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Abstract: Lines of evidence coming from many branches of neuroscience indicate that anxiety
disorders arise from a dysfunction in the modulation of brain circuits which regulate emotional
responses to potentially threatening stimuli. The concept of anxiety disorders as a disturbance
of emotional response regulation is a useful one as it allows anxiety to be explained in terms
of a more general model of aberrant salience and also because it identifies avenues for devel-
oping psychological, behavioral, and pharmacological strategies for the treatment of anxiety
disorder. These circuits involve bottom-up activity from the amygdala, indicating the presence
of potentially threatening stimuli, and top-down control mechanisms originating in the prefron-
tal cortex, signaling the emotional salience of stimuli. Understanding the factors that control
cortical mechanisms may open the way to identification of more effective cognitive behavioral
strategies for managing anxiety disorders. The brain circuits in the amygdala are thought to
comprise inhibitory networks of y-aminobutyric acid-ergic (GABAergic) interneurons and this
neurotransmitter thus plays a key role in the modulation of anxiety responses both in the normal
and pathological state. The presence of allosteric sites on the GABA, receptor allows the level
of inhibition of neurons in the amygdala to be regulated with exquisite precision, and these sites
are the molecular targets of the principal classes of anxiolytic drugs. Changes in the levels of
endogenous modulators of these allosteric sites as well as changes in the subunit composition
of the GABA  receptor may represent mechanisms whereby the level of neuronal inhibition is
downregulated in pathological anxiety states. Neurosteroids are synthesized in the brain and
act as allosteric modulators of the GABA, receptor. Since their synthesis is itself regulated by
stress and by anxiogenic stimuli, targeting the neurosteroid-GABA, receptor axis represents
an attractive target for the modulation of anxiety.

Keywords: allosteric modulation, amygdala, salience, y-aminobutyric acid, neurosteroids

Objective

Better understanding of the neurobiological networks underlying anxiety and how they
are deregulated in anxiety disorders is crucial, not only to understand the observed
clinical features but also to propose individualized treatments. Treatment should aim
to “retrain” and normalize the various neurobiological circuits that are deregulated
in anxiety disorders. This review aims to describe the molecular and neurobiological
modulatory processes associated with anxiety disorders, in particular those involving
v-aminobutyric acid-ergic (GABAergic) neurotransmission.

Anxiety disorders: definitions, presentation,

and classification
Anxiety is a frequent negative emotional state characterized by feelings of worry
and apprehension, and accompanied by specific somatic, cognitive, and behavioral

submit your manuscript
Dove

http:

Neuropsychiatric Disease and Treatment 2015:11 165-175 165
© 2015 Nuss. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution — Non Commercial (unported, v3.0)

Al License. The full terms of the License are available at http://creati fl /by-nc/3.0/. Non- ial uses of the work are permitted without any further
permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on
how to request permission may be found at: http://www.dovepress.com/permissions.php



http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/NDT.S58841
mailto:philippe.nuss@sat.aphp.fr

Nuss

Dove

manifestations. Anxiety can be distinguished from fear in that
it is a nonspecific state of heightened awareness and appre-
hension, whereas fear is directed at a specific identified threat.
Anxiety is a part of the normal behavioral repertoire and is
of value as a defense mechanism in raising awareness and
responsiveness to deal with novel situations. Nonetheless,
when it is excessively severe or frequent or appears in inap-
propriate contexts, it can interfere with normal functioning
and can thus be considered as pathological. The boundary
between “normal” anxiety and “pathological” anxiety is not
easy to define and can vary between individuals as a function
of personality traits or, notably, as a function of what has been
described as an “anxiety-prone cognitive style.”'* The Diag-
nostic and Statistical Manual of Mental Disorders, Fourth
Edition (DSM-1V) and Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-5) diagnostic criteria
state that anxiety should be considered pathological when
“the anxiety, worry, or physical symptoms cause clinically
significant distress or impairment in social, occupational, or
other important areas of functioning.”* It is useful to dis-
tinguish between state anxiety, which is episodic and transi-
tory, and trait anxiety, which is persistent and may reflect an
“anxiety-prone” personality. Moreover, anxiety symptoms
may appear in response to specific environmental clues, as
in phobias, or be aspecific and pervasive, as in generalized
anxiety disorders. In addition, the expression of anxious
states evolves over time as new behaviors are learned or new
cognitive strategies are put in place, as well as in response
to changes in the environmental context.

The classification of anxiety disorders proposed in
DSM-5% proposes three high-level categories, namely anxi-
ety disorders, obsessive—compulsive and related disorders,
and trauma- and stressor-related disorders. The last two
categories, which were classified within anxiety disorders
in DSM-1V, are now categories in their own right. The new
anxiety disorders category includes generalized anxiety
disorder, panic disorder, agoraphobia, phobias, and social
anxiety disorders, whereas the new category of trauma- and
stressor-related disorders includes posttraumatic stress dis-
order, acute stress disorder, and adjustment disorders.

For the best part of 50 years, anxiety disorders were
primarily treated with benzodiazepines. Although these
drugs are generally well tolerated, they carry some risk of
dependence during long-term use and have unwanted seda-
tive effects.® For these reasons, current practice guidelines’ '
recommend the use of antidepressants, in particular selec-
tive serotonin reuptake inhibitors (SSRIs) or serotonin—
noradrenaline reuptake inhibitors, as the preferred first-line

treatment for anxiety disorders. The use of benzodiazepines
is now reserved for second-line treatment or for short-term
adjunctive use with SSRIs at the beginning of treatment to
cover the lag period of 4-6 weeks before SSRIs become fully
effective. With regard to nonpharmacological treatment of
anxiety disorders, cognitive behavioral therapy is the best
established.'"!?

Brain regions involved
in the modulation of anxiety
Simplified view of the brain circuitry

involved in anxiety

Many brain regions appear to be involved in the recogni-
tion and regulation of negative emotional stimuli and in the
generation of cognitive, behavioral, or somatic responses
to these stimuli. Nonetheless, a set of limbic structures
appear to be critical for the regulation of negative emo-
tion. In particular, the amygdala — nuclei situated in the
median temporal lobes — appears to play a crucial role. The
principal neural circuits thought to be related to anxiety are
presented in Figure 1. It is important to bear in mind that
this circuitry has been established from research on experi-
mental animals. Although data from functional imaging are
consistent with this model, it should be noted that these
pathways have not all been demonstrated conclusively in
the human brain.

In humans, bilateral lesions of the amygdala have been
associated with deficits in recognizing facial expressions of
fear and other negative emotions." In contrast, electrical
stimulation of this structure leads to feelings of fear and
anxiety." Since the development of functional imagery, a
plethora of studies have evaluated the activation of differ-
ent brain regions in response to negative emotional stimuli
and in anxiety disorders (reviewed in detail by Etkin'® and
Forster et al'®). A consistent finding of these studies has been
the activation of the amygdala.'” !> Moreover, patients with
anxiety disorders appear to activate the amygdala in response
to a given stimulus more than non-anxious controls.?’ In addi-
tion, successful treatment of anxiety disorders with cognitive
behavioral therapy leads to extinction of this hyperactivation
of the amygdala.?!

The amygdala is composed of a number of distinct nuclei
but, for the purposes of a discussion of the brain circuitry
relevant to anxiety, two groups of nuclei are of particular
interest, namely the basolateral amygdala complex (BLA)
and the centromedial amygdala complex, in particular the
central nucleus (CeA).'>?2 The BLA receives incoming infor-
mation on potentially negative emotional signals from the
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Figure | Neural circuits implicated in anxiety disorders.
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Notes: Green arrows: principal inputs to the BLA; orange arrows: principal outputs of the BLA; blue arrows: principal outputs of the CeA and BNST.
Abbreviations: ACC, anterior cingulate cortex; BLA, basolateral amygdala; BNST, bed nucleus of the stria terminalis; CeA, central nucleus of the amygdala; PFC, prefrontal cortex.

thalamus and the sensory association cortex (Figure 1). The
BLA activates the CeA directly through an excitatory gluta-
matergic pathway as well as activating a relay of inhibitory
GABAergic interneurons — the intercalated neurons — that
lie between the BLA and the CeA and exert an inhibitory
influence upon the latter.?*** The CeA is the principal output
pathway from the amygdala. Inhibitory GABAergic neurons
project from the CeA to the hypothalamus and brainstem; the
activation of these neurons leads to the somatic manifesta-
tions of anxiety.? Projections to other basal forebrain nuclei
such as the ventrotegmental area and the locus ceruleus may
be involved in the dysphoria associated with anxiety.!® In
addition to activation of the CeA, neurons from the BLA
also activate cells in the adjacent bed nucleus of the stria
terminalis, which project to the same areas as the CeA and
apparently play a similar role.!®?

In addition to the role of the amygdala in the regulation
of anxiety, forebrain areas such as the medial prefrontal cor-
tex (PFC) and anterior cingulate cortex also appear to play
an important role."> These cortical areas receive and send
excitatory glutamatergic projections to and from the BLA,
and are activated concomitantly with the amygdala during
presentation of emotional stimuli.?

It has been suggested that the medial PFC regulates the
experience or expression of anxiety through modulation of
neuronal activity in the BLA, with more dorsal cortical areas
being responsible for conscious, voluntary control of anxiety
and more ventral areas responsible for implicit, subconscious
control.'*?72? This “top-down” control would lead to inhibi-
tion of output from the amygdala.

Again, neuroimaging studies have shown the medial
PFC to be hypoactive in certain anxiety disorders, notably
posttraumatic stress disorder?®*® and generalized anxiety
disorder.'* Moreover, in subjects exerting voluntary effort to

control their emotional reactivity>** to negative emotional
stimuli, the lateral and medial PFC was strongly activated.
Interestingly, anxious individuals needed to achieve higher
levels of PFC activation than did non-anxious participants
in order to reduce negative emotions successfully. Also of
interest in this context is a neuroimaging study that demon-
strated activation of the anterior cingulate cortex associated
with an anxiolytic response to a placebo in subjects reacting
to negatively charged cues, without any change in the activa-
tion of the amygdala.’® The strength of the activation of the
anterior cingulate cortex was strongly correlated with the
robustness of the placebo effect.** Understanding how these
cortical-subcortical regulatory mechanisms work and how
they can be harnessed could be very important in developing
more effective interventions to reduce anxiety.

Role of GABA in the amygdala

GABAergic neurotransmission in the amygdala is a promis-
ing candidate for modulation of anxiety-related responses.
A number of lines of research in experimental animals have
provided evidence for an important role of GABAergic neu-
rotransmission in the amygdala in modulating anxiety-related
behaviors. For example, infusions of GABA or GABA recep-
tor agonists into the amygdala decrease measures of fear and
anxiety in several animal species while infusions of GABA
antagonists tend to have anxiogenic effects.*** Likewise,
selective deactivation of expression of the GABA synthetic
enzyme glutamic acid decarboxylase in the amygdala leads
to loss of the anxiolytic response to benzodiazepines.*® In
humans, administration of benzodiazepines attenuates the
activation of the amygdala in the presence of negative emo-
tional stimuli.?”*8

As described above, the GABAergic intercalated neurons
that lie entirely within the amygdala (Figure 2) regulate
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Figure 2 A GABAergic medial paracapsular intercalated cell in the mouse amygdala.
Notes: Scale bar: 50 um. Republished with permission of the Society for Neuroscience,
from Different fear states engage distinct networks within the intercalated cell
clusters of the amygdala, Busti D, Geracitano R, Whittle N, et al, | Neurosci, 31(13),
2011;* permission conveyed through Copyright Clearance Center, Inc.
Abbreviations: BLA, basolateral amygdala; CeA, central nucleus of the amygdala.

activation of the CeA by the BLA. In addition, these neurons
are also a principal target of the excitatory glutamatergic pro-
jection from the PFC to the amygdala*“° and make numerous
monosynaptic contacts between different groups of interca-
lated neurons.*'** These neurons possess a slowly deactivating
potassium conductance, which confers on them the ability to
modify their firing pattern in response to changes in the overall
activity within the amygdala.**** These GABAergic neurons
are thus well placed to play a key modulatory role in the gating
of information related to anxiety in the amygdala.?44°

Neurotransmitters involved

in the modulation of anxiety

The expression of anxiety involves a coordinated activity of
numerous brain pathways involving different neurotransmitters,
all of which interact and are modulated by local and distant
synaptic relays. The role of the inhibitory neurotransmitter
GABA has long been regarded as central to the regulation of
anxiety and this neurotransmitter system is the target of benzo-
diazepines and related drugs used to treat anxiety disorders.*
It should nevertheless be recognized that GABA is not the
only neurotransmitter important in the modulation of anxiety
responses in the amygdala, and many other neurotransmitters
have been implicated, including serotonin,*’* opioid peptides,*
endocannabinoids,***! neuropeptide Y,3>** oxytocin,** and corti-
cotropin-releasing hormone.** These important neurotransmitter
pathways will not be considered in detail in this review.

GABA, GABA receptors, and
GABA-involved structures

GABA is the major inhibitory neurotransmitter in the central
nervous system (CNS) and it has been estimated that at least
one-third of all CNS neurons utilize GABA as their primary
neurotransmitter.” GABAergic inhibition is essential for
maintaining a balance between neuronal excitation and inhi-
bition, for tight temporal and spatial control of transsynaptic
signaling, temporal modulation of neuronal excitability, and
for maintaining oscillatory “pacemaker” activities in numer-
ous brain regions.’® Most GABA-containing neurons are
interneurons, which control the excitability of local circuits
within a given brain region, although some major projection
pathways — notably arising in the thalamus and cortex — are
GABAergic.”

Neuronal inhibition by GABA is mediated by two distinct
classes of GABA receptors. Ionotropic GABA, receptors are
fast-acting ligand-gated chloride channels responsible for
rapid inhibition,* while metabotropic GABA receptors are
coupled indirectly via G-proteins to either calcium or potas-
sium channels to produce slow and prolonged inhibitory
responses.” Their role in neurological and psychological
function remains poorly characterized, although baclofen —
a molecule that mimics the action of GABA at these GABA,
receptors — has potent myorelaxant properties and has been pro-
posed to be useful in the treatment of alcohol dependence.®

Activation of GABA, receptors causes an immediate
and substantial rise in chloride conductance across the cell
membrane, which renders the neuron unable to raise an action
potential and leads to “phasic” inhibition of the neuron.®! In
addition, low (submicromolar) concentrations of GABA in
the extracellular space can persistently activate extrasyn-
aptic GABA, receptors to generate a persistent or “tonic”
inhibitory state, whereby the neuron will be rendered less
responsive to excitatory stimuli.®?

GABA, receptor structure and function

The GABA, receptor is a hetero-oligomer composed of
five protein subunits which traverse the neuronal membrane
(Figure 3). They form a cylinder with a long axis of 11 nm
and a diameter of 8 nm.% Activation of the receptor by
GABA causes a conformational change in the protein sub-
units leading to the transient creation of a pore along the axis
of the cylinder through which chloride ions can flow from
one side of the membrane to another.* The protein subunits
making up the GABA , receptor can be grouped into different
families based on their amino acid sequence, each family
being made up of a restricted number of variants, differing
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Figure 3 Electron micrograph of the GABA, receptor isolated from a pig’s brain and stained with uranyl acetate.

Note: In (A), the general field of the purified protein stained with uranyl acetate is shown. The receptors are circled in this image taken at an actual magnification of 33,000x;
bar =20 nm. In (B), four receptor particles, typical of those exhibiting five-fold symmetry, are shown. (C) shows a rotationally averaged representation of the first particle
in (B), in (C) the image is significantly enhanced. Reproduced from Quaternary structure of the native GABA, receptor determined by electron microscopic image analysis,
Nayeem N, Green TP, Martin IL, Barnard EA, Journal of Neurochemistry, 1994;62(2):815-818.¢> Copyright © 2002, John Wiley and Sons. Available from: http://onlinelibrary.

wiley.com/doi/10.1046/.1471-4159.1994.620208 | 5.x/abstract.

from one another in a restricted number of amino acids.®
The majority of GABA , receptors in the CNS are composed
of two o subunits, two 3 subunits, and a y subunit. Other
families include the 9, €, and 7 subunits, which substitute
for the 7y subunit on certain cell types, the 8 subunit, which
can substitute for the 3 subunit, and the p subunit, expressed
predominantly in the retina, which forms homo-oligomeric
GABA, receptors.®

The o subunits confer sensitivity to GABA on the recep-
tor and also determine its pharmacological specificity towards
a number of allosteric modulators, notably the benzodiaz-
epines and those that bind to the same site.> GABA binds
within the interface between the o and 3 subunits; since there
are two pairs of oc and [ subunit on each receptor, two GABA
molecules bind to each receptor, and thus allows positive
cooperativity in the activation of the chloride conductance,
conveying high sensitivity to the response (Figure 4).%
Benzodiazepines and related drugs bind within the interface
between the o and y subunits, and their binding enhances
the probability of channel opening in response to GABA.Y’
Through such a mechanism, benzodiazepines facilitate
GABAergic inhibition. The affinity of benzodiazepines for
the GABA , receptor is determined by the nature of the ovand y
subunit, and since GABA, receptors in different regions of

the brain have different subunit structures, their sensitivity
to allosteric modulators varies.®’

Indeed, the different o subunits also show anatomically
specific patterns of expression in the CNS, with functionally
different neuronal circuits expressing GABA, receptors
of specific o subunit compositions. This differentiation is
observed between brain regions, between different subcel-
lular compartments (eg, presynaptic versus postsynaptic,
somatic versus dendritic), and even between individual
synapses of the same neuron.® This structural heterogeneity
suggests that the different oo subunits may confer different
behavioral functions and thus may constitute targets for spe-
cific therapeutic actions.®® Much effort has been devoted to
tailoring the selectivity of molecules targeting these receptors
in order to develop more effective medications or to avoid
unwanted side-effects such as sedation or dependence. In
this respect, it has been suggested, for example, that the
relative specificity for o -containing GABA, receptors of
the hypnotic drug zolpidem may explain its relative lack
of myorelaxant effects.® Animal experiments using tar-
geted gene deletion and introduction of point mutations in
GABA, receptor genes have indicated that GABA  recep-
tors containing the o, subunit are particularly relevant for
the manifestations of anxiety.”*”" In addition, o -containing
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Figure 4 Schematic representation of binding sites on the most common isoform
of GABA, receptor.

Note: al, B2, and 2 represent the subunits of the most widespread isoform of the
GABA, receptor in the central nervous system.

Abbreviations: BDZ, benzodiazepine; ETF, etifoxine; GABA, y-aminobutyric acid;
NS, neurosteroid.

GABA, receptors are the predominant GABA, receptor
subtype in the CeA.”

GABA, receptor modulation

by neurosteroids
There is growing evidence that neuroactive steroids play an
important role as endogenous modulators of neuronal func-
tion and behavioral processes, and that alterations of endog-
enous neuroactive steroid concentrations may contribute to
the pathophysiology of anxiety disorders.” Neurosteroids can
modify neuronal excitability through interaction with GABA
receptors, as well as the N-methyl-D-aspartate subtype of
excitatory amino acid (glutamate) receptors.” Certain steroids
can act as positive allosteric modulators of the GABA,, recep-
tor, as well as directly activating the receptor.” By binding
in the interface between the o and B subunits close to the
chloride ion channel (Figure 4), they activate the receptor,
allowing chloride ions to traverse the pore. By binding to a
separate site on the o subunit, they facilitate channel opening
in response to GABA.” The structure—activity relationships
for the two sites are not the same, so different steroids have
different relative direct activating and indirect facilitatory
effects.” Paradoxically, some of these agents may also inhibit
GABA-mediated responses at higher doses, although the
mechanism responsible for this effect remains unclear.”
These steroid sites can be recognized by steroids secreted
by the adrenal gland (eg, pregnenolone), by steroids locally

synthesized within the CNS, and by synthetic derivatives.”® ™
Alfaxolone, which is used as an anesthetic in veterinary
medicine, is an example of the latter class. In addition, certain
adrenal steroids may be converted to neuroactive derivatives
within the CNS. This is the case for progesterone, itself
inactive at the GABA, receptor, which is converted to the
neuroactive 3o, 50-tetrahydroprogesterone. 8!

From the point of view of understanding the role of
GABA receptors in anxiety, an important modulatory system
consists of locally produced neurosteroids since their syn-
thesis within glial cells is upregulated by stress.®? They thus
represent a potential intrinsic modulatory system to fine-tune
inhibition within the CNS in response to anxiogenic stimu-
1.3 Examples of neurosteroids include allopregnanolone
and 3a,5a-tetrahydrodeoxycorticosterone, although adrenal
steroids such as pregnenolone and dehydroepiandrosterone
are also produced within the CNS.”” These are synthesized
by cytochrome P450 enzymes in oligodendrocytes, astro-
cytes, and possibly in neurons.” Allopregnanolone is a
potent positive allosteric modulator of GABA, receptors,
which allows it to facilitate and fine-tune the activity of
GABA at these receptors.”” Through its action on GABA
receptors, allopregnanolone exerts anxiolytic, antidepres-
sant, and anticonvulsant activities when administered to
experimental animals.**%5 These pharmacological actions
are reminiscent of those elicited by barbiturates and ben-
zodiazepines. Interestingly, the synthesis of neurosteroids
in the CNS can be upregulated by SSRIs,* providing a
link between these treatments for anxiety disorders and the
GABAergic system.

The production of neurosteroids varies between brain
regions and, together with the heterogeneity in subunit com-
position of the GABA receptor, endows the neurosteroid
system with substantial regional and even cellular specificity
with regard to allosteric regulation of the GABA , receptor.”
The synthesis of neurosteroids is modulated by stress,®’
by changes in the estrous cycle,® by pregnancy,® and by
alcohol.”**! Changes in neurosteroid levels and subsequent
changes in the sensitivity of GABA  receptors have been
implicated in the development of premenstrual dysphoric dis-
order.”? There have been many studies investigating concen-
trations of neurosteroids in patients with anxiety disorders,
although their results have not always been consistent. For
example, serum concentrations of pregnenolone have been
shown to be lowered in patients with generalized anxiety
disorder®” and with generalized social phobia,” whereas
progesterone concentrations are increased in patients with
panic disorder and are correlated with state anxiety.”
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In healthy volunteers receiving cholecystokinin tetrapeptide
for induction of an experimental panic attack, an increase in
adrenocorticotropic hormone and cortisol levels as well as
in 30, 50-tetrahydrodeoxycorticosterone concentrations was
observed.” In experimental animals, direct administration
of low concentrations of several neurosteroids, including
pregnenolone, dehydroepiandrosterone, and progesterone,
has anxiolytic effects.””* It has been demonstrated that
3o, 50-tetrahydrodeoxycorticosterone attenuates the stress-
induced elevation of plasma adrenocorticotropic hormone
and corticosterone in rats.'"!' Moreover, in humans, admin-
istration of progesterone also produces sedative—anxiolytic
effects.'” Neurosteroids thus represent an attractive target
for the development of new anxiolytic or antidepressant
drugs.® Interestingly, functional imaging studies in humans
have demonstrated that progesterone and its metabolites
may influence states of human anxiety by modulating neu-
ronal activity in the amygdala.!%1% In addition, neuroactive
steroids show less abuse potential than benzodiazepines. '
Decreased abuse liability together with the lack of interac-
tion with ethanol would present a potential advantage over
currently available benzodiazepine anxiolytics, and rapid-
ity of action would present an advantage over SSRIs. The
goal would be to find agents that exploit this molecular
pathway, that act with robust anxiolytic-like activity but
have a large separation between anxiolytic-like effects and
sedation/ataxia, and that show good oral bioavailability.
Neurosteroids themselves are perhaps not the ideal candi-
date — firstly since they are extensively metabolized both in
the periphery and within the CNS, and secondly due to the
risk of unwanted endocrine side-effects in the periphery.
Indeed, in a double-blind, crossover study, treatment with
pregnenolone for 4 weeks had no significant effects on mood,
memory, self-rated sleep quality, or subjective wellbeing in
healthy volunteers.'%

On the other hand, small molecules that selectively pro-
mote neurosteroid synthesis within the CNS or mimic the
action of neurosteroids at GABA receptors may be more
promising.!”” For example, etifoxine — a small molecule
structurally unrelated to benzodiazepines that demonstrates
anxiolytic effects in experimental animals!® and man'® —
may be a modulator of neurosteroid action. Randomized
clinical trials comparing etifoxine to buspirone, sulpiride,
or lorazepam have demonstrated the efficacy of this agent in
patients with adjustment disorder.!!>!!! Moreover, compared
to lorazepam, etifoxine has relatively low sedative effects and
is associated with less memory impairment and interference
with neuropsychological function.!!?

Etifoxine on the GABA, receptor

and neurosteroids

Two distinct but complementary molecular mechanisms
have been described for etifoxine, namely a direct effect
on the GABA , receptor and a facilitatory effect on the syn-
thesis of 30,50-neurosteroids.!*11¢ These actions would
be expected to act in synergy to augment inhibitory GABA
neurotransmission.

On the GABA, receptor itself, etifoxine is a positive
allosteric modulator which enhances chloride conductance
in response to GABA.!''* Etifoxine appears to bind to a site
on the GABA  receptor distinct from binding sites for ben-
zodiazepines and neurosteroids.!'*!'"* More recent electro-
physiological studies using recombinant GABA , receptors
of known subunit composition have identified the B subunit
of'the receptor as being critical for the action of etifoxine.!''
Using homomeric GABA , receptors containing [3 subunits
only, etifoxine reduces the spontaneous background chloride
flux through these receptor ion channels. Using heteromeric
receptors containing either o and 3 subunits only or B and vy
subunits only, etifoxine consistently enhanced the chloride
currents evoked by GABA, suggesting that the [ subunit
of the receptor is necessary and sufficient for the positive
allosteric effect of etifoxine.!'> The activity of etifoxine
was greatest in receptors containing the 2 or 33 isoforms
compared to the B1 isoform. On the other hand, the nature
of the o subunit did not influence the activity of etifoxine.
Interestingly, activity was not abolished by an arginine to
serine point mutation in position 289 of the B subunit, as is
the case for loreclezole — an anticonvulsant drug that also
targets the § subunit.'"’

The second molecular target of etifoxine is the synthetic
machinery for neurosteroids in mitochondria and, in particu-
lar, the 18 kDa mitochondrial translocator protein (TSPO) to
which it binds.''® TSPO is a transporter protein responsible
for presenting steroids in the inner leaflet of mitochondria.'"
This process is thought to be the rate-limiting step in the
synthesis of neurosteroids.!!’” In rats, administration of
etifoxine leads to a dose-dependent rise in concentrations
of pregnenolone, progesterone, So-dihydroprogesterone,
and allopregnanolone in plasma and cerebrospinal fluid.!'¢
This effect is preserved in adrenalectomized and castrated
animals, suggesting that the increase is due to stimulation of
neurosteroid synthesis in the CNS.!'¢ The relevance of this
effect to the anxiolytic effect of etifoxine is suggested by the
observation that these effects are attenuated by the admin-
istration of finasteride, an inhibitor of So-reductase — a key
enzyme in the synthesis of neurosteroids.”®!¢
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The involvement of neurosteroids in the mechanism
of action of etifoxine is further supported by studies in
neuropathic pain, a condition in which neurosteroids are

120 Tt has been observed that etifoxine

particularly effective.
attenuates neuropathic pain and that this analgesic effect
is blocked by the 5o-reductase inhibitor finasteride.'?! It
should be noted that etifoxine may have other mechanisms
of'action independent of GABA, for example, mechanisms
related to the neurotrophic factor GDNF.!?2 However, these
GABA-independent mechanisms are currently poorly

characterized.

Conclusion

Lines of evidence coming from different branches of neuro-
science indicate that anxiety disorders arise not from a hard-
wired defect in the brain but rather from a dysfunction in
the modulation of brain circuits that regulate the emotional
response to potentially threatening stimuli. An integrated
modulatory model of anxiety may be represented sche-
matically by an imbalance between overactive bottom-up
activity from the amygdala, indicating the presence of
potentially threatening stimuli, and dysfunctional top-down
control mechanisms originating in the PFC, related to an
inappropriate representation of the emotional salience of
stimuli. From a neurophysiological perspective, it is now
recognized that the neural circuits involved in anxiety
comprise inhibitory networks of principally GABAergic
interneurons. The presence of allosteric sites on the GABA
receptor allows the level of inhibition of the neuron to be
regulated with exquisite precision. These allosteric sites are
the molecular targets for the principal classes of anticon-
vulsant, anxiolytic, and sedative—hypnotic drugs, including
benzodiazepines, barbiturates, neurosteroids, certain classes
of general anesthetics, and alcohol. In addition, changes
in the levels of endogenous modulators of these allosteric
sites, in particular the neurosteroids, as well as changes in
the subunit composition of the GABA , receptor may repre-
sent mechanisms whereby the level of neuronal inhibition
is downregulated in pathological anxiety states. Targeting
the neurosteroid~-GABA , receptor axis may allow specific
modulation of anxiety as a function of the anxious stimuli
to which the subject is exposed. In this respect, molecules
such as etifoxine, which regulate neurosteroid synthesis
as well as interact with the GABA, receptor itself, are of
particular interest as modulatory agents that could reset
the sensitivity of interneuronal regulatory circuits in the
amygdala.
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