
270 Current Topics in Medìcínal Chemistry,20l2, I 2,270-285

Translocator Protein as a Promising Target for Novel Anxiolytics
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Abstract: Neurosteroids are able to rapidly control the excitability ofthe central nervous system, acting as regulators of
type A receptors for GABA. Over the last tv/o decades, many authors have confirmed îhat neurosteroid level alterations

occur in psychiatric disorders, inciuding anxiety disorders. More recently, investigators have manipulated neurosteroi-
dogenesis in an effort to colrect neuronal excitation and inhibition imbalances, which may lie at the root of neuropsy-
chiatric conditions. ln line with thìs strategy, emerging data have demonstrated that a promising target for therapy of anxi-

ety disorders is the Translocator Protein (TSPO). TSPO is a five transmembrane domain protein (18 kDa) that is ex-
pressed predominantly in steroid-synthesizing tissues. At the subcellular level, TSPO is localized at contact sites between
the outerand innermitochondrial membranes and mediates therate-limiting step of neurosteroidogenesis. Brain concen-

trations of neurosteroids can be affected by selective TSPO activation. lndeed, TSPO drug ligands are able to stimulate
the primary neurosteroid formations that enlance GABAA receptor activity, pregnenolone and allopregnenalone, both in
in vito steroidogenic cells artd in vivo animal models. A spectrum of TSPO ligands has been shown to exert anxiolytic ac-

tions when administered in rodents. Some TSPO drug ligands could potentially reach clinical developmenl For example,
recent evidence has shown that the selective TSPO ligand, XBDl73 (AC-5216, Emapunìl), exerts anxiolytic effects not

only in animai models, but also in human volunteers. Herein, we review the current literature regarding the central nerv-

ous system biology of TSPO, a promising molecllar target, in combination with its available ligands.

Keywords: Translocator protein (TSPO), TSPO drug ligands; neurosteroids, type A receptors for GABA (GABAAR receptors);
anxiety disorders, steroidogenesis, glial cells, anxiolytic effects.

ANXIETY AND THE GABAARECEPTOR

Anxiely is a normal reaction to stress that helps one deal
with a tense sifuation. When anxiery becomes excessive and
irrational, it becomes a disabling disorder. Anxiety disorders
are the most common fype of psychiatric disorders (inci-
dence of 78.7yo, lifetime prevalence of 28.8%) [1, 2]. As
such, these disorders account for a $42.3 billion aînual cost
in the United States, with over 50%o of the totai sum directed
towards non-psychiatric medical treatment expenses [3].
European studies have provided information about the preva-
lence of generalized anxiety disorders in the general popula-
tion and ciinical samples; approximately 5o/o of the popula-
tion develops such disorders at least once in their life [4].

The past decades have observed a massive growth in the
knowledge of the anxiety neurobiology through detailed ex-
aminations of fear response, behavioral components. Several
studies have demonstrated that the major components of
cerebral circuits that coordinate defen sive/adversiv e respon se

to fear and stress are the amygdala and GABAergic path-
ways. GABAergic pathways are able to reduce the release of
many neurotransmitters that are involved in anxiogenic re-
sponses. Accordingly, intemrption of GABAergr'c transmis-
sion can generate anxiety in animal models [5-i1]. Consis-
tent with a role in controlling anxious states, the levels and
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binding properties of GABAa receptors can be altered in
stress conditions and in anxiety 112-201.

A variety ofpsychiatric disorders exhibit perturbations of
GABAergic transmission. Notably, some of these conditions
have been associated with abnormal levels of certain neuros-
teroids. Such steroids are able to selectively enhance the
function of GABA1 receptors by their own site on the
GABA complex 121-241.

GABAA RECEPTOR MODULATION

Benzodiazepines and GABAA Receptor Activity Modula-
tion

GABAA receptors are pentameric hetero-oligomers, and
their subunits share a conserved structure. Sixteen distinct
GABAA receptor subunit genes have been identified to date,

which are classified by sequence identity into the following
seven subunit classes: ol-6, pl-3,1i-3, ò, e, n and 0 [25].
However, a range of experimental approaches has suggested
that the majority of GABAa receptor subtypes in the brain
are composed of heteropentameric assemblies of o, p and ^y

subunits [26]. Benzodiazepines (Bdz) are commonly used in
therapy as anxiolytic, anticonl'ulsant, myorelaxants and hyp-
notic agents. Bdz are able to modulate GABA transmission
through their binding at Bdz site on GABAA receptor com-
plex. The Bdz binding site is localized at the interface be-
tween the subunits a and y. Once bound to the Bdz binding
site, the Bdz locks the GABA receptor complex into a struc-
tural conformation that is able to bind natural agonist GABA

O 2012 Bentham Science Publisherst87 3 -529 4 t12 S58.00+.00



Translocator Prolein as a Pronìsíng Target for Novel Antiolytìcs

with high affinity. This event increases the opening fre-
quency of the associated chloride ion channel, subsequently
hyperpolarizing the membrane of neurons.

Neurosteroid Metabolism and GABAa Receptor Activity
Modulation

Steroids, such as glucocorticoids, mineralocortìcoids and
sex hormones, bind to intracellular receptors, which interact
with distinct nucleotide sequences to alter gene transcription
and protein synthesis on timescales of greater than tens of
minutes [27]. Additionally, steroìds possess rapid, nonge-
nomic effects, particularly in the brain. These non-genomic
activities are characterized by extremely rapid effects that
range from milliseconds to minutes and do not require inter-
action with steroid hormone receptors. In the central nervous
system (CNS), these effects are thought to involve steroid
modulation of membrane-bound neurotransmitter receptors

[28]. Arguably, the most important and widespread effect of
steroid molecules may be due to GABA receptors, notably,
the GABAa receptor [29].

Because of their lipophilic structure, steroids can easily
diffuse across the blood-brain barrier ii produced peripher-
ally from the adrenal glands and gonads. Additionally, the
brain exhibits the ability to synthesize its own steroids rz sila
independently of the peripheral source formation. Because
the steroid molecules can undergo synthesis de novo ín the
CNS from cholesterol or peripheral steroid precursors and
easily cross the blood-brain barrier, they are tenned "neuros-
teroids." Some steroids are considered both neurosteroids -
and neuroactive steroids because they are produced in the
brain and in the adrenals, respectively, which exhibit effects
on the brain [30, 31]. Although a great deal is known about
the metabolism of various neurosteroids, much remains un-
known, and the investigation of these various processes con-
tinues. Neurosteroids are synthesized de novo from choies-
terol in the CNS through a series of enzymatic processes that
are controlled by cytochrome Pa56 and non-Pa56 enzymes-
Translocation of the cholesterol substrate from the outer to
the inner mitochondrial membrane is the rate-limiting step of
neurosteroidogenesis and appears to regulate all neurosteroid
levels in the CNS [32]. Steroidogenesis is initiated at the
inner mitochondrial membrane, whereas the cytochrome Pa56

cholesterol side chain cleavage enzyme (Pa56ssc or
CYP11A1) catalyzes the conversion of choiesterol to
pregnenolone 133]. The biosynthetic pathway for neuroster-
oids is shown in Fig. (1).

Pregnenolone is the precursor of progesterone (P). Sub-
sequent catalysis with 21B-hydroxylase (21p-HSD) converts
P into deoxycorticosterone (DOC). So,-reductase catalyzes
the reduction of P and DOC into the 5a-pregnane steroids,
5a-dihydroprogesterone (5c-DHP) and 5cr-dihydro-
deoxycorticosterone (5u-DHDOC), respectively, and 5B-
reductase reduces P and DOC to 5B-dihydroprogesterone
(5 P-DHP) and 5 p-dihydrodeoxycorticosterone (5 p-DHDOC),
respectively. These pregnane steroids may be furlher reduced
to the neurosteroids 3 u, Sa-tetrahydroprogesterone (34,5 u-
THP), tetrahydrodeoxycorticosterone (3cr,5u-THDOC),
3u,5p-THP and 3o,58-THDOC by 3o-hydroxysteroid oxi-
doreductase (3u-HSD). These latter neurosteroids are the
most potent positive modulators of GABAa receptor acfiviry.
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In Fig. (1), the neurosteroids that potentiate GABAA receptor
function (positive modulators) are inserted in rectangular
boxes, and the neurosteroids that inhibit GABAA receptor
function are inserted in circular boxes (negative modulators).
Like many GABA-receptor potentiators, including barbiru-
rates, etomidate, and propofol, the neurosteroid positive
modulators enhance the interaction of GABA with GABAa
receptors, an effect shared by low nanomolar concentrations
of specific endogenous metabolites of progesterone and de-
oxycorticosterone. These steroids exhibit no effect on
GABAA receptor single-channel conductance but greatly
facilitate the open state of the GABA-gated ion channel. Fur-
thermore, at modestly excessive concenîrations (i.e., submi-
cromolar to micromolar) of those required for enhancement
of GABA-evoked responses, the steroids can directly acti-
vate (i.e., in the absence of GABA) the GABA1 receptor
channel complex. Channel activation occurs even though this
action takes place through a site that is independent of the
GABA-binding site and is also likely distinct from the site
through which steroid potentiation is mediated [34].

In contrast to the positive modulatory steroids, the key
determinants that mediate steroid inhibition of the GABAa
receptors are unknown. Pregnenolone sulphate (PS) and di-
hydroepyandrosterone sulphate (DHEAS) act as non-
competitive antagonists at the GABAa receptors and are less
potent than the enhancing steroids.

GABAA Receptor Neurosteroid Binding Sites

One outstanding question in the field of inhibitory
GABA receptors for at least two decades is whether neuros-
teroids bind to a definite site on a receptor protein to exert
their effects or merely affect receptor function by pernrrbing
the membrane lipid. Many studies have been performed to
determine how neurosteroids interact with the GABAn re-
ceptor, as this aspect is considered a prerequisite for under-
standing their physiological and pathophysiological roles in
the brain. The following points clearly demonstrate beyond
reasonable doubt that specific neurosteroid binding sites do

exist on ionotropic GABAA receptors. The interaction of a

steroid with the GABAA receptor is critically dependent
upon the steroid structure and is enantioselective 135, 36].
The discrete effect of receptor subunit mutations on steroid
activity 137 , 411and crystallographic studies indicate that the

steroid can indeed dock with many proteins 142, 431 and
testify to the likelihood of defined GABAA receptor binding
sites. Recent results have shown evidence for two neuroster-

oids action sites on GABAA receptors. One site spans the M1
and M4 transmembrane domains of the o subunit and ac-

counts for the increasing action of some steroids. The other
site exists between the Ml transmembrane domain of the a
subunit and the M3 domain of the p subunit and is responsi-
bÌe for the direct channel gating via the steroid 1411.

TRANSLOCATOR PROTEIN (TSPO) (18 KDA)

A protein was identified in 19'l'1 as a binding site for the

benzodiazepine diazepam in peripheral tissues [44]. This
protein was named peripherai-type benzodiazepine receptor
(PBR), to be distinguished from the central benzodiazepine
receptor (CBR), which is associated to the chloride chan-
neVGABAa receptor complex. Although the tena 'PBR' is a
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Fig. (1). Metabolism of neurosteroids. Most biosynthetic and metabolic reactions cited in the text are indicated with the correspondirg
enzymes ard some of theirpharmacological blockers (marked -). The neurosteroids tbat potentiate GABAA ieceptor function (positive modu-

lators) are inserted in rectangular boxes, and the neurosteroids that inhibit GABAA receptor function are inserted in circular boxes (negative

modulators). Pa56ssc: cytochrome P+so cholesterol side chain cleavage enzyme;3b-HSD-1/2: 3b-hydroxysteroid dehydrogenase/^5-^a-
isomerase; 2lb-HSD: 21b-hydroxylase; 5a-DHP: 5a-dihydroprogesterone; 5b-DHP: 5b-dihydroprogesterone; 3a-HSD: 3a-hydroxysteroid

oxidoreductase; 5a-DHDOC= 5a-dihydrodeoxycorticosterone; 5b-DHDOC: 5b-dihydrodeoxycorticosterone; 3a,5a-THDOC: tetrahydrode-

oxycorticosterone; DHEA: dihydroepyandrosterone.
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widely accepted name in the scientific community primarily
for historical reasons, muÌtiple other names have been used
to refer to this protein, including mitochondrial benzodi-
azepine receptor, mitochondrial diazepam-binding inhibitor
(DBI) receptor complex, PK-1 1 11gs-binding sites, isoquino-
line-binding protein (IBP), pklS and ro3 receptor. Recent
data have increasingly supported its renaming with the aim
to represent its subcellular role and putative tissue-specific
functions more accurately. Recently, a team of scientists has
proposed the foilowing new name for this protein: transloca-
tor protein (TSPO) (18 kDa) [45].

Functional inactivation of TSPO induces an early embry-
onic lethal phenotype in mice [46]. Together with the obser-
vation that TSPO is well conserved throughout evolution

[47], this frnding highlights the significance of TSPO in tis-
sue development and function.

TSPO is widely expressed throughout the body but is
particularly enriched (20- to 50-fold) in tissues in which
steroids are s1'nthesized, such as adrenai, gonad and brain
cells 1451. In the CNS, TSPO is usually expressed in epen-
dymal and glial cells. However, TSPO expression has also
been shown in some neuronal cell types, such as cells of the
olfactory bulb, neuroblastoma cells, cultured cortical neurons
and rat dorsal ganglia sensory neurons 148, 521. At the sub-
cellular level, TSPO is primarily localized to the outer mito-
chondrial membrane (OMM), especially at OMM-IMM (in-
ner mitochondrial membrane) contact sites. Hydropathy pro-
hle analysis of the 169-amino acid TSPO sequence sug-
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gested a putative five transmembrane structure that has since
been experimentally confirmed [53]. As a major component
of the outer mitochondrial membrane, TSPO mediates vari-
ous mitochondrial functions, including cholesterol transport
and steroid hormone and bile salt synîheses, mitochondrial
respiration, mitochondrial permeability transition pore
(mPTP) opening, apoptosis and cell proliferation 147,54-5'71.
Notably, the role of TSPO in most of these functions was
discovered using TSPO drug ligands; a dìrect role for this
protein has been demonstrated in only a few of these func-
tions (e.g., steroìd biosynthesis and cell proliferation).

TSPO and Cholesterol Binding

Among endogenous ligands, cholesterol binds to TSPO
with nanomolar affinity. Once cholesterol is bound to TSPO,
it is committed to its use in steroidogenesis. TSPO is the
gatekeeper of this process and controls the cholesterol trans-
port rate frorn the OMM to the IMM, which is the hrst step

in steroids synthesis [58. 59].

Expression of TSPO, using an inducible mouse cDNA
TSPO vector in E. coli DE3 cells, which have no TSPO, no
cholesterol, and do not synthesize steroids, induced the abil-
iry to take up cholesterol in a time-dependent, temperature-
sensitive and energy-independent manner. Moreover, it has

been confirmed that TSPO functions as a cholesterol translo-
cator, suggesting that TSPO might also function as a choles-
terol sink, holding cholesterol until it is released by the bind-
irrg of another ligand [60, 61].
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The role of TSPO in steroidogenesis has also been inves-
tigated with a molecular approach based on the disruption of
the TSPO gene in constitutive steroid-producing R2C rat
Leydig cells via homologous recombination. Without TSPO
proteins, the generated G418/ganciclovir-resistant cell line
produced small amounts (i0%) of steroids when compared
to normal R2C cells. Transfection of these cells with TSPO
cDNA restored high levels of steroid production by the
TSPO-negative R2C ceils, indicating that the cholesterol
transport mechanism was impaired due to the absence of the
TSPO protein [46].

To identify the potential binding sites of the TSPO-
cholesterol interaction, molecular modeling and site-directed
mutagenesis techniques have been employed. A cholesteroi-
binding site at the cytoplasmic C-terminus region of TSPO
has been reported and confirmed after the TSPO C-terminus
deletion (4153-169), which reduced cholesterol uptake [6],
62]. Additionally, a cholesterol recognition amino acid con-
sensus (CRAC) sequence has been identified (-LlV-(X)r-5-Y-
) in the TSPO C-terminus [61-65]. This CRAC pattem has
been observed in several other proteins that are known to
interact with cholesterol. Li and Papadopoulos (1998) [61]
have hypothesized that leucine or valine interacted with the
hydrophobic side chain of choiesterol and tyrosine interacted
with the polar 3'OH-group of cholesterol. They tested this
hypothesis and replaced the Yl53 with a serine; this amino
acid replacement completely abolished the ability of TSPO
to take up radiolabeled cholesterol. Although the substitution
oî Al47 with threonine in the mouse TSPO amino acid se-
quence did not affect cholesterol uptake, we have recently
found that the spontaneous mutation of Alal47Thr (rs6971)
within the C-terminus of the human TSPO affected the
pregnenolone production in lymphomonocytes of healthy
individuals [66]. Specifically, the lymphomonocytes of
Thr147 homozygous or heterozygous individuals produced
significantly lower levels ol pregnenolone when compared
with Ala147 homozygous individuals. These results sug-
gested that the presence of a single copy of the Thr147 alle-
lic variant can influence the choìesterol translocation effi-
cacy of human TSPO.

Studies on three-dimensional (3-D) TSPO models sug-
gested the five cx helices form a charinei with an interior hy-
drophilic and uncharged surface. The channel intedor was
shown to bind choiesterol [60]. The topography and organi-
zation of TSPO have been investigated by transmission elec-
tron and atomic force microscopy, performed on cell mito-
chondrial preparations [54]. The images showed that t]re
TSPO formed clusters containing four to six molecules [67].
Such topography changes are blocked by selective inhibitors
of PKA (H-89) and TSPO ligands [68] and associated with
hormonal treatment [69]), facil itatin g cholesterol kansfer.

Notabiy" the antisera for distinct TSPO regions have
identified diverse immunoreactive proteins (18, 40, 56,72,
90 and 110 kDa) that correspond to TSPO polymers [70].
Such polymers have been correlated to reactive oxygen spe-
cies (ROS) levels because the ROS were shown to induce
polymer formation of soluble proteirs. To further character-
ize their nature, spectroscopic analyses were performed, re-
vealing covalent dityrosine cross-links between TSPO
monomers. Moreover, cholesterol binds to TSPO mono-
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mers/polymers, and the addition of TSPO ligands to the
polymers increased the cholesterol-binding rate [70]. The
monomer is able to bind cholesterol with high affinity but
not TSPO ligands. The polymer binds the TSPO ligands with
high affinity, which induces rapid cholesterol binding.

Regarding the functional mechanism of cholesterol
transport, TSPO has been proposed to serve as a cholesterol
exchanger; in steroidogenesis, cholesterol would be ex-
changed with either pregnenolone or progesterone, steroids
that are formed in the mitochondria and compete with cho-
lesterol, inhibiting both ligand- and cholesterol-binding to
TSPO [54]. Various studies have been aimed to determine if
other proteins were assisting TSPO in cholesterol mitochon-
drial translocation. Because TSPO is primarily located at the
mitochondrial contact sites, it has been suggested that TSPO
does not function alone in the OMM [71].

TSPO has been described to be associated with other
proteìns located either in the OMM and IMM or in the cyto-
sol. A photolabeled TSPO was shown to be associated with
two proteins of 32 and 30 kDa 1721, the voltage-dependent
anion channel (VDAC) and the adenine nucleotide trans-
porter (ANT).

Modeling has shown that VDAC binds cholesterol and
influences its distribution in the mitochondria 173-751. In
addition to these mitochondrial membrane proteins, some
cltosolic proteins regulate the function of mitochondrial
TSPO [76-87]. A two-hybrid technique and cDNA library
screening using TSPO as bait identified several TSPO-
associated proteins. PBR (TsPo)-associated protein 7
(PAP7) showed high affinity for TSPO 1871, and PAPT is
known to bind the regulatory subunit RIa of PKA. PAPT has
been suggested to recruit the PKA holoenzyme into proxim-
ity of the cholesterol-mediating transport proteins, playing a

regulatory role in their activity via phosphorylation. PKA
might phosphorylate TSPO [88-91], triggering the reorgani-
zation ofTSPO topography and function and leading to cho-
lesterol uptake and transport to the inner mitochondrial
membrane.

Additionally, PBR (TsPo)-associated protein 1 (PRAX-
l) has been reported to specifically interact with the C-
terminus of TSPO, but its presence is restricted to brain and
thymus [92].

The steroidogenic acute regulatory-related lipid transfer
(SLA.RT) protein is also related to TSPO. Steroidogenic cho-
lesterol is targeted to the mitochondria though proteins con-
taining the START domain [93]. The 210-amino acid se-
quence forms a hydrophobic channel that can hold a sterol-
molecule [94]. The structure becomes stable upon choles-
terol binding [95]. Transfection of StAR expresiion vecrors
in both mouse Leydig MA-i0 and COS F2 cells, which con-
tain the components of CYPI1A1, was found to increase
steroidogenesis [96, 97]. SIAR has been suggested to assist
with cholesterol transfer to the mitochondria. When SIAR
expression was reduced, the hCG-stimulated MA-10 Leydig
cells stopped producing progesterone after twenry minuîes.
while in TSPO-depleted cells, steroidogenesis was inhibited
after ten minutes [98]. This arrested time difference was at-
tributed to the presence of OMM cholesterol available to be
used lor steroidogenesis.
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In summary, the hypothetical mechanism of cholesterol
transport to mitochondria involves many proteins [59, 99].
The SIAR protein may bind cholesterol in the cytoplasm and
then transport it to the mitochondria. At the OMM, phos-
phorylation of the SIA.R protein by PKA [100] is facilitated
by the presence of the adapter protein, PAPT [87]. Choles-
terol is rhen rransferred from SIAR to TSPO [72]. SIAR has
been proposed io function in the hormone-induced transport
of cholesterol to the OMM, whereas TSPO regulates the
translocation of cholesterol into the IMM.

ENDOGENOUS AND SYNTHETIC TSPO LIGANDS

Endozepines, a family of neuropeptides that were origi-
nally isolated from rat brain extracts on the basis of their
ability to displace benzodiazepines fiom their binding site at
the GABAa receptor are endogenous TSPO ligands [101].
Endozepines are derived through naturally occurring prote-
olytic processes from a common polypeptide precursor, DBI,
which is widely expressed in the nervous system [02]. The
major biologically active peptide fragments are the octade-
caneuropeptide, DBl33-50 (ODN), and the triakontatehaneu-
ropeptide, DBIIT-50 (TTN) [103], DBI has been shown to
bind long-chain (Cl2-C22) acyl-CoA esters with high affin-
ity, and is thus known as the acyl-CoA binding protein [104].
Recently, DBI was classified as a member of the acyl-CoA
binding domain containing ACBD proteins and was renamed
ACBD3 [105]. Furthermore, the endogenous ligands of
TSPO are cholesterol and porphyrins, which exhibit nano-
molar and micromolar affinities for TSPO, respectively [61,
1061, Endozepines are synthesized by peripheral nerve
Schwann cells, In the CNS, the DBI gene is primarily ex-
pressed in glial cells. Classical drug ligands include isoqui-
noline 1 -(2-chlorophenyl)-i/-methyi-l/-( 1 -methyl-propyl)-3-
isoquinolinecarboxamide (PK 1 1195) and benzodiazepine 7 -
chloro-5-(4-chlorophenyl)- 1,3-dihydro- I -methyl,-2H -1,4-
benzodiazepin-2-one (Ro5-4864). PK 11195 binds exclu-
sively to TSPO, whereas the benzodiazepines (Ro5-4864,
AHN-086) require other mitochondrial protein components
for full binding capacity. lsoquinolines became important
drug ligands for the presence and function of TSPO in vari-
ous tissues and cells, and their discovery was critical for fur-
ther isolation and characterization of the TSPO protein. Over
the last two decades, a spectrum of additional TSPO ligands
has been deveioped and can be subdivided into different
chemical classes. These classes include, the imidazopyridi-
nes, such as alpidem, which also binds to the central
GABAa/benzodiazepine receptors and related molecules,
indole derivatives, FGIN- I -27 and SSR I 80575, pyrroloben-
zoxazepines, phenoxyphenyl acetamide derivatives,
DAAl106, and many others-

TSPO LIGANDS AND STEROID PRODUCTION: /N
VITRO CELL MODELS

TSPO was proposed to play a role in steroidogenesis af-
ter ligand-binding studies revealed increased expression lev-
els of TSPO in steroidogenic tissues and subcellularlocaliza-
tion examinations indicated that TSPO was primarily locai-
ized to the OMM.

Mukhin and collaborators were among the first to inves-
tigate the potential role of TSPO in steroidogenesis [i07].

Costa et oL

These authors evaluated whether TSPO drug ligands affected
steroid production in the peripheral steroidogenic cells, Y-1
mouse adrenal tumor cell line. The tested TSPO drug ligands
stimulated the production of the primary steroid product of
Y- I cells, 2Ocr-hydroxyprogesterone, in a concenration-
dependent manner (TSPO drug ligand concentrations ranged
from 1 nM to 50 pM). The potencies of each TSPO ligand
that stimulated Y-i cell steroidogenesis correlated very
closely with their binding affinities to TSPO, suggesting that
the effect of these drugs on steroidogenesis were consequent
to their binding to TSPO. These findings represented a start-
ing point, and researchers then began to better characterize
such TSPO function using multiple steroidogenic cell sys-
tems and endogenous and drug ligands of TSPO (Table 1).

The studies that followed soon after the initial study were
performed using the available TSPO drug ligands, including
isoquinolines, PKlli95 and PK14067, and the benzodi-
azepine, 4'-C1-diazepam (Ro5-4864). The binding parame-
ters of such ligands have been previously characterized and
demonstrated specifrc and selective binding to TSPO. Addi-
tionally, the benzodiazepine, diazeparn, which binds to
TSPO and central GABAaibenzodiazepine receptors, has
been investigated regarding TSPO steroidogenic function.

Papadopoulos and collaborators [108], using MA-10
mouse Leydig cells, have demonstrated that PKI 1195 and
PK14067 were the most potent TSPO ligands, stimuiating
progesterone production by 3- to 4-fold. Among the benzo-
diazepines, Ro5-4864 was the most potent, inducing a 3.5-
fold increase of steroidogenesis, whereas diazepam only at-
tained a 2-fold stimulation. A correlation between the ligand-
binding affinity to TSPO and their steroid stimulatory effect
was also shown in this study. In addition, the authors studied
whether the TSPO ligands, PKl1l95 (1pM) and Ro5-4864
( I 0 pM), could exert an additive stimulatory effect on steroid
production with respect to other regulators of MA-i0 Leydig
cell steroidogenesis, chorionic gonadotropin (CG) or epi-
dermal growth factor (EGF). The TSPO l.igand actions did
not enhance the stirnulation CG-induced, but did enhance the
stimulation EGF-induced. Using isolated mitochondria in the
presence ofexogenous cholesterol and trilostane, an inhibitor
of further pregnenolone metabolism, the authors demon-
strated that TSPO ligands stimulated production of
pregnenolone. This effect was not observed with mitochon-
dria devoid of its outer membrane (mitoplasts), which is in
agreement with the localizatìon of TSPO in the OMM. To
identify the exact step in the mitochondrial pregnenolone
formatjon that was activated by the TSPO ligands, the cho-
lesterol level present in the OMM and IMM before and after
treatment with the TSPO ligands was quantified. The ob-
tained results demonstrated that the TSPO Ìigands stimulated
pregnenolone fomation by inducing the TSPO-mediated
translocation of cholesterol from the outer to the inner mito-
chondrial membrane.

In the same year, Krueger and Papadopoulos [109] eluci-
dated the potential mechanism underlying the stimulation of
steroid production îhat was induced by the hormonal action
and TSPO ligands, using Y-1 adrenal tumor cells and iso-
lated mitochondria. These authors discovered a relationship
betiveen the hormone-induced steroid production and TSPO
in Y-l adrenal tumor cells, which was previousiy observed
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Ro5-4864

PKl 1 195

PK14067

PK14068

Y1 mouse adrenal tumoral cell line Stimulation of 20<r-hydroxyprogesterone formation, the marn

steroid product ofthese cells.

-The potencies ofthese TSPO ligands to stimulate steroidogenesis

corelated very closely with their binding affrniry to TSPO.

Ro5-4864

PK1 1 195

PK14067

MA-10 mouse Leydig tumoral cell

line

Stimulation of progesterone production.

-The action of TSPO ligands was not additive to stimulation by

CG, but was additive to EGF.

D

Isolated mitochondria -TSPO ligands stimulated pregnenolone bios)'rithesis when sup-

plied with exogenous cholesterol.

PKl 1195 Y1 mouse adrenal tumoral cell lines

-isolated mitochondria

Stimulation of 2Ocr-OH-Progesterone in cells.

Stimulation of pregnenolone independent of exogenously supplied

cbolesterol in isolated mitochondria.

Ro5-4864 C6-2B rat glioma cell line
-intact cells

Stimulation of pregnenolone formation follow'ing incubation with
Ro5-4864 nanomolar concentraúons.

-Thìs effect was dose-dependent.

(]

DBI
rNN, DBr-(17-s0)
oDN, DBr-(33-s0)

Mitochondria of C6-28 Stimulation ofpregnenolone production by DBI and TNN, DBi-
(17-s0).

arylindole-acetamide deriva-

tives (collectively termed

FGrN-1)

Mitochondria of rat C6-28 glioma cell

line

2b, 2f , 2o, 2s, 2t, 2v, 22 stimulated pregnenolone formation. -A
good correlation was found between binding affinity and the ability

of the ligand to stimulate pregnenolone synthesis.

-22 accumulated prcgnmolone in rat brain mitochondria.

FGIN-1-27, FGIN-1-44 Isolated rat brain mitochondria Stimulation of the rate olpregnenolone synthesis.

-This effect was inhibited by PKI 1195.

pyrrolobenzoxazepine de-

rivatives

Y-l mouse adrenal cell line 5a, 1 7e, I 7 h, 17ì, l7 j, l7l stimulated pregnenolone prodùction as

PKI I 195.

fl

pyridopyrrolo- and pyr-
rolobenzoxazepine deriva-

tives

MA-10 mouse Leydig cell line t I a, I I g, 1 I i, 1 lj and I lp stimulated progesterone prodùcdon as

PKl1l95.

I

phenylindolyl-glyoxylamide
derivatives (PIGA)

C6 rat glioma cells 5-7, 13-21, 24-27 stimulated pregnenolone production.

-15,19,26 and 27 were more effective than PKI 1 195.

phenylindolyl-glyoxylamide

derivatives (PIGA)
C6 rat glioma cells l-21, 25-34, 4549, 52-56 stimulated pregnenolone production.

-8,9,21,25,30,32,34 were more effective than PKI 1195.

m

arylpyrazolo-pyrimidin-
acetamide derivatives

C6 rat glioma cells 3j, 3o, 3q,31 3t stimulated pregnenolone production as PK1 1 195.
I

N,N -di-n-propyl-2-[4-

methyìphenyl)indol-3-
ylglyoxylamide (M P I GAJ

ADF human glioblastoma multiforme
cell line

Stimulation of allopreglanolone and progesterone production.
U

Conditioned medium from MPIGA-
treated ADF cells

Potentiates the róC1- uptake inlo rat cerebral cortjcal synaptoneuro-

somes.

phenylimídazo-pyridine

derivatives

Xenopus oocytes expressirg human

cloned GABAa receptor

-A subset olcompounds potqrtiates the GABA-evokcd Cl- cur-

rents.

u

emapunil

(AC-s216rXBDl73)
Mouse neocortical slices Potentìates GABAergic neurotransmisslon.

o
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in MA-10 cells. Indeed, the stimulation of zAcr-
hydroxyprogesterone production by adrenocorticotropin
(ACTH) was nonadditive with that of the stimulation by
PK1 1195. When the celis were treated with the protein syn-
thesis inhibitor, cycloheximide, the steroid synthesis block-
ing induced by ACTH was shown, which is an effect charac-
terized by an accumulation of cholesterol in the OMM. In
contrast, PKl 1 1 95-stimulated steroidogenesis was not inhib-
ited by cycloheximide. When the isolated mitochondria were
used, the stimulation of pregnenolone production by
PKI 1 195 was independent of the exogenously supplied cho-
lesterol, indicating that TSPO acted on the cholesterol that
was already situated within mitochondrial membranes.

To investigate steroid biosynthetic TSPO function in the
CNS, Guarneri [1i0] and Papadopoulos [111] selected the
C6-28 subcione of the rat glioma cell line as a steroidogenic
model. The experimental model used by Guarnieri and col-
laborators [110] consisted of intact C6-28 cells that were
incubated with^precursor, [3H]mavalonolactone ([3H]MVA),
to detect the ['H]MVA incorporation in pregnenolone and
thus, quantifu the formation of this steroid. The authors
measured the time course of pregnenolone formation in un-
treated and Ro5-4864-treated C6-2B cells. Under these con-
ditions they showed a biphasic incorporarion of ;3H1lfVA
into choÌesterol and pregnenolone, with an initial rapid phase
(within 1 min), followed by a slower phase. The
pregnenolone formation was stimulated by nanomolar con-
cenkations of Ro5-4864 after 5 min of incubation with
ltU1VVa. The stimulatory effect was dependenr on the drug
concentration, and the maximal effect was achieved at 10
nM. The experimental model used by Papadopoulos and
coliaborators [11] consisted of mitochondria isolated by
C6-28 cells. In the isolated mitochondria, the effect exerted
by the natural TSPO ligand, DBI, on pregnenolone produc-
tion was investigated. The occupancy of TSPO with nano-
molar concenffations of DBI and its naturally occurring
processing product, DBI-(I7-50), increased pregnenolone
formation. DBI(33-50), which exhibits a higher affinity for
GABAA receptors but a low affinity for TSPO, was ineffec-
tive in stimulating pregnenolone synthesis.

Studies conducted by different laboratories have corrobo-
rated the observation that the synthesized ciassic and natural
TSPO ligands, Ro5-4864 and PK11195, and DBI and DBI-
(17-50), respectively, stimulated steroidogenesis in ovarian
granulosa [112], placenta Ii13], sciatic nerve Schwann ster-
oid-synthesizing [11a] and brain [115] cells and in human
testicular fragments [1 I 6].

Together, these findings have prompted researchers to
synthesize novel TSPO ligands and evaluate their abìlity to
promote the steroid biosynthesis. First, the novel ligands
with various chemical structures were evaluated for specific
binding ro TSPO using a ;3U1ef t 1 195 radioligand competi-
tive binding assay. To ensure the TSPO-binding selectivity
of such new ligands and exclude their binding to the CBR,
îhe new ligands were tested for binding to CBR using the
CBR-seiective radìoligand, ['H]Ro l5l 788, in cerebral cortex
cell membranes. A subset of ligands with the best binding
affinity to TSPO were then tested for their potential activiry
on steroid production in well-validaîed steroidogenic cell
systems. The structurally different ligand classes included

Costa eî aL

indolacetamides [117, 118], benzoxazepines [ 19, 120], imi-
dazopyridineacetamides 11211, phenoxyphenylacetamides
[122], pyrazolopyrimidineacetamides [1 23, | 241 and indol-
3-yiglyoxylamides 1125, 1261. The effects of novel synthe-
sized TSPO ligands on steroid production are summarized in
Table l The compound names are listed as reported by the
authors in published manuscripts. The new compounds that
were more effective than the classic TSPO ligand, PKl 1195,
are also listed in Table l.

In 1993, Kozikowski and collaborators [117] developed
and studied a new class of compounds that bind with high
affrnity and specificity to TSPO. These compounds were
indoleacetamide derivatives, collectively termed FGIN-1. A
subset of arylindole-acetamide derivatives with high TSPO
binding affinity were observed to stimulate pregnenolone
production from the mitochondria of C6-28 glioma cells
[117]. A good correiation was found between TSPO binding
affrnity and the ability of these ligands to stimulate
pregnenolone synthesis.

Novel pyridopyrolo- and pyrrolo-b enzoxazepine deriva-
tives stimulated progesterone production with similar po-
tency as the classic TSPO ligand, PK1 1195, in the Y-1 adre-
nal and MA-10 Leydig tumoral cells [119, 120). Arylpyra-
zolo-pyrimidin-acetamide derivatives also stimulated
pregnenolone production using PKI 1195 in C6 rat glioma
cells [23, 124].

A series of highly potent and selective TSPO ligands,
which represent conformationally constrained analogues of
FGIN-1 derivatives, has been developed and are known as
N,N-dìalkyl-2-phenylindol-3-ylglyoxylamides (PIGA). The
new PIGA derivatives were effective in stimulating
pregnenolone production in C6 rat glioma cells, and a num-
ber of these ligands were more effective than PKI ll95 1125,
1261. Of this class of TSPO ligands, N,N-di-n-propyl-2-$-
methylphenyl)indol-3-ylglyoxylamide (MPIGA), the derjva-
tive that presented theoretically calculated physicochemical
properties and fulfìlled the requirements for adequate distri-
bution into the CNS, was selected and used in in vito inves-
tigations. As such, MPIGA was found to stimulate the pro-
duction of pregnenolone from ADF human glioma cells
when trilostane, an inhibitor of pregnenolone metabolism,
was added to salt culture medium [127]. Without the addi-
rion of trilostane, MPIGA increased the formation of allo-
pregnanolone, the primary positive steroid modulator of
GABAA receptor activity. Following cell treatment with
MPIGA, the amount of the primary negative steroid modula-
tor of GABAA receptor activity, DHEAS, was not detectable
in the salt culhrre medium. The salt culture medium that was
derived from the MPIGA-treated ADF cells was evaluated
and shorìin to affect the GABAa receptor activity in a well-
validated in vitro model, consisting of synaptoneurosomes
obtained from the rat cerebral cortex. The culture medium
obtained from îhe MPIGA-treated ADF celis increased the
uptake of 36Cl- into the synaptoneurosomes. The MPIGA-
ffeated cells were then incubated with aminoglutethimide,
the first enzyme inhibitor in the steroidogenic pathway (cy-
tochrome P450scc) to demonstrate that the observed effect
was mediated by the steroid molecules that were released
from the cells following treatment with MPIGA. Under these
experimental Conditioni, an increase of 36Cl uptake into the
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synaptoneurosomes was not observed. Other authors have
previously evaluated whether TSPO ligands affected the
'oCl- uptake [128]. Because they found that these TSPO
ligands possessed some affinity for the CBR, the aurhors
investigated whether a subset of new phenylimidazo-
pyridine derivatives directly modulated the opening of the
Cl- channel in Xenopus ooc)'tes expressing cloned GABAA
receptors.

TSPO LIGANDS, STEROID PRODUCTION AND
ANXIOLYTIC EFFECTS: ANIMAL MODELS

Ligand interactions with TSPO stimulates cell steroid
production in vitro. This discovery has prompted several
authors to investigate whether the TSPO ligands affected the
steroid production in animal models and exerted anxiolytic
effects (Table 2).

To this aim, authors have performed studies in rodents
deprived of gonads and adrenal glands to eliminate the pe-
ripheral steroid sources. The first synthetic molecules that
were administered in vlvo included the classic TSPO lìgands,
such as the benzodiazepine derivative, Ro5-4864 [129], iso-
quinoline derivative, PK1 1195 [129-131]; and the arylindol
acetamide derivatives, FGIN-1-27 and FGIN-1-44 1129,
130]. In these initial studies, the authors studied the effect of
TSPO ligand administration on steroid production, measur-
ing the pregnenolone content in various arìimal brain re-
gions. The animals were pre-keated with the drug trilostane.

The in vivo administration of Ro5-4864, FGIN-1-27 or
FGIN-I-44 increased pregnenolone levels in the brain of
these animal models. For exampie, the effect of Ro5-4864 on
the brain pregnenolone content was maximal (70-1A0%) at a
dose of 18 mmol&g, 5-10 min after intravenous injection.
The effect of FGIN-1-27 was maximal (80-150%) at doses
ranging from 400 to 800 mmollkg, after oral administration
[129]. In contrast, the administration of PKl 1195 did not
change the pregnenolone levels in the brain of rats [132].
This result is evidence that the administration of PK11195
prevented the Ro5-4864- or FGIN-1-27-induced
pregnenolone increase, suggesting that PKl 1195 may be an
antagonist of TSPO [129, 130]. Romeo and collaborators
have reported that both FGIN-I-27 and FGIN-I-44 reduced
the fear of novelty during an elevated pius maze test when
administrated orally to rats [130]. This group of researchers
showed that FGIN-I -27 delayed the onset of isoniazid- and
metrazol-induced convulsions [1 18, 131]. Moreover, FGIN-
l-27 elicited anxiolytic-like effects in two anxiety animal
models, the neophobic and conflict-punishment behaviors
that were induced during an elevated plus maze test and Vo-
gel conflict test, respectively [131]. The in vivo effect of
FGIN-1-27 on brain steroid production has also been studied
after microinjecting FGIN-l-27 into the dorsai hippocampus
of rats [132]. Bitran and collaborators selected the hippo-
campus as a site for investigation because their previous
study demonstrated that microinfusions of pregnenolone into
the dorsal hippocampus elicited anxiolytic-like effects [133].
These authors found that intrahippocampal injections of
FGIN-1-27 (2.5 pg) increased hippocampal allopreg-
nanolone 1evels. AdditionalÌy, inf ahippocamp al inj ections o f
FGIN-i-27 produced anxiolytic-like effects during plus-
maze and shock-probe burying tests [132].
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The potential stimulatory steroidogenic in vivo effect
exerted by the intraperitoneal administration of a representa-
tive subset of novel synthesized phenylimidazo-pyridine
derivatives (compounds 17,20,26,34 and 35) [128] and
imidazopyridine derivatives (compounds CB 34, 50 and 54)
[134] have been separately explored in intact rats that were
deprived of their steroidogenic endocrine glands. The pro-
genitor of these TSPO ligands has to be considered Alpidem,
which is knowr to bind both TSPO and GABAa/ benzodi-
azepine receptors with high affinity.

Trapani and collaborators have found that almost all rep-
resentative ligands (i.e., compounds 17, 20,26 arrd 34), with
the exception of compound 35, markedly increased the levels
of pregnenolone, progesterone, allopregnanolone and
THDOC in the plasma and brain of rats [128]. A number of
these ligands also possessed some affrnity for the central
GABAa,/benzodiazepine receptors, which prompted the
authors to investigaie whether this subset of derivatives di-
rectly modulated the Cl- channel opening in Xenopus oo-
cytes expressing cloned GABAa/benzodiazepine receptors.
Their results indicated tlat compounds 34 and 35, in good
accordance with their abilify to bind to the GABA/ benzodi-
azepine receptor, positively modulated tle GABA-induced
Cl- channel opening. In contrast, compounds 17,20 and 26,
which showed almost no afirnity for the GABA/ benzodi-
azepine receptor, did not modulate this response to GABA.

Serra and collaborators [134] have demonstrated that the
CB compounds (3-50 mg/kg) induced a dose-dependent in-
crease in the concentrations of pregnenolone, progesterone,
allopregnanolone and THDOC in the plasma and brain.
CB34 also stimulated the brain concentrations of neuroactive
steroids in adrenalectomized-orchidectomized rats, suggest-
ing that this compound stimulated brain steroidogenesis in-
dependently of íts effect on peripheral tissues. The increase
in brain neurosteroid content that was induced by CB34 has
been associated with marked anti-conflict behavior during
the Vogel test Ii 34]. At doses of 25 and 50 mglkg, the num-
ber of licking periods during punishment increased 3 and 4
fold, respectively.

Okuyama and collaborators have examined the behav-
ioral profiles of the two TSPO phenoxyphenylacetamide
derivatives, DAAl097 and DAAI106, in the mouse
lighldark exploration test and in the elevated plus-maze test

11221. ln these in vivo studies, both these TSPO ligands
showed potent anxiolytic properties. Oral adrninistration of
DAA1097 and DAA1106 significantly increased the time
spent in the light area at doses of 0.03 and 0.1 mg,&g, p.o.,
and 0.1 and 0.3 mg/kg p.o., respectively. Analogous results
were obtaìned from the elevated plus maze test, where the
time spènt in the open anns was signìficantly enlanced by
DAA1097 and DAAl106 doses of 3.0 mglkg, p.o. These
TSPO ligands were also tested for their potential to produce
typical side effects of anxioiytic drugs. In contrast to dtaze-
pam (30 mg/kg) and buspirone (100 mg/kg), both com-
pounds, in doses up to 100 mg/kg, p.o., produced no effect
on spontaneous locomotor activity. The effects obser-ved in
the test of hexobarbital-induced anesthesia potentiation in
mice were different; DAAI106, diazepam and buspirone
significantly increased sleeping time, and DAA1097 did not.
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Tabfe 2. In Vivo Effects of TSPO Ligands on Neurosteroid Leveìs and Psychopharrnacological Effects

Costa et aL

AnimaÌs TSPO Ligand In Vívo Fîfett on Neurosteroid Leyels Psychopharmacological Effects References

Rats deprived of ster-

oidogenic endocrine

glands.

FGIN-I-27
Ro5-4864

-lncreased braia pregnenolone levels;

-no effect on plasma pregnenolone levels.

Maximal effect at the dose of 18 mumol&g for
Ro5-48ó4 and 400-800 mumol,&g for FGIN-I-27. Not tested.

r

PKI1r95
-No effect on brain pregnenolone levels;

-prevents brain pregnenolone accumulation in-

duced by FGIN-I-27.

Rats deprived of ster-

oidogenic endocrine

glands and pre-treated

with trilostane.

FGIN-1-27

FGIN.l-44
-Increased brain pregnenolone levels.

(FGIN-I-44 was rapidly converted to FGIN-I -27

in the rat braìn). -Reduced fear and novelty in elevated

PKl l 195

-No effect on brain pregnenolone levels;

-prevented brain pregnenolone accumulation

inducedby FGIN-1-27.

plus maze test.

Intact rats
FGIN,1-27 Not tested

-Exerted anxiolltic effects in Vogel

conflict and in plus maze tests;

-delayed the onset of isoniazid and

metrazol-induced convulsions.

S

Intact rals
FGÌN-l-27 Not tested.

-delayed the onset ofisoniazid-
induced convulsions;

-inhibits neophobia in elevated plus

maze l€sl.

lntact îats

2-arylindole-3-

acetamides
Not tested.

-2r,2s,22,2aa,2cc, 8c, 1 I (about 50

pmoykg, os administration) exerted

antineophobic effect in elevated plus

maze test;

2.2 (1 .1 ltmoLkg intravenous admini-

stration) exerted antineophobic ef-

fect-

f

Rats deprived of ster-

oidogenic endocrine

glands

-22 (225 Umoykg, os administration)

exerted antineophobic effect.

Intact female rats PKl 1195 -No effect on ovarian and adrenal hormone levels. Not tested.
u

Intact male rats
derivatives 17,

20.26,34

-Increased brain and plasma levels of
pregnenolone, progeslerone, allopregnanolone

ard THDOC (at 25 mg/kg, i.p.),

Not tested.
p

Intact rats and rats

deprived oftheir
steroidogenic endo-

crine glands

c834, CB50

cB54

-lncreased brain and plasma levels of
pregnenolone, progesterone, alìopregnanoìone

and THDOCI fiom 3 to 50 mglkg i.p.J.

-C834 (25 and 50 mglkg, intraperito-

neal injection) elicited anticonflict

effect in Vogel test.

Iniact rals
DAA1O97

DAA1106
Not tested.

-DAA1097 and DAA1106 exerted

antianxiety effects in mouse

light/dark exploration test
(0.1mg/kg, os administrationJ and

elevated pÌus-maze test [3mg/kg,
os adminístrationl; they showed no

effect on spontaneous locomotor
activitY;

-DAA1106 (100 mglkg, os admini-

srationJ increased sleeping rime in
hexoharbital-induced anesthesia.

z
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Animaìs TSPO Ligand In Vivo fîfect on Neurosteroid Levels Psychopharmacological Effects References

Intact rats (ligand

microìnjected into

dorsal hippocampus)

FGIN.1.27
-Increased hippocampal and blood allopreg-

nanolone levels.

-Produced anxiolytic effects in plus-

maze and shock-probe burying test.

x

Tntact rats

emapunil
(AC.

5216DGD173)

Not tested.

-Produced anti-anxiely effects in

Vogel test in rats [0.1-3 mg/kg, os

administrationJ, in light/dark box

(0.003-0.01 mg/kg, os administra-

tionJ, and social interaction tests in

mice [0.01-0.3 mglkg os admiri-

strationJ;

-no myorelaxant effects;

-did not affect the memory;
-did not prolong hexobarbitone-

induced sleep;

-produced no distinct change in the

elect roencephaìogram.

Tnîact îats md mls

deprived of steroi-

dogenic endocrine

glands

etìfoxine

-lncreased brain levels of pregnenolone, proges-

terone, allopregnanolone and THDOC (at 500

mgikg, i.P.);

-finasteride reduced drastically the brain alìo-

pregnanolone levels.

-Produced anxyolitic effects in Vogel

test;

-finasteride attenuated the anticonflicî

effect of etifoxine.

Intact rats PIGA 32 Not tested,

-Showed anxiolytic effects in ele-

vated plus maze test (at 30 mg/kg,

intraperitoneal injection).

m

lntact mice

Intact rats
emapunil -lnduction of nzurosteroidogenesis (mice).

-Produced anti-anxiety effects in

social exploration test and elevated

plus maze test (rats);

-did not affect spontaneous locomo-

tor activity [ratsJ;
-prevented experimentally-induced
panic by lactate- or cholecystokinin

tetrapeptide (CCK4J (ratsJ.

-Exerted anxiolytic effects using the

CCK4 challenge (at 90 mg/day).

q

Human healthy volun-

tcers

lntact mice emapunil Not tested.

-Produced anxiolytic effects ìn mice

(at 0.1 mg,&g, os administration).

-did not produced arrxiogenic-like

effects or body weight loss upon

treatment withdrawal at any of the

doses tested (0.1, 1 or 10 mglkg, os

administration; twice daily).

v

lntact rats MPIGA Not tesred.

-Exerted anxiolytic effects in ele-

vated plus maze test (30 mg,&g. in-

traperitoneal injection)

o
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Etifoxine (6-chloro-2-ethylamino-4-methyl-4-phenyl-
4H3, i -benzoxazine hydrochloride, trade name StresamR) is

a non-benzodiazepine drug that is registered in France for
psychosomatic manifestations of anxiety. Etifoxine acts as

an anticonvulsant and anxiolytic in rodents, and in humans,
it is eflective for treating adjustment disorders with anxiety.
The etifoxine action mechanism is not fully understood. Ini-
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tial studies established that etifoxine binds directly to the

GABAA receptor and potentiates GABA-evoked chloride
currents. Specifically, the $ subunit was shown to play a

major role in determining the effect of etifoxine on the

GABAA receptor. Furthermore, etifoxine does not target the

high-affinity binding site of benzodiazepines, which is lo-
cated in the extracellular domain at the cx,T interface. Eti-



Psychiatric Diagnosis TSPO Parameter References

Bipolar depression with adult separation anxiety. Decreased platelet TSPO protein Ievels.
aa

Unipolar depression with adult separation anxiety. Decreased platelet TSPO protein levels.
ab

Bipolar or unipolar depression with adult separation anxiety. Positive association with the functional polymorphism rs6971
at

Panic and adult separation anxiety. Decreased platelet TSPO protein levels.
AU

Generalized social phobia. - Decreased platelet TSPO protein levels.
ae

Posttraumatic stress disorder. - Decreased platelet TSPO protein levels.
d

Posttraumatic stress disorder - Decreased lymphocyte TSPO protein levels.
ag

Suicidal adolescent population. - Decreased platelet TSPO protein levels.
aIl

Schizophrenia, - Decreased platelet TSPO protein levels.
zt

Chronic schizophrenia f 
tClneel 

t OO fET imaging: posirive correlation with symptoms.

Panic disorder. - No variation in lymphocyte TSPO protein levels.
ilr1

Generalized anxiety disorder. - Decreased lymphoc)'te TSPO protein levels.

Obsessive-compulsive disorder. Decreased lyrnphoc)'te TSPO protein lsvels.

Generalized anxiety disorder. - Decreased TSPO mRNA in peripheral blood mononuclear cells,
an

Panic disorder. - Decreased platelet TSPO protein levels.
AU

Obsessive-compulsive disorder, - No variation in platelet TSPO protein levels.
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Table 3. Change of TSPO Expression Levels and TSPO Genetic Associations in Psychiatric Disorders

u"- data from reference [1 39]; "b: data from [1 40]; '"= data from [ 141 ]; 'd: 626 from | 1421; "': data from [143]; "r= 636 from [145]; "8: 4s1a

from [14ó]; 
d: data Í]om [147]; 

d: data from li48l; "r: data from refrence [49];'-: 6u1u Lo* [51]; -: data from [144]; 
*- data from [15r]

foxine inhibited the binding of the selective TSPO radio-
lìgand ;3U1ff 11195, which prompred researchers ro investi-
gate whether this ligand could increase GABAergic neuro-
transmission by an indirect mechanism involving TSPO ac-
tivation arìd the resulîing neurosîeroid biosynthesis en-
hancement. The in vivo administration of etifoxine (50
ms.&e) was associated with increased concentrations of
pregnenolone, progesterone, 5ct-dihydroprogesterone and
allopregnanolone ìn the plasma and brain of rats [1351. Be-
cause these steroids also increased in rats that were deprived
of gonads and adrenal giands, the authors have concluded
that the anti-anxiety effect exerted by etifoxine was inde-
pendent ofperipheral steroidogenic sources. In particular, the
authors suggested that the primary involved neurosteroid in
the anxiolytic effect of this drug might be allopregnanolone.
Notably, the conversion inhibition of progesterone into its
5cr-reduced metabolites, including allopregnanolone, by
finasteride attenuated the anti-conflict effect of etifoxine.

Da Settimo and collaborators !26] have evaluated the
best performing phenylindolyl-glyoxylamide compounds,
PIGA 21 and P1GA 32, in terms of pregnenolone productiolÌ
for their potential in vivo anxiolytic effects after conducting
the elevated plus-rnaze tesî in rats. Increases in the number
of entries and time spenî in open anns were observed follow-
ing the administration of PIGA 32 (30 mg/kg, i.p.). ln a sub-
sequent study, increases in the entries and time spent in open
arms were observed when a ligand belonging to this class of
derivatives, MPIGA, was administered at a dose of 30 mglkg

Costa et aL

11271. An anxiolytic profile of MPIGA was also observed
when the compound .ilas administered at a higher dose of 50
md kg. Additionaliy, at this dose, MPIGA exhibited no ef-
fect on the total arm entries, thus indicating that even at high
doses, MPIGA does not exert non-specific effects on rat be-
havior in the elevated plus maze. As described above,
MPIGA was effective in inducing the human steroidogenic
cell line ADF to produce neurosteroids, which exerted an
overall positive modulation of GABAaR activity. Together,
these findings suggest that the MPIGA-induced stimulation
of neurosteroid production, which in tum induced the posi-
tive modulation of GABAnR activity, could be the action
mechanism by which MPIGA exerts its anxiolytic activity.

Kita and colleagues [136] have investigated the abiliry of
the TSPO ligand, Emapunil (AC-5216, XBDl73), to exert
anti-anxiety- and anti-depressive-like effects in various ani-
mal models. The authors found that Emapunil produces anti-
anxiety effects during Vogel, iieht/dark box and social inter-
action tests. Moreover, Emapunil exhibited no myorelaxant
effects and did not affect the memory and prolonged
hexobarbitone-induced sleep even at doses as hígh as 1000
mdkgAithough it did slightly prolong the ethanol-induced
sleep time at 1000 meAg, Emapunil produced no distinct
changes in the rats' electroencephalograms. In a more recent
study, the same authors f l37l demonstrated that Emapunil,
when repeatedly administrated, did not induce tolerance to
its anxiolytic-like effects or withdrawal symptoms. Recently,
Rupprecht and coilaborators 1138] have shown that
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Emapunil did not enhance GABA-evoked chloride currents
via its interaction with the GABAa receptor. In mouse neo-
cortical slices, Emapunìl was able to potentiate GABA-
mediated neurotransmission, which was prevented by the
Scr-reductase inhibitor, finasteride. This result suggested that
the enhancement of GABAergic neurotransmission by
Emapunil is mediated indirectly through the generation of
GABAergic neurosteroids. This ligand exerted anxiolytic
effects in rats during the social exploration and elevated plus
maze tests. Moreover, Emapunil counteracted the lactate- or
cholecystokinin tetrapeptide (CCK4)-induced panic in rodent
paradigms. Emapunil was the frst TSPO ligand to be admin-
istrated to human healthy volunteers using the CCK4 chal-
ienge. Seventy-one healthy subjects were randomized for a

7-day treafrnent with the placebo, Emapunil doses of 10, 30
or 90 mg/day or alprazolam doses of 2 mglday before under-
going a CCKA challenge. Differences in attenuating CCK4-
induced anxiety were observed regarding the placebo, alpra-
zolam and the highest Emapunil dose. Additionally,5To/o of
the subjects treated with alprazolam complained about with-
drawal symptoms, such as sleep disturbances or restlessness;
these effects were almost absent in the Emapunil-treated
groups. Thus, in humans, this placebo-controlled parallel
group study indicated that Emapunil exhibits anxiolytic
properties and fewer side effects, as compared with benzodi-
azepine derivatives.

TSPO AND PSYCIIIATRIC DISORDERS

The critical role of neurosteroids in the regulation of
CNS function has suggested to investigate the potential
TSPO involvement in psychiatric disorders that are charac-
terized by altered neurosteroid levels (Table 3) f66, 139-
1491. The studies were primarily based on the quantitative
assessment of mRNA and protein levels in peripheral mod-
els, such as platelets and iymphocyîes. Most of îhe authors
have focused on anxiety. As such, significantly low levels of
TSPO have been found to be associated with generalized
social phobia fl43, 1441 and the intermediate an-xiety pheno-
type, separation anxiety (i.e., adult separation anxiety disor-
der (ASAD)) f 139, 140, 142). In this last case, a negative
correlation between the TSPO levels and ASAD diagnosis
was shown, irrespective of the principle psychiatric diagno-
sis (i.e., panic dìsorder, bipoiar and unipolar depression). An
association belween a TSPO polymorphism that influences
the production of pregnenolone, Alal47Thr, and an interme-
diate anxiety phenotype has also been demonstrated [66,
1411. Reduced TSPO levels have also been found in post-
ffaumatic stress disorder 1145,1461 and schizophrenia f1481.
Moreover, a recent study of Positron Emission Tomography
has shown a positive correlation between TSPO levels and
symptoms in persistently violent schizophrenia patients

[14e].

ABBREYIATIONS

TSPO Translocator protein

Bdz : Benzodiazepines

CNS : Central nervous system

Pa5sSSC Or
CYP450scc Cytochrome Pa56 cholesterol side chain

cleavage enzyme
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GABAAR

P:
21p-HSD

DOC

5cr-DHP

5u-DHDOC

sp-DHP

s0-DHDOC

3cr,Sa-THP =

3a,5g-THDOC :
3a-HSD

PS

DHEAS

PBR

CBR

DBI

IBP

OMM

IMM

mPTP

CRAC

VDAC

ANT

PAPT

START

PRAX-1

ODN

TTN

PK1l195

Ro5-4864

CG

EGF

ACTH

l3HlMVA
PIGA

Etifoxine

Type A receptors for GABA

Progesterone

21B-Hydroxylase

Deoxycorticosterone

5 a-dihydroprogesterone

5 ct-Dihydrodeoxycorticosterone

5 p-Dihydroprogesterone

5 p-Dihydrodeoxycorticosterone

3 a, 5 u-Tetrahydroprogesterone

Tetrahydro deoxycorticosterone

3 a-Hydroxysteroid oxidoreductase

Pregnenolone sulphate

dihydroepyandro sterone sulphate

Peripheral-type benzodiazepine receptor

Central benzodiazepine receptor

Diazepam-bindin g inh ib itor

Isoquinoline-binding protein

Outer mitochondrial membrane

Inner mitochondrial membrane

Mitochondrial permeab il ity transition
pore

Cholesterol recognition amino acid con-
SENSUS

Voltage-dependent anion channel

Adenine nucleotide transporter

PBR (TsPo)-associated protein 7

Steroidogenic acute regulatory-rel ated
lipid ransfer

PBR (TsPo)-associated protein I

Octadecaneuropeptide

Triakontatetraneurop eptide

1 -(2-Chlorophenyl)-N-methyl-//-( 1 -
methyl-propyl)-3-
isoquinolinecarboxamide

7-chloro-5-(4-chlorophenyl)- 1,3-
dihydro- I -methyl-2H-l ,4-
benzodiazepin-2-one

Chorionic gonadotropin

Epidermal growth factor

Adrenocorticotropin

[3H]mavalonolactone

N,N-Dialkyl-2-phenylindol-3 -
yiglyoxylamides

6-Chloro-2-ethylamino-4-methyl-4-
phenyl-4H3, 1 -benzoxazine hydrochlo-
ride
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CCK4

ASAD

FGIN-1

MPIGA

: Cholecystokinin tetrapeptide

: Adult separation anxiety disorder

Arylindole-acetamide deriv atives

: NN-Di-n-propyl-2-(4-
methylph enylJ in dol-3-
yìglyoxylamide.
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