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including receptors for y-aminobutyric acid (GABA) and glutamate, the major inhibitory and excitatory
neurotransmitters in the central nervous system (CNS). Increasing evidence indicates that dysregulation
of neurosteroid production plays a role in the pathophysiology of stress and stress-related psychiatric
disorders, including mood and anxiety disorders. In this paper, we review the mechanisms of neurosteroid

ﬁee}; V:gsrf;oi ds action in brain with an emphasis on those neurosteroids that potently modulate the function of GABA
Neuroactive steroids receptors. We then discuss evidence indicating a role for GABA and neurosteroids in stress and depression,
Allopregnanolone and focus on potential strategies that can be used to manipulate CNS neurosteroid synthesis and function
Stress for therapeutic purposes.
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1. Introduction

Psychiatric disorders are very common with at least 30% of
adults suffering from one of these illnesses at some point in their
lives (Zorumski and Rubin, 2011). These mental disorders are
among the leading causes of disability in western societies, and
comprise approximately 40% of illnesses that result in an inabil-
ity to work productively (Iglehart, 2004). Psychiatric disorders
are also major contributors to mortality. While heart and lung
disease, stroke, diabetes and cancer are well known causes of mor-
bidity and mortality, it is less appreciated that these end-state
illnesses often reflect longstanding consequences of alcoholism,
nicotine dependence, drug abuse, and unhealthy lifestyles includ-
ing obesity (Mokdad et al., 2004). Depression and schizophrenia
also contribute significantly to mortality and are “risk factors”
for cardiovascular disorders, diabetes and metabolic syndrome
(Newcomer and Hennekens, 2007). Furthermore, the presence of
co-morbid depression worsens the outcomes of primary medical
illnesses and vice versa (Moussavi et al., 2007; Prince et al., 2007).
Deaths from motor vehicle accidents and violence are also often
associated with psychiatric disorders, particularly alcohol abuse.
Suicide claims the lives of over 30,000 individuals per year in the
United States, and is almost always the result of a major psychiatric
illness.

Modern neuroscience and genetics are providing important
insights into brain mechanisms underlying these devastating disor-
ders. Advances are being made in understanding the fundamental
biology of a spectrum of neuropsychiatric disorders including
dementias such as Alzheimer’s disease, major mood disorders,
schizophrenia, anxiety disorders, alcoholism, and drug depen-
dence. This work underscores the importance of abnormalities
in the activity of specific brain networks and neurocircuits that
underlie the pathophysiology and clinical symptoms of these brain
disorders. Functional neuroimaging in particular is helping to
define defects in neural circuitry associated with altered emotion,
motivation and cognition, and collectively these findings pro-
vide new opportunities for therapeutic intervention (Ressler and
Mayberg, 2007; Zorumski and Rubin, 2011; Buckholtz and Meyer-
Lindenberg, 2012).

At the same time, however, there has been far less progress in
identifying new pharmacological treatments for psychiatric disor-
ders. Current medications represent only marginal advances over
those introduced more than 50 years ago. Despite the fact that the
current psychiatric drugs are only moderately effective with the
vast majority of patients only partially responding to antidepres-
sants or antipsychotics, the pharmaceutical industry is now largely
abandoning efforts to develop new psychiatric medications (Insel
and Sahakian, 2012). Many factors contribute to this unfortunate
state of affairs. Among these are gaps in understanding psychiatric
illnesses at a molecular level and the tendency of biopharmaceuti-
cal companies to pursue well trodden paths with more immediate
payoffs based on existing chemical structures and proven mecha-
nisms of action and demonstrated efficacy. There is thus a critical
need to identify viable new drug targets in order to discover more
effective agents.

One consideration in neuropsychiatric drug development is
whether efforts are better directed toward agents that have highly
specific mechanisms of action or whether the development of
agents with broader actions altering a number of systems is pre-
ferred. Roth et al. (2004) have referred to this as a “magic bullet vs.
magic shotgun” approach to therapeutics. Because we have little
molecular insight into the pathophysiology of common neuropsy-
chiatric disorders, we would argue that agents that affect multiple
major targets may have the highest efficacy, particularly agents that
modulate key neurotransmitter and signaling systems. In this light,
we propose that neurosteroids represent viable targets for drug

Potenial Clinical Uses of
Neurosteroids
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Fig. 1. The list outlines potential therapeutic targets for neuroactive steroids. With
the exception of Memory Dysfunction, these are targets for steroids that enhance
the function of GABAsRs. Memory Dysfunction would be a more likely target for
steroids that either enhance the function of NMDARSs or that inhibit GABAARs.

development in neuropsychiatry. Here, we will focus on the pos-
sible role that neurosteroids play in stress-related conditions and
depression, and how these agents might be developed for thera-
peutic purposes. Our emphasis is on steroid derivatives that alter
the function of the y-aminobutyric acid (GABA) transmitter system,
but we also consider other potential targets where appropriate.

2. Neurosteroids and neuroactive steroids

The term “neurosteroid” was coined by Etienne Baulieu in the
early 1980’s and refers to a class of endogenous steroids synthe-
sized in the brain and nervous system from cholesterol that are
potent and effective modulators of the two major neurotransmitter
systems that govern CNS activity - glutamate, the major excitatory
neurotransmitter, and GABA, the major inhibitory neurotransmit-
ter (Baulieu, 1981, 1997). Neurosteroids are a subset of the broader
class of “neuroactive steroids” that includes endogenous agents
made in the body outside the nervous system as well as synthetic
derivatives that have CNS actions similar to neurosteroids (Paul and
Purdy, 1992).

Because they modulate transmitter systems involved in arousal,
cognition, emotion and motivation, neurosteroids (or neuroactive
steroids with improved drug-like properties) have the potential
to become novel treatments for multiple neuropsychiatric disor-
ders (Paul and Purdy, 1992; Zorumski et al., 2000; Frye et al.,
2012). Furthermore, current evidence indicates that endogenous
production of neurosteroids in the brain is altered in behavioral
states of “stress” and in several neuropsychiatric disorders, includ-
ing depression (Girdler and Klatzkin, 2007; Schule et al., 2011).
Thus, these steroids may mediate fundamental mechanisms that
underlie behavioral symptoms that cut across current diagnostic
categories. Potential clinical targets for neurosteroids include mood
and anxiety disorders, schizophrenia, alcoholism, sleep disorders,
chronic pain, epilepsy, traumatic brain injury and neurodegen-
erative disorders (Zorumski et al., 2000; Gunn et al., 2011). The
effects of neurosteroids in most of these disorders are thought to
involve direct actions in the brain, whereas the ability of neuros-
teroids to modulate chronic pain likely involves the spinal cord as
well as brain (Kawano et al., 2011a,b; Sasso et al., 2012). Neuroac-
tive steroids also have potential for development as rapidly acting
intravenous anesthetics (Selye, 1941; Phillipps, 1974; Morgan and
Whitwam, 1985) (Fig. 1).
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Neurosteroids: Sites of Action
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Fig. 2. The figure lists major sites of action that have been indentified for neuros-
teroids. Importantly, steroids have some of their most potent and effective actions
at GABAxRs.

Although the GABA and glutamate neurotransmitter systems
and receptors are major targets for the actions of neurosteroids,
it is important to note that these steroids also alter the function
of other receptors and ion channels. Alternative targets include
nicotinic acetylcholine receptors (Paradiso et al., 2000), glycine
receptors (Jin et al., 2009), sigma receptors (Valenzuela et al., 2008)
as well as voltage-activated calcium (Todorovic et al., 1998, 2004;
Pathirathna et al., 2005), voltage-activated potassium (Schlichter
et al., 2006) and transient receptor potential (Majeed et al., 2011)
channels (Fig. 2). Because neurosteroids are highly effective and
potent modulators of GABA receptors, these will be the focus of
our discussion. While some steroids interact with intracellular
hormone receptors to alter gene expression, the effects we will
describe involve more rapidly occurring actions on cellular signal-
ing pathways, including ligand-gated ion channels. Nonetheless,
intracellular actions, including effects on signaling pathways are
also likely to be important for some agents (Frye et al., 2012).

3. Neurosteroid synthesis in the brain

An intriguing aspect of neurosteroids is that they are syn-
thesized locally in the brain (in addition to the periphery).
Neurosteroids are generated from cholesterol by a series of steps
thatinclude the trafficking of cholesterol to the outer mitochondrial
membrane by a process involving steroidogenic acute regulatory
protein (StAR), shuttling of cholesterol to the inner mitochondrial
membrane by translocator protein 18 kDa (TSPO) and conver-
sion to pregnenolone by CYP11A1, a P450 side-chain cleavage
enzyme (Belelli and Lambert, 2005; Rone et al., 2009; Gunn et al.,
2011). Pregnenolone exits the mitochondria and is converted to
neurosteroids that likely include both GABAAR potentiating and
inhibiting agents. A major pathway involves the conversion of preg-
nenolone to alloP by the sequential actions of 3(3-hydroxysteroid
dehydrogenase/isomerase, 5a-reductase and 3a-hydroxysteroid
dehydrogenase, with progesterone and 3a-dihydroprogesterone
(3a-DHP) serving as intermediates (Belelli and Lambert, 2005;
Gunn et al,, 2011) (Fig. 3). The translocation of cholesterol to
the inner mitochondrial membrane by TSPO is the rate limit-
ing step (Rupprecht et al., 2010). TSPO is part of a multi-protein
complex that includes voltage-dependent anion channel (VDAC)
and adenine nucleotide transporter (ANT) (Papadopoulos et al.,
2006; Rupprecht et al., 2010). TSPO was previously known as the
peripheral (mitochondrial) BDZ receptor and some clinically used
BDZs promote neurosteroidogenesis by activating TSPO (Ferrarese
et al., 1993; Tokuda et al., 2010). The interaction of StAR with the
TSPO complex results in what is referred to as the “transduceo-
some” (Midzak et al., 2011a,b). Photoaffinity labeling studies using
modified neurosteroid analogues have shown labeling of VDAC,
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Fig. 3. The diagram depicts key steps and enzymes involved in the synthesis of
alloP from cholesterol. Conversion of cholesterol to pregnenolone occurs at the inner
mitochondrial membrane.

but the functional significance of this binding remains unknown
(Darbandi-Tonkabon et al., 2003). Interestingly, some steroid ana-
logues can alter TSPO’s ability to bind cholesterol and thus alter
neurosteroid synthesis (Midzak et al., 2011a).

Multiple cells in the brain synthesize neurosteroids raising
the possibility that these agents are local paracrine or autocrine
modulators of neural function. Early studies described a role for
astrocytes and other glial cells, particularly under pathological con-
ditions (Casellas et al., 2002; Chen and Guilarte, 2008; Rupprecht
etal., 2010). In recent years, increasing evidence supports a role for
principal (excitatory) neurons in the synthesis of GABAergic neu-
rosteroids (reviewed in Chisari et al., 2010a). In the hippocampus,
for example, pyramidal neurons are the primary cells that express
the molecular machinery for cholesterol trafficking (Valdez et al.,
2010), as well as key transporters and enzymes in steroid syn-
thesis, including StAR (Kimoto et al., 2001; King et al., 2002; Kim
et al., 2004; Lavaque et al., 2006), TSPO (Tokuda et al., 2010), the
P450 side-chain cleavage enzyme (Kimoto et al., 2001; Shibuya
et al., 2003) and 5a-reductase (Agis-Balboa et al., 2006). A sulfo-
transferase potentially involved in the synthesis of GABA inhibiting
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sulfated steroids is also expressed in pyramidal neurons (Kimoto
et al., 2001). Based on staining with an antibody against 5a-
reduced steroids including alloP, it appears that excitatory neurons
are the primary cells that are immunopositive for neurosteroids
under basal conditions in the brain (Saalman et al., 2007; Tokuda
etal,, 2010, 2011). The level of neurosteroids and neurosteroid-like
immunoreactivity can be modulated by pharmacological agents
including certain BDZs, other TSPO agonists, (Tokuda et al., 2010),
and alcohol (Morrow et al., 1999; Sanna et al., 2004; Tokuda et al.,
2011).

4. Neurosteroids and GABA, receptors

The GABA neurotransmitter system is a major target for neu-
rosteroids. GABA acts at two classes of receptors - ligand-gated
chloride (Cl~) channels called GABA, receptors (GABAsRs) and
metabotropic G-protein coupled receptors called GABAg recep-
tors. Neurosteroids preferentially target GABA-gated Cl~ channels
(Majewska et al., 1986; Paul and Purdy, 1992; Belelli and Lambert,
2005). GABAARs are pentameric proteins structurally related to
nicotinic acetylcholine receptors and are formed from multiple
subunits. At least 19 distinct GABAAR subunits (termed a1-6, B1-
3,v1-3, 8, &, m, 6 and p1-3) have been identified to date (Hevers
and Luddens, 1998; Olsen and Sieghart, 2009). Most native recep-
tors express two o subunits, two [3 subunits and a single y, 6 or &
subunit. Rho (p) subunits can be expressed with other subunits, but
usually form homomeric CI~ channels; receptors expressing p were
previously known as GABA¢ receptors, but are now categorized
as a subtype of GABAaRs. Given the number of identified GABAAR
subunits and the fact that these receptors each have five subunits,
a multitude of potential receptor subtypes could be expressed. It
appears, however, that a few specific subunit combinations reflect
the majority of GABAARs found at synaptic and extrasynaptic sites
in the brain (Sperk et al., 1997; Herd et al., 2007), with about 60% of
GABA,Rs expressing a132v2, 15-20% a2Bvy2, 5% o430 or a4py
and less than 5% a532v2 or a6(32/3vy2 (Rudolph and Knoflach,
2011). Importantly, GABApRs expressing y-subunits are usually
targeted to synapses while receptors expressing the & subunit
form a major class of extrasynaptic receptors (Farrant and Nusser,
2005; Prenosil et al., 2006). In addition to targeting GABAaRs
to synapses, y-subunits convey benzodiazepine (BDZ) sensitivity
when expressed in combination with specific a-subunits (Johnston,
2005). Unlike BDZs, neurosteroids appear to modulate most, if not
all GABAARs expressed in brain, although some evidence suggests
that neurosteroids may have preferential effects on extrasynaptic
d-expressing receptors (Stell et al., 2003; Houston et al., 2012). The
enhanced effects of neurosteroids on d-expressing receptors does
not appear to involve preferential binding to these receptors but
ratherreflects the fact that these GABARs are inefficiently gated by
GABA, and neurosteroids are very effective positive allosteric mod-
ulators under low efficacy conditions (Brown et al., 2002; Wohlfarth
etal., 2002; Shu et al., 2012). In addition to neurosteroids and BDZs,
GABA,Rs are positively modulated and/or directly gated by other
clinically important drugs including barbiturates and a wide range
of general anesthetics (Yang et al., 1992; Johnston, 2005; Korpi and
Sinkkonen, 2006; Houston et al., 2012).

Neurosteroids have complex effects on GABAsRs. Depending
on their chemical structures, neurosteroids can enhance or inhibit
GABAAR function (Majewska et al., 1986, 1988). The prototype
for a GABAjR-potentiating steroid is 3a-hydroxy-5a-pregnane-
20-one (also referred to as allopregnanolone (alloP or 3a5aP)). At
submicromolar aqueous concentrations, alloP augments responses
to sub-saturating levels of GABA, while at higher concentrations
alloP directly opens (gates) GABAs channels in the absence of
GABA (Majewska et al., 1986; Shu et al., 2004). The net effect is to
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Fig. 4. The figure shows the core structure of a 3a-hydroxy pregnane neurosteroid.
In alloP, the hydrogen at C5 is in the a-conformation, while in pregnanolone, the
hydrogen is in the (3-configuration. Synthetic neuroactive steroids have modifica-
tions of this core structure. Key elements for enhancement of GABAaRs include the
pregnane nucleus, the presence of a 3a-hydrogen bond donor and a 173-hydrogen
bond acceptor.

augment synaptic and tonic inhibition in local brain regions
(Yamakura et al., 2001).

Although steroids are highly lipophilic molecules and influ-
ence membrane fluidity (Makriyannis et al., 1991), neurosteroids
potentiate GABARs via specific sites on GABAAR subunits (Chisari
et al., 2010a). GABA potentiating steroids show significant struc-
tural specificity. A 3a-hydrogen bond donor, a 173-hydrogen bond
acceptor and a reduced pregnane ring system all increase activity
(Covey et al, 2001) (Fig. 4). Steroids with either 5a- or 5[3-
configurations are effective and have sedating behavioral effects
(Gee et al., 1995). Neurosteroids act at sites on GABAsRs that are
distinct from other modulators (Turner et al., 1989). Amino acid
residues in transmembrane regions 1 and 4 (TM1 and TM4) of the
al subunit (Q241, N407 and Y410) are critical for steroid poten-
tiation, while residues in a1 TM1 (T236) and 32 TM2 (Y284) are
important for direct channel gating (Hosie et al., 2006). Corre-
sponding residues in other o subunits govern steroid sensitivity
in non-al-containing receptors (Hosie et al., 2008). Other stud-
ies have confirmed the importance of the amino acid residues
involved in GABAAR potentiation but suggest further complexity
in the actions of neuroactive steroids. For instance, some stud-
ies have implicated additional residues in the TM1 region that
contribute to a hydrophobic surface with which steroids interact
(AKkk et al., 2008), and have suggested additional sites of action on
GABAaRs based on complex effects on GABAR ion channel kinetics
(Li et al., 2006). Furthermore, structural modifications of neuros-
teroids can produce synthetic steroids that inhibit the effects of
5a-reduced (but not 53-reduced) steroids on GABA,Rs (e.g. 3a5a-
17-phenylandrost-16-en-3-ol (17-PA)) while having little intrinsic
efficacy on their own (Mennerick et al., 2004). Other synthetic
steroids potentiate GABAsRs while having very weak ability to
directly open GABA channels (e.g. 3a53-18-norandrostane-173-
carbonitrile) (Evers et al., 2010).

Although molecular studies strongly support the notion of sep-
arate sites on GABA4RSs for potentiation and direct gating of GABA
channels (Hosie et al., 2006), single channel recording studies sug-
gest that as many as three distinct sites contribute to potentiation
of GABAresponses (Akk et al.,2004,2007). These latter studies used
cell attached patch clamp recordings to examine modulation at the
single channel level. Based on analysis of clusters of channel open-
ings gated by high concentrations of GABA, it appears that distinct
sites may mediate the ability of neuroactive steroids to produce
three major effects on GABAARs - an increase the frequency of long
duration channel openings, a decrease in activation-dependent
closed times and an increase in the duration of long channel open-
ings, with effects on closed times making the largest contribution to
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enhancement of macroscopic GABA currents (Akk et al., 2004, 2007,
2010). While many neuroactive steroids produce all three effects at
similar concentrations, the 18-nor-steroid described above (Evers
et al,, 2010) has distinct effects on these channel actions at differ-
ent concentrations, with effects on the frequency of long openings
occurring at an order of magnitude higher potency than effects on
the duration of long channel openings (Akk et al., 2004). As noted
above, the latter steroid may also distinguish sites for GABAAR
potentiation from those that mediate direct channel gating (Evers
etal., 2010).

Because steroids are highly lipophilic molecules and affect
membrane fluidity, it was initially thought that non-specific mem-
brane effects were responsible for actions in the brain. Neurosteroid
enantiomers provided the first compelling evidence that effects in
chiral (protein) environments are important in determining actions
on GABAsRs (Wittmer et al., 1996; Nilsson et al., 1998; Covey
et al., 2000), given that enantiomers are mirror image molecules
that have identical effects in lipid settings (Alakoskela et al., 2007;
Covey, 2009). The identification of specific amino acids involved in
neurosteroid effects on GABAARs provided unequivocal direct con-
firmation (Hosie et al., 2006, 2008). Subsequent studies, however,
have revisited the role of cell membranes and the lipophilic prop-
erties of neurosteroids in mediating physiological effects. These
studies have used a combination of single channel recordings in
membrane patches and imaging of fluorescent neurosteroid ana-
logues that are active at GABAARs to show that neuroactive steroids
access intramembranous site(s) on GABAxRs via partitioning in the
lipid milieu of the plasma membrane (Akk et al., 2005). Further-
more, lipid solubility influences the potency and effectiveness of
neuroactive steroids on GABAxRs (Chisari et al., 2010a). Studies
using a series of steroid analogues that varied in lipophilicity by
more than two orders of magnitude (based on logP calculations
describing estimated solubilities in octanol vs. water) indicate that
the potency (and probably efficacy) of the steroids increases with
increasing logP up to a limit. LogP also influences the onset and off-
set kinetics of GABAsR modulation with more hydrophilic steroids
(lower logP) having faster onset and offset of actions (Chisari et al.,
2009). Effective neuroactive steroids typically have logP’s in the
range of 3.0-4.5 and exert threshold effects on GABAsRs at aque-
ous concentrations in the low nanomolar range. For an agent with
a logP of 4, this means that effective concentrations in the mem-
brane where it exerts its primary actions are in the range of at
least 10-100 M (Chisari et al., 2010a). Studies with the fluores-
cent neurosteroid analogues outlined above further indicate that
exogenous applications readily lead to partitioning and accumu-
lation of these steroids in plasma membrane and intracellular
compartments (Akk et al., 2005), with other studies indicating that
movement of steroids from the outside of a cell to intracellular
compartments dampens efficacy (Li et al., 2007b).

To put the effects of neurosteroids into context, it is instructive
to compare their actions to other positive allosteric modulators of
GABA4Rs, including barbiturates and BDZs (Chisari et al., 2010a).
AlloP has a threshold for potentiating GABAARs in the low nanomo-
lar aqueous concentration range (1-10 nM). This is comparable to
BDZs such as lorazepam, but is markedly more potent than pen-
tobarbital (threshold effects in the low micromolar range). AlloP,
however, is much more effective in potentiating GABA responses
compared to BDZs (up to 20-fold enhancement compared to 3-
fold enhancement at low GABA concentrations), but comparable
to barbiturates (Fig. 5). The net effect of GABAsR-potentiating
neurosteroids is to enhance the efficacy of GABA-mediated inhi-
bition, likely contributing to sedating properties of these agents
and their effects on anxiety, mood and seizures. These effects
occur at both synaptic and extrasynaptic GABA,Rs resulting in
enhanced phasic and tonic inhibition, respectively. At synapses,
neurosteroids markedly prolong the duration of GABA-mediated

synaptic currents while having less effect on peak synaptic
responses (Harrison et al., 1987; Zorumski et al., 1998). Compared
to BDZs and barbiturates, neurosteroids also have other attrac-
tive features as therapeutic targets. These include the ability to
manipulate endogenous synthesis, synthetic strategies to dimin-
ish off-target actions, and perhaps more favorable abuse potential
(Morrow et al., 2006). These will be discussed later in the paper.
In addition to GABA potentiating steroids, there are also neu-
rosteroids that dampen responses at GABApRs (Majewska et al.,
1988). These include steroids that are sulfated at the C3 position,
with pregnenolone sulfate (PREGS) and dehydroepiandrosterone
sulfate (DHEAS) serving as prototypes. Additionally, steroids in
which a C3-hydroxyl group is in the $-configuration (as opposed
to the 3a-configuration in GABA potentiating steroids) are non-
competitive GABAsR antagonists, sharing many if not all properties,
other than potency, with the C3-sulfated steroids (Wang et al.,
2002). GABAAR inhibiting steroids exhibit GABA channel activa-
tion dependence, in that they are more potent against higher GABA
concentrations than lower (sub-ECsg) concentrations (Eisenman
et al., 2003). GABA inhibiting steroids act at sites on GABAsRs that
are not yet defined but that are distinct from the site at which
picrotoxin inhibits GABAsRs and are distinct from the sites at
which the GABA potentiating steroids act (Shen et al., 1999; Akk
et al., 2001). GABA inhibiting steroids appear to act by enhanc-
ing desensitization of GABA,Rs (Shen et al., 2000; Eisenman et al.,
2003). Interestingly, under basal conditions low concentrations
of GABA inhibiting steroids have fairly subtle effects on GABA-
mediated inhibitory postsynaptic currents (IPSCs), but markedly
depress IPSCs that have been potentiated by other agents, including
GABA potentiating steroids (Wang et al., 2002). Thus, at appropri-
ate concentrations, these agents can serve as functional antagonists
of GABAAR enhancers. GABAAR inhibiting steroids also share prop-
erties with a number of structurally diverse molecules including
certain amphiphiles (Chisari et al., 2010b) and hydrophobic anions
(Chisari et al., 2011), and can be effective against receptors medi-
ating both tonic and phasic GABAergic inhibition (Shu et al., 2012).

5. GABA and depression

Before considering whether GABAergic neurosteroids play a
role in stress-related disorders and depression, it is important to
consider the evidence for changes in the GABA system in these
conditions. This topic has been extensively reviewed recently by
Luscher et al. (2011) and we will highlight only a few points here.
Based on studies using biochemical measures of GABA in plasma
and cerebrospinal fluid (CSF), there is evidence for decreases in
GABA levels in depression (Brambilla et al., 2003; Luscher et al.,
2011). This is consistent with studies measuring GABA levels in
resected regions of cerebral cortex in individuals with histories of
depression, and measures of GABA levels in cortex using magnetic
resonance spectroscopy, with changes found in both adolescents
and adults with depression (Sanacora et al., 2000; Gabbay et al.,
2011; Luscher et al., 2011). Postmortem studies using brain tis-
sue from neocortex and hippocampus also describe changes in
the GABA system in individuals with mood disorders and have
demonstrated a decrease in the number of GABAergic interneu-
rons in cortex and hippocampus (Benes et al., 2008). These findings
have been most clearly documented in individuals with bipolar
disorder, but some evidence indicates changes in major depres-
sion and schizophrenia (Benes et al., 2008). Although effect sizes
are small, there is also evidence of association of polymorphisms
in several GABAAR genes in depression. These include changes
in a4, a5, B1 and B3 subunits (Luscher et al., 2011). How these
genetic findings translate into altered GABAergic function remains
speculative at present. It is interesting to note, however, that
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Fig. 5. The traces depict the effects of a representative BDZ (lorazepam), barbiturate (pentobarbital) and neurosteroid (alloP) on GABAergic inhibitory postsynaptic currents

(IPSCs) recorded from cultured hippocampal neurons.

the two alpha subunits associated with depression are largely
expressed at extrasynaptic loci in the brain where they mediate
tonic inhibition (Glykys et al., 2008; Brickley and Mody, 2012). For
example, in the hippocampus, a4 subunits are expressed with 8-
subunits at extrasynaptic sites on dentate granule cells, while a5
subunits make significant contributions to tonic GABA inhibition
in pyramidal neurons (Belelli et al., 2009; Houston et al., 2012).
The decreases in GABA levels noted above might also be consis-
tent with changes in tonic inhibition, given that these measures
are unlikely to reflect phasic GABA release at synapses directly.
These observations suggest that tonic disinhibition may underlie
risk for depression and that drugs that enhance tonic inhibition may
be a therapeutic approach to treating or perhaps even preventing
depression in susceptible individuals.

Rodent studies are also consistent with a change in GABAer-
gic function contributing to depressive symptoms. Mice that have
heterozygous deletion of the y2 GABAAR subunit (y2*/~ mice)
exhibit diminished expression of synaptic GABAsRs in hippocam-
pus (35% decrease) and amygdala (6% decrease) (Earnheart et al.,
2007). While there are significant limitations in interpreting mouse
behavioral data in a psychiatric context (Nestler and Hyman,
2010), it appears that y2*/~ mice exhibit features that can be
interpreted as “anxious” and “depressed.” These include abnor-
mal threat bias, overactivity of the hypothalamic-pituitary-adrenal
(HPA) axis with elevated plasma corticosterone, and decreases in
the survival of adult-born granule cells in the dentate gyrus (neu-
rogenesis) (Crestani et al., 1999; Earnheart et al., 2007; Shen et al.,
2010). It also appears that the timing of changes in the GABA
system is important with effects occurring early in development
having the biggest adverse impact on adult behavioral phenotype.
The “anxious-depressed” phenotype is reversed by treatment with
antidepressant medications; desipramine, a tricyclic antidepres-
sant, improves both anxious and depressed features in these mice
and fluoxetine, a selective serotonin reuptake inhibitor (SSRI), pri-
marily improves the anxiety features (Shen et al., 2010). While
these studies suggest that changes in phasic GABAergic inhibition
occur in the 'y2+/— mice, it is also important to note that tonic inhi-
bition could be altered because y2 subunits can be expressed at
extrasynaptic loci (Houston et al., 2012).

Based on the changes outlined above, Luscher et al. (2011) pro-
posed a model to describe the role of GABA in depressive behaviors.
In their model, stess and depression are associated with dimin-
ished GABAergic function in prefrontal cortex and hippocampus.
This results in increased excitatory output from these regions
and altered regulatory control over the release of corticotrophin
releasing hormone (CRH) from neurons in the hypothalamic par-
aventricular nucleus (PVN). Increased CRH then promotes release of
adrenocorticotrophic hormone (ACTH) from the pituitary and ele-
vated cortisol (corticosterone) release from the adrenal glands. The
altered hippocampal output in this model is consistent with other

studies in rats exposed to chronic mild stress (Airan et al., 2007).
In this latter study, a voltage-sensitive dye was used to examine
the propagation of activity through slices of ventral hippocampus
following chronic stress, and demonstrated an input-output mis-
match with diminished activity in the dentate gyrus and enhanced
outflow from area CA1 accompanying chronic stress. These phys-
iological changes were corrected by antidepressant treatment, as
were behavioral changes in the forced swim test; improvement in
both hippocampal physiology and behavior were also associated
with antidepressant-induced neurogenesis in the dentate gyrus
(Airan et al., 2007). Given that the hippocampus generally exerts
negative control over corticosterone secretion, it is important to
consider how the changes outlined above result in enhanced stress
responses and corticosterone secretion. We will revisit this later.

6. Neurosteroids, stress and depression

Several studies have documented decreases in plasma and CSF
levels of alloP and other GABAergic neurosteroids in individu-
als with major depression (Uzunova et al., 1998; Romeo et al.,
1998; Strohle et al., 1999; Rasmusson et al., 2006). Some evi-
dence also suggests increases in 3(3-hydroxysteroids that inhibit
GABARSs (Schule et al., 2011). These changes, particularly changes
inalloP, correlate with symptom severity and reverse with effective
antidepressant treatment. Other studies have examined neuros-
teroid responses to laboratory stressors in women with mood
disorders, including premenstrual dysphoric disorder (Girdler and
Klatzkin, 2007). An intriguing finding is that women with no his-
tory of depression show increases in alloP levels for 30-60 min
following an acute stressor, while women with mood disorders
show decreases in alloP levels. Additionally, women with histo-
ries of prior depression show a similar dampening of alloP levels
in response to acute stress, even when euthymic at the time of
testing (Girdler and Klatzkin, 2007). This suggests that altered
alloP responses to stress may be a marker for risk of depres-
sion.

Successful treatment with some antidepressants is associated
with increases in alloP levels that correlate with improvement
(Uzunov etal., 1996, 1998). How antidepressants alter neurosteroid
levels is not entirely clear although certain psychopharmacological
treatments can increase alloP levels directly and independently of
effects on mood. This is seen with several, but not all antidepressant
treatments including the selective serotonin reuptake inhibitors
(SSRIs), fluoxetine, paroxetine, fluvoxamine and sertraline, but not
mirtazepine (a non-SSRI antidepressant), electroconvulsive ther-
apy (ECT) or repetitive transcranial magnetic stimulation (rTMS)
(Barbaccia, 2004; Esser et al., 2006). It is also important to note that
certain antipsychotic medications, including clozapine and olan-
zapine (Danovich et al., 2008; Ugale et al., 2004), also increase
alloP levels, as can many clinically used BDZs (McCauley et al.,



C.F. Zorumski et al. / Neuroscience and Biobehavioral Reviews 37 (2013) 109-122 115

1995; Bitran et al., 2000). Among BDZs, clonazepam stands out
as an exception having little apparent effect on neurosteroid pro-
duction (Tokuda et al., 2010), likely because of low affinity for
TSPO (Papadopoulos et al., 1992). Interestingly and conversely, it
appears that agents that dampen the endogenous production of
neurosteroids, such as the 5a-reductase inhibitor finasteride, may
be associated with depressive symptoms and cognitive dysfunction
when used to treat alopecia or prostatic hyperplasia although data
supporting this idea are largely anecdoctal (Altomare and Capella,
2002; Rahimi-Ardabili et al., 2006; Irwig, 2012a,b).

Given the higher prevalence of depression in women and the
relationship of neurosteroids to progesterone, there has been con-
siderable interest in determining whether neurosteroids contribute
to depression in the perimenstrual and postpartum periods (Hines
et al., 2011). Progesterone, a precursor of alloP, circulates at low
levels in the late luteal phase but shows 2-4-fold elevation during
the follicular phase of the menstrual cycle. The low levels dur-
ing the late luteal phase correlate with a period of increased risk
for depressed mood (Frye et al.,, 2012). During pregnancy even
more dramatic changes in progesterone are observed, with lev-
els increasing 50-100-fold followed by a precipitous drop in the
immediate postpartum period. In a rodent model, high levels of
progesterone and alloP during pregnancy are associated with com-
pensatory changes in GABARs and a decrease in the expression of
d-subunits that mediate tonic inhibition. In the early postpartum
period as progesterone levels fall, -subunits are under-expressed.
This correlates with increased neural excitability and depressive-
like behaviors that persist until 8-subunit expression is restored
(Maguire and Mody, 2008; Brickley and Mody, 2012). Similar, but
less profound changes may occur during puberty (Shen et al.,
2007). Interestingly, a mouse model with diminished &-subunit
expression is also associated with depression-like behaviors and
infanticide (Maguire and Mody, 2008).

Animal studies provide other support for a role of neurosteroids
in stress and depression. A seminal study by Purdy et al. (1991)
found that following a 10 min period of acute swim stress, levels of
alloP increased in cerebral cortex, hypothalamus and plasma. Corti-
cal alloP levels rose quickly and peaked within 10-15 min of stress
onset with gradual decline to levels below baseline by 2 h after
the stress. Levels in hypothalamus and plasma rose more slowly
and peaked at about 1h after stress. Importantly, alloP has also
been shown to have anxiolytic activity in mice at non-sedating
doses (Crawley et al., 1986). These studies provided early sup-
port for the idea that alloP and other neurosteroids are involved in
stress responses and raise the possibility that these steroids may be
involved in restoring homeostatic mechanisms that are disrupted
by acute stress (Vallee et al., 2000).

Subsequent studies have examined how alloP levels change
following more prolonged stressors. In a model of chronic social iso-
lation stress, Dong et al. (2001) found significant decreases in two
5a-reduced neurosteroids, alloP and its precursor 5a-DHP, with
no changes in pregnenolone or progesterone. Changes in the 5a-
reduced steroids were accompanied by decreases in both mRNA
and protein for 5a-reductase, with no change in 3a-hydroxysteroid
dehydrogenase (3a-HSD), another enzyme in the alloP pathway;
3a-HSD is also referred to as hydroxysteroid-oxidoreductase when
the enzyme catalyzes the degradation of alloP. Rodents exposed
to chronic social isolation show enhanced contextual fear condi-
tioning, a decrement in the ability to extinguish fear responses,
but no change in cued fear responses. These changes in fear con-
ditioning correlate inversely with the expression of 5a-reductase
in hippocampus and amygdala. Changes in alloP levels in the
hippocampus and enhanced fear responses are mimicked by treat-
ment with a 5a-reductase inhibitor and are reversed by treatment
with exogenous alloP or S-norfluoxetine, an antidepressant that
increases alloP levels (Pinna et al., 2003; Pibiri et al., 2008). Other

studies found that socially isolated mice have diminished expres-
sion of 5a-reductase mRNA and decreased alloP levels in frontal
cortex and lateral and basolateral amygdala, as well as decreases
in dentate granule cell and CA3 pyramidal neurons (Agis-Balboa
et al., 2007). These results are consistent with a model of neurocir-
cuit dysfunction involving frontal cortex and hippocampal inputs to
the amygdala, with subsequent changes in the output of the amyg-
dala. Importantly, decreases in the expression of 5a-reductase and
alloP levels are seen as key contributors to altered stress responses,
resulting in downstream changes in other stress-related modula-
tors including corticosterone, and changes in behavior (Patchev
et al., 1994, 1996; Sarkar et al., 2011; Mody and Maguire, 2012).

Current thinking about the biology of stress and depression
focuses on how these conditions alter information processing in
specific neural circuits. While progress is being made in defin-
ing associated changes in intrinsic (resting state) connectivity
networks indentified with functional magnetic resonance imag-
ing (fMRI) in humans (Zorumski and Rubin, 2011; Buckholtz and
Meyer-Lindenberg, 2012), less information is available at cellu-
lar and synaptic levels. Human studies highlight the importance
of amygdala activation in basal stress vulnerability with changes
in hippocampal activity over time being associated with stress-
related behavioral symptoms (Admon et al., 2009), and changes
in the function of specific cortical networks involved in attention,
error detection and emotional/cognitive control (Sylvester et al.,
2012). This is consistent with work in rodents examining changes
in hippocampal-amygdala circuitry. Earlier we described studies
using a voltage-sensitive dye to study the flow of activity in slices
of ventral hippocampus prepared from rats exposed to chronic mild
stress (Airan et al., 2007). In this study, several weeks of recurrent
stress resulted in a “depressed” phenotype in which rats showed
increased immobility in a forced swim test. Behavioral changes in
the forced swim correlated with defects in activity propagation
from dentate gyrus to CA1 with diminished input via the dentate
and enhanced output from area CA1. The input-output defects and
the altered swim test behavior were corrected by antidepressant
treatment and required neurogenesis in the dentate gyrus. This
study provided evidence that a depressed behavioral phenotype
can be associated with specific neurocircuit changes. Correcting
the input defect with enhanced dentate neurogenesis reversed both
the behavioral and physiological changes. A related issue, however,
concerns the factors that resulted in enhanced output of CA1 pyra-
midal neurons and raises questions about whether stress-related
changes in GABAergic neurosteroids may contribute to altered
CA1 function. It is possible that dampening CA1 output, perhaps
via exogenous neuroactive steroids, may be therapeutic in stress
and depression, given the decreases in hippocampal alloP levels
observed in prior studies of chronic stress and the observation
that pyramidal neurons are the principal cells that synthesize alloP
under basal conditions (Agis-Balboa et al., 2006; Saalman et al.,
2007; Tokuda et al., 2010).

7. How does stress alter neurosteroidogenesis?

The studies outlined above indicate that acute stress enhances
the production of GABAergic neurosteroids but that chronic stress
dampens the levels of these steroids. How acute stress promotes
neurosteroid production is not certain, although several signaling
pathways could contribute (Do Rego et al., 2012). These include
endogenous ligands that act on key steps in neurosteroid synthe-
sis. An example is acyl-CoA binding domain protein-1 (previously
known as diazepam binding inhibitor (DBI)), a 10 kDa polypep-
tide, and its derivative triakontatetraneuro-peptide (DBI-17-50)
(Ferrarese et al., 1991). DBI was discovered more than 20 years
ago as an endogenous stress-induced agent that inhibits BDZ
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(diazepam) binding. DBI is an agonist for TSPO and promotes neu-
rosteroid production (Ferrarese et al., 1993).

In peripheral tissue, ACTH and corticosterone stimulate steroid
synthesis via adenylate cylase, cyclic AMP and protein kinase A
(Rone et al., 2009). This is thought to enhance neuroactive steroid
production by phosphorylating key molecules in the biosynthetic
pathway, including StAR. Both the DBI and ACTH pathways could
result in stress-induced neurosteroid synthesis, with ACTH and
corticosterone being intimately involved in central and peripheral
responses to stress.

Increases in intracellular calcium can also serve as a trigger for
neurosteroid synthesis. In peripheral cells, both calcium influx via
low-voltage-activated (T-type) calcium channels (Rossier, 2006)
and calcium release from intracellular stores (Capponi et al.,
1988; Charradi et al., 1996) promote cholesterol trafficking and
initiate the conversion of cholesterol to pregnenolone. In the
CNS, calcium influx via N-methyl-p-aspartate glutamate receptors
(NMDARs) enhances pregnenolone formation and the synthesis
of neurosteroids in hippocampus (Kimoto et al., 2001) and retina
(Guarneri et al., 1998). Recent studies have found that low-level
tonic NMDAR activation is sufficient to promote neurosteroid syn-
thesis in hippocampal pyramidal neurons (Tokuda et al., 2011).
Furthermore, neurosteroid production in the hippocampus by low-
level NMDAR activation negatively modulates the induction of
long-term potentiation (LTP) by initiating a form of neurosteroid-
dependent metaplasticity (Tokuda et al.,, 2011). How NMDARs
activate neurosteroid synthesis is not well understood, although
it is known that the metaplastic effects of low-level NMDAR acti-
vation involve calcium, calcineurin, nitric oxide synthase and p38
mitogen activated protein kinase at the minimum (Izumi et al.,
19924, 2008; Kato and Zorumski, 1993; Zorumski and [zumi, 2012).
The role of NMDARs in promoting neurosteroid synthesis in pyra-
midal neurons provides a potential link between acute stress and
steroid production. There is evidence that acute stress increases
extracellular glutamate in the CNS. These changes in glutamate lev-
els likely reflect corticosterone-induced enhancement of glutamate
release at synapses (Popoli et al., 2012) as well as changes in gluta-
mate uptake (Sandi, 2011). Interestingly, acute stress, like low-level
NMDA receptor activation, can impair LTP induction and learning
via an NMDAR-dependent mechanism (Izumi et al., 1992b; Kim
et al,, 1996; Yang et al., 2008; Zorumski and Izumi, 2012). These
findings may be relevant to clinical depression because changes in
NMDAR function are thought to be associated with the depressed
state (Marsden, 2011).

Because clinical depression and stress-related psychiatric disor-
dersrepresentrelatively persistent states lasting months to years in
some cases, it is also important to consider how changes in neuros-
teroid levels occur as aresult of repeated or chronic stress. As noted,
chronic stress and depression are associated with decrements in
neurosteroid levels. While the mechanisms driving these longer-
term changes are not entirely clear, homeostatic changes resulting
from tonic glutamate accumulation and altered glucocorticoid lev-
els could contribute. Studies in rodents and humans also provide
support for downregulation of key steps in neurosteroid synthesis,
including changes in the expression of TSPO (Rupprechtetal.,2010)
and 5a-reductase (Dong et al., 2001; Agis-Balboa et al., 2007) as a
result of more persistent stress exposure.

8. Potential therapeutic approaches: correcting defective
circuits

Neurosteroids have multiple actions that make them potentially
attractive neurotherapeutic agents. We have emphasized their abil-
ity to modulate GABA,Rs because these receptors are a major
site of action in the brain and there is increasing evidence for

GABAergic dysfunction in mood disorders including depression
(Luscher et al., 2011) and bipolar disorder (Benes et al., 2008). Even
if defects in the GABA and endogenous neurosteroid systems play
only an indirect role in the etiology of neuropsychiatric disorders
(evidence above notwithstanding), neurosteroids could represent
an effective way of circumventing core neurocircuit dysfunction
based on their powerful modulatory actions. Additionally, some
neurosteroids, particularly C3-sulfates, have effects on glutamate-
mediated excitatory transmission via effects on NMDARs and
these could contribute to therapeutic effects. PREGS is an exam-
ple of a sulfated neurosteroid that positively modulates some
NMDARSs, while other sulfated steroids (e.g. pregnanolone sulfate
and epipregnanolone sulfate) inhibit these receptors (Wu et al.,
1991; Park-Chung et al., 1997). The effects of PREGS on NMDARs
appear to be subtype selective with positive modulatory actions
on NR1/NR2A and NR1/NR2B receptors, and inhibitory effects
on receptors expressing NR2C or NR2D subunits in combination
with NR1 (Malayev et al., 2001; Gibbs et al., 2006). Effects on
NMDARSs could be important for new drug development in depres-
sion given recent studies indicating the effectiveness of the NMDAR
antagonist and dissociative anesthetic, ketamine, as a rapidly act-
ing antidepressant treatment (Zarate et al., 2006; Machado-Vieira
et al,, 2009; aan het Rot et al., 2012). However, a current chal-
lenge in developing steroidal NMDAR antagonists for clinical use
is that these agents are generally of low potency. Nonetheless,
if both GABAAR enhancers and NMDAR inhibitors have potential
as antidepressants, then an ideal agent might be one that com-
bines these effects in a single molecule. Such an agent might also
overcome problems with untoward psychotomimetic and path-
omorphological effects of NMDAR antagonists such as ketamine
(Olney et al., 1991). A proof of concept for such an agent is provided
by the synthetic neuroactive steroid, 3a,53-20-oxo-pregnane-3-
carboxylic acid (3a53-PC). This steroid has a carboxyl substitution
at C3 and has dual actions, enhancing GABAsRs and inhibiting
NMDARs (Mennerick et al., 2001). 3a5B-PC diminishes ethanol
self-administration in rodents (O’Dell et al., 2005), but has not yet
been examined in models of stress and depression.

Multiple antidepressant treatments enhance neurogenesis in
the dentate gyrus, and this effect is associated with improvement
in some, but not all depressive symptoms in rodent models (Airan
et al., 2007; Pollak et al., 2008; Santarelli et al., 2003). Certain neu-
rosteroids such as alloP have also been reported to enhance dentate
neurogenesis (Charalampopoulos et al., 2008; Wang et al., 2010;
Irwin et al., 2012). Furthermore, intrahippocampal injections of
alloP exert both antidepressant and anxiolytic effects in rodents,
suggesting that effects on hippocampal circuitry may be germane
to therapeutic actions (Nin et al., 2008). Recent studies suggest
that enhanced neurogenesis in the dentate gyrus contributes to
antidepressant effects because the new adult-born neurons play a
significant role in dampening corticosterone release and in mediat-
ing stress-induced behaviors via regulation of the HPA axis (Snyder
et al,, 2011; Surget et al., 2011). AlloP and other steroids also
have neuroprotective actions including effects on apoptosis and
glutamate-mediated excitotoxicity (Marx et al., 2011). Thus, these
steroids could be well positioned to alter hippocampal and HPA
function in the face of stressors. An intriguing twist on this story is
that, under conditions of recurring stress, the normally inhibitory
effects of GABA and neurosteroids on hypothalamic CRH neurons
may become excitatory because of depolarizing changes in the
Cl~ equilibrium potential resulting from altered expression of Cl~
transporters. Under these conditions, GABA and neurosteroids may
enhance stress responses via effects on extrasynaptic 8-containing
GABAaRs (Hewitt et al., 2009; Sarkar et al., 2011). How this cir-
cuitry is reset to baseline following stress and the role of changes in
neurosteroid levels in modulating this circuitry remain uncertain,
but these data suggest that the effects of neurosteroids are likely
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Neurosteroids & GABA,Rs:
Potential Therapeutic Approaches

+ Exogenous neuroactive steroids

* Enhance neurosteroid synthesis
« Precursors (pregnenolone)
« TSPO agonists (BDZs, agonists)
* 3a-HSD (fluoxetine)

Fig. 6. The diagram lists potential therapeutic strategies for altering the function of
neurosteroids.

to be complex and dependent upon the timing of stress responses
and neuroactive steroid administration (Mody and Maguire, 2012).
Even with this caveat, it is clear that neurosteroids are important
modulators of stress responses and the preponderance of evidence
indicates that neuroactive steroids have antidepressant and anxi-
olytic actions in chronic stress models via their ability to enhance
inhibitory effects of GABA (Dong et al., 2001).

There are several potential strategies that can be used to
manipulate the actions of neurosteroids in the treatment of neu-
ropsychiatric disorders (Fig. 6). Perhaps the most straightforward
approach is the use of synthetic neuroactive steroids to supplement
or replenish endogenous agents. Such an approach is exempli-
fied by the development of alphaxalone as an anesthetic drug in
the 1980’s. Althesin, a combination of the 5a-reduced steroids
alphaxalone and alphadolone acetate, was an effective intravenous
anesthetic with relatively fast rates of onset and offset of action
and favorable cardiovascular side effects (Morgan and Whitwam,
1985; Zorumski et al., 2000). Unfortunately, allergic reactions to
formulation in Cremophor EL led to discontinuation of Althesin
as an anesthetic in humans. The neuroactive steroid, ganaxolone,
is another example of a synthetic neuroactive steroid that has
been used in clinical trials for epilepsy and migraine headaches
(Monaghan et al., 1997). Ganaxolone is a GABAjR-enhancing, 5o~
reduced pregnane steroid with a 3(3-methyl substitution that helps
to protect the C3 hydrogen bond donor from enzymatic transfor-
mation in vivo. Although ganaxolone has low oral bioavailability,
clinical experience with this compound, both with respect to effi-
cacy in epilepsy and safety have been encouraging. As with many
steroids, the low aqueous solubility and poor oral bioavailability
of ganaxolone have been problematic although more recent efforts
have been directed toward improving delivery of this agent through
novel formulations (Reddy and Rogawski, 2009). Potential compli-
cating issues with neuroactive steroids include possible endocrine
effects via actions on intracellular (hormonal) steroid receptors.
However, there are synthetic strategies that can circumvent these
off-target actions, including the use of enantiomers that act on
GABAjRs but have little or no activity at conventional intracel-
lular nuclear hormone receptors. Enantiomers of etiocholanolone
and androsterone are examples in which unnatural enantiomers
are effective GABAAR modulators while their natural counterparts
are weak nuclear hormone receptor agonists at best (Katona et al.,
2008; Krishnan et al., 2012). Interestingly, these ent-steroids may
interact with sites on GABAARs that are distinct from natural steroid
sites (Li et al., 2007a). An attractive feature of using exogenous neu-
roactive steroids as treatments is that these agents would be well
positioned to circumvent defects in the synthesis of endogenous
neurosteroids that have been described in depression and chronic
stress.

An alternative approach is to use agents that alter neurosteroid
biosynthesis. For example, enhanced activity of the steroidogenic
enzyme, 3a-HSD, appears to underlie the ability of fluoxetine
to increase brain alloP levels (Griffin and Mellon, 1999). Other

strategies for altering alloP levels include the use of precursors
such as pregnenolone. Indeed, Marx et al. (2009) have done human
proof-of-concept studies demonstrating that oral pregnenolone
can enhance the endogenous production of several neurosteroids,
including alloP, and can improve negative symptoms of schizophre-
nia. While preliminary, these results suggest a potential avenue
to treatment. The mitochondrial translocator protein, TSPO, also
represents a target for enhancing endogenous neurosteroid pro-
duction and there is evidence for diminished expression or function
of TSPO in several psychiatric disorders including anxiety disor-
ders and depression with anxiety (Rupprechtetal., 2010). Although
there are ligands for imaging TSPO in the human brain (Owen and
Matthews, 2011), the work to date on the role of TSPO in psychiatric
disorders has largely focused on changes in peripheral tissues. TSPO
agonists promote the movement of cholesterol from the cytoplasm
to the inner mitochondrial membrane to initiate neurosteroid syn-
thesis. Early work indicated that TSPO agonists have anxiolytic
effects in rodents (Romeo et al., 1992) that are mediated at least in
part via effects in the hippocampus (Bitran et al., 2000), and these
agents have been shown to modulate GABAAR function (Rupprecht
et al., 2009; Tokuda et al., 2010). Recent work identified a novel
agent, XBD173, that increases neurosteroid production and, in pre-
liminary human studies, has anxiolytic effects comparable to the
BDZ, alprazolam, but with diminished side effects (Rupprecht et al.,
2009).

A potential problem in the use of TSPO agonists or other agents
that enhance neurosteroid synthesis is that these agents would
be predicted to increase steroid production in both the periphery
and in the CNS, possibly resulting in complex off-target systemic
effects. Another significant concern with efforts to enhance neu-
rosteroids endogenously or with exogenous synthetic agents is that
these steroids are very potent and effective modulators of tonic and
phasic GABAergic inhibition. Thus, sedation, incoordination, cogni-
tive impairment and other side effects could limit therapeutic use.
In both rodents and humans, however, this does not appear to be a
major problem and these agents can improve anxiety and anhedo-
nia atlevels that do not cause significant adverse effects (Marx etal.,
2009; Rupprecht et al., 2009). Neurosteroids have an additional
benefit in that they may also have positive effects on alcoholism
and substance use disorders that are often co-morbid with depres-
sion and anxiety disorders (Morrow et al., 2006). Ethanol stimulates
neurosteroid production acutely and it is possible that longer-
term effects of repeated ethanol use on neurosteroid levels may
contribute to anxiety and depressive syndromes that arise in the
context of alcohol abuse (Morrow et al., 1999, 2001) as well as
defects in cognition and the function of neurocircuits (VanDoren
et al,, 2000; Sanna et al., 2004; Izumi et al., 2007).

9. Summary and future directions

The evidence reviewed here strongly suggests that CNS and
peripheral neurosteroid production is altered in depression and
stress-related conditions. Furthermore, alterations in neuros-
teroids likely cut across current psychiatric diagnoses and include
mood, anxiety, substance abuse and possibly psychotic disor-
ders. Exogenous neuroactive steroids and approaches that enhance
endogenous neurosteroid synthesis, either by precursor strategies
or by targeting biosynthetic pathways, have potential for phar-
maceutical development. Given their role as local endogenous
modulators in the brain, neurosteroids may be uniquely positioned
to modulate neuronal networks involved in several neuropsychi-
atric disorders, and have the potential to correct a biochemical
defect contributing to multiple symptoms and dysfunction. Despite
the fact that GABA-enhancing steroids are potent and highly effec-
tive modulators, their effects both in vivo and in vitro can be
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relatively subtle in terms of changes in behavior and neuronal cir-
cuits (Tokuda et al., 2010). It is important to note, however, that
the aqueous potency of highly lipophilic neuroactive steroids such
as alloP and its derivatives does not necessarily translate into high
potency at membranous sites of action on receptors and ion chan-
nels where the local concentration vastly exceeds the aqueous
concentration (Chisari et al., 2010a). The high lipophilicity indi-
cates that these agents can accumulate at high concentrations in
membranes, and thus, their effects can result from low affinity
interactions with specific targets. Furthermore, information about
the importance of membrane partitioning and intracellular pools
of these neuroactive steroids in mediating their pharmacologi-
cal effects is relatively sparse. Such membrane partitioning and
sequestration could provide mechanisms for modulating excessive
effects (Lietal.,2007b) or possibly for providing reservoirs for more
prolonged activity at key sites of action (Akk et al., 2005; Chisari
et al., 2009). The latter observations may underlie the fact that
exogenous applications of alloP or TSPO agonists have relatively
subtle effects on hippocampal network function, but can modulate
and markedly potentiate other agents acting on GABAARs or other
receptors (Tokuda et al., 2010, 2011).

Although we have emphasized the importance of GABA (and
glutamate) receptors, neurosteroids have other synaptic and
extrasynaptic “targets” that could contribute to their psychother-
apeutic actions, including potent effects on other receptors and
channels. Several lines of evidence also suggest a role for mitochon-
drial and microtubule dysfunction in psychiatric illnesses including
mood and psychotic disorders (Manji et al., 2012). Effects on
these systems (Midzak et al., 2011b), including the ability of some
neuroactive steroids to bind to mitochondrial associated proteins
such as VDAC (Darbandi-Tonkabon et al., 2003) and microtubule
proteins such as MAP-2 (Bianchi and Baulieu, 2012) and tubu-
lin (Chen et al., 2012), are also potential targets for therapeutic
intervention. Indeed, recent animal studies suggest that a novel
steroid, 33-methoxy-pregnenolone, has antidepressant actions via
effects on microtubules (Bianchi and Baulieu, 2012). The neuro-
protective (Langmade et al., 2006) and neurorestorative effects
of neurosteroids, including enhanced neurogenesis (Irwin et al.,
2012), are also important to consider, in light of the repeated
observation that stress-related psychiatric disorders are associ-
ated with changes in brain volume in hippocampus, neocortex
and other regions (Zorumski and Rubin, 2011). Neurosteroids also
have effects on pregnane xenobiotic receptors (PXRs), a class of
nuclear receptors that regulates the expression of a variety of
genes, including signaling pathways involved in mood, cognition
and motivation (Frye et al., 2012). How their effects on alterna-
tive intracellular targets and other signaling pathways intersect
with actions at plasma membrane GABA, glutamate or other ion
channels remains to be determined. However, based on their inter-
actions with multiple CNS targets, neurosteroids may represent
good lead structures or starting points for further optimization into
drugs that may prove useful for treating symptoms that are shared
across a number of stress and mood-related neuropsychiatric dis-
orders.
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