-A modulators)

Pregnenolone 

sulfate

Dehydroepi-

androsterone sulfate

(Seljeset et al., Neuropharmacology 2018; 

Eisenman et al., J Phisiol 2003)



➢ Fluoxetine, imipramine and ECT may involve increased excitability of

GABAergic interneurons leading to activated hippocampal granule cell

precursors.

➢ Fluoxetine and norfluoxetine act as potent GABAARs PAMs (this contributes to

antidepressant efficacy but also explain the unique anticonvulsant properties).

➢ Reboxetine exerts complex region-specific effects on the expression of

interneuronal glutamic acid decarboxylase 67 (the principal enzyme involved in

the synthesis of GABA).

➢ ECT raises seizure threshold and enhances GABAergic function.

➢ Some anticonvulsants, such as lamotrigine, have antidepressant effects and

enhance GABAergic action.

Herman et al., Biol Psychiatry 2003

Kang et al., Psychopharmacol Bull 1991; Bowdler et al., J 

Neural Transm 1983; Green et al., Neuropharmacology 1982

Cunningham et al., Neuropharmacology 2000; Gareri et al., Prog Neurobiol 2000

Tozuka et al., Neuron 2005; Ge et al., Nature 2006

Currently available 

compounds and GABA levels 

Leander, Epilepsia 1992



➢ Fluoxetine, norfluoxetine, paroxetine, fluvoxamine, sertraline increase plasma

or CFS allopregnanolone levels contributing to the anxiolytic function of SSRIs

(attenuated by bicucullin). Freeman et al., Neuroendocrinology 1993; 

Nin et al., J Psychopharmacol 2008

➢ Allopregnanolone is also elevated following partial sleep deprivation but not

after administration of TCA imipramine, rTMS, and ECT.

➢ Cognitive behavioral therapy and ECT (enhancing GABAergic transmission

through an increase in the cortical expression of GABAARs) ameliorates cortical

GABA deficits. Sanacora et al., Biol Psychiatry 2006; Am J Psychiatry 2003

The combination of antidepressants with 

neurosteroids: enhancing antidepressant-activity

Allopregnanolone acts as a potent PAM of GABAAR α1/4/6βδ subtype which is 

of increasing interest in the context of mood disorders and is subject to dynamic 

genomic and hormonal regulation during puberty, the ovarian cycle, pregnancy.



Conclusive remarks

➢ NAMs binding GABAARs at α5-subunits may exert cognitive enhancement and

antidepressant effects within 24 hours (not epileptogenic, hallucinogenic, anxiogenic).

➢ PAMs of GABAAR containing α2/3-subunits (e.g., eszopiclone binding α2βγ2/α3βγ2)

may be drivers of antidepressant-like efficacy.

➢ β–carbolines are inverse agonists at the benzodiazepine binding site and exert

anxiogenic and antidepressant effects.

➢ Benzodiazepines (e.g., alprazolam) may have antidepressant action promoting the

dendritic maturation of immature neurons (the accelerated exit of immature dentate

gyrus granule cells may, however, account for the limited antidepressant activity).

➢ Neuroactive steroids (e.g. alloprexanolone) are potent PAMs acting as “stress”

modulators. Brexanolone is a neurosteroid antidepressant approved in post-partum

depression that vindicates the GABAergic deficit hypothesis of depression.

➢ Compounds such as SAGE-217 showed antidepressant effects within 15 days.

➢ Sulfated neurosteroids (pregnenolone and dehydroepi-androsterone sulfate) are able

to act as NAMs inhibiting GABAAR containing δ subunits.


