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Abstract

For many years, research from around the world has suggested that the neuroactive steroid (3a,
5a)-3-hydroxypregnan-20-one (allopregnanolone or 3a.,5a-THP) may have therapeutic potential
for treatment of various symptoms of alcohol use disorders (AUDs). In this critical review, we
systematically address all the evidence that supports such a suggestion, delineate the etiologies of
AUD:s that are addressed by treatment with allopregnanolone or its precursor pregnenolone, and
the rationale for treatment of various components of the disease based on basic science and
clinical evidence. This review presents a theoretical framework for understanding how endogenous
steroids that regulate the effects of stress, alcohol and the innate immune system could play a key
role in both the prevention and treatment of AUDs. We further discuss cautions and limitations of
allopregnanolone or pregnenolone therapy with suggestions regarding the management of risk and
the potential for helping millions who suffer from AUDs.

Introduction

The magnitude of the problem of alcohol addiction likely results from the plethora of
signaling and neuronal pathways that are dysregulated in those who drink excessively and
lose control over their drinking behavior. It is well established that various different neural
systems are dysregulated by chronic ethanol exposure (Crews et al., 1996) and dysregulation
of many structural aspects of brain and its circuits are apparent (Zahr and Pfefferbaum,
2017, Abrahao et al., 2017). How do we shift the balance in favor of recovery?

This review addresses the rationale for using the neuroactive steroid allopregnanolone or its
precursor pregnenolone for treatment of alcohol addiction or alcohol use disorders (AUDS).
This rationale addresses three major hypotheses of alcohol addiction and delineates how the
neuroactive steroid allopregnanolone interrupts each of these paths to addiction. We will
present the theories that ethanol addiction results from 1) the loss of central nervous system
(CNS) inhibition due to adaptations in -y-aminobutyric acid type A (GABA) receptor-
mediated neurotransmission across brain, 2) excessive corticotropin releasing factor (CRF)
signaling that dysregulates the hypothalamic-pituitary-adrenal (HPA) axis and
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extrahypothalamic CRF circuits across brain and 3) excessive pro-inflammatory
neuroimmune signaling through Toll-like receptors (TLRS) in the innate immune system and
the brain. Next, we will review the evidence that allopregnanolone or pregnenolone
counteract these ethanol-induced adaptations to restore GABAergic inhibition, moderate
CRF signaling across brain and inhibit TLR signaling in the innate immune system and
brain. We argue that the endogenous neuroactive steroids may represent protective factors
that prevent the development of alcohol addiction vulnerability and could be valuable
therapeutics for AUDs. The pleiotropic actions of these neuroactive steroids provide an
attractive strategy to simultaneously address multiple mechanisms of alcohol addiction in its
treatment. In addition, this rationale summarizes evidence that neuroactive steroids moderate
many of the co-occurring symptoms of alcohol addiction, including anxiety, depression,
seizures, sleep disturbance, and pain, that likely contribute to the spiral of addiction to
alcohol.

I. Alcohol addiction results from loss of GABA, receptor-mediated inhibition across the

brain

Many laboratories have established that ethanol-induced adaptations in GABA receptor
plasticity are associated with the development of ethanol dependence in rodent models (for
review, see (Grobin et al., 1998, Kumar et al., 2009, Olsen and Liang, 2017). Furthermore,
there is congruent evidence for loss of GABAergic inhibition in post-mortem human brain of
patients (mostly males or unspecified) with AUDs (Volkow et al., 1993, Mitsuyama et al.,
1998, Behar et al., 1999, Lingford-Hughes et al., 2005, Dodd et al., 2006). The studies show
that ethanol induces adaptations in both synaptic and extrasynaptic GABA receptor
expression and/or function in cortex, hippocampus, and central amygdala in various animal
models of dependence. Overall, there is a loss of GABAergic inhibition, manifest by losses
in both phasic and tonic inhibition, tolerance to ethanol, and cross-tolerance to
benzodiazepines and other sedative hypnotics acting on GABA receptors at the cellular
level (Kumar et al., 2009, Bohnsack et al., 2018, Olsen and Liang, 2017). As a result of this
growing body of evidence, we and others have proposed that ethanol addiction evolves in
response to a loss of GABAergic inhibition across brain that results in an imbalance in
excitatory and inhibitory signaling, leading to loss of control over neural firing in a plethora
of circuits that regulate behavioral control of alcohol seeking and intake. Some examples of
circuits that are over-activated in part due to loss of GABA receptor-mediated inhibition
include the medial prefrontal cortex (mPFC) — basolateral amygdala circuit (male C57 mice)
(Pleil et al., 2015), the mPFC — central nucleus of the amygdala (CeA) circuit (male and
female rats) (Hughes et al., 2019), intra-hippocampal circuits (male rats) (Liang et al., 2004),
intra-amygdalar circuits (male rats and mice) (Herman and Roberto, 2016, Herman et al.,
2016) and ventral tegmental area (VTA) circuits (mice, unspecified sex) (Arora et al., 2013).
In addition, there is compelling evidence for ethanol-induced loss of tonic currents across
brain. In the hippocampus, there is a decrease in basal tonic currents, as well as blunting of
the enhancement in tonic currents induced by ethanol, gaboxadol (4,5,6,7-
tetrahydroisoxazolo(5,4-c)pyridin-3-ol, THIP), or Ro15-4513 (male rats) (Liang et al., 2004,
Liang et al., 2006). In cerebral cortical cultured neurons (from mixed sex rat pups), there is
internalization of extrasynaptic a 46 GABAA receptors that results in the loss of tonic
inhibition as well as responses to THIP and ethanol (Carlson et al., 2016). In the central
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amygdala, there is a selective loss of tonic inhibition in the CRF1 receptor positive neurons
that regulate neuronal output (male mice) (Herman et al., 2016). Since ethanol addiction
results in the loss of both phasic and tonic inhibition in humans and animal models of
addiction, therapeutics that restore GABA inhibition to normal levels may be beneficial for
treatment during withdrawal periods where CNS excitation interferes with treatment,
recovery and relapse prevention.

While benzodiazepines clearly enhance phasic GABAergic inhibition across brain, these
compounds also promote the uncoupling and internalization of synaptic GABA, receptors
(male rats, unspecified sex in mice) (Gallager et al., 1984, Tehrani and Barnes, 1997) and
hence they promote the very mechanisms that lead to some of the ethanol-induced deficits in
GABAergic inhibition. Indeed, the risk of benzodiazepine dependence is also a serious
concern. Furthermore, benzodiazepines do not promote tonic inhibition or activate
extrasynaptic GABAp, receptors containing 6 subunits (male mice) (Stell et al., 2003), so
benzodiazepine therapy is unlikely to replace the loss of tonic inhibition following chronic
ethanol exposure. Unfortunately, these considerations have not been incorporated into
clinical practice and the continued use of benzodiazepines for alcohol withdrawal symptoms
and detoxification may explain the relative ineffectiveness of this treatment with respect to
the prevention of relapse (women and men) (Moos and Moos, 2006, Garbutt et al., 1999).
We must do better in the treatment of alcohol withdrawal symptoms and detoxification.

a. Evidence that neuroactive steroids increase both phasic and tonic GABAx
receptor-mediated inhibition—Neuroactive steroids that are 3a.,5a-reduced derivatives
of progesterone, deoxycorticosterone, dehydroepiandrosterone and testosterone, are
endogenous positive modulators of all GABA receptor subtypes (Puia et al., 1991, Kokate
etal., 1994, Reddy and Rogawski, 2002, Belelli et al., 2002, Herd et al., 2007).
Allopregnanolone and allotetrahydrodeoxycorticosterone (3a.,5a-THDOC) exhibit high
potency at most subtypes of recombinant GABA receptors (Puia et al., 1990, Puia et al.,
1993), although they are more potent at some extrasynaptic GABA receptors containing
the & subunit (Belelli and Lambert, 2005, Carver and Reddy, 2013). For example, low
concentrations of 3a,5a-THDOC, which have no effect on phasic conductance mediated by
synaptic GABA receptors, selectively enhance tonic currents mediated by 6 subunit
containing GABA receptors in mouse dentate gyrus and cerebellar granule cells (Stell et
al., 2003). Likewise, allopregnanolone and the synthetic neuroactive steroids SGE-516 and
ganaxolone also increase tonic currents in dentate gyrus granule cells (LTK cells and male
mice) (Modgil et al., 2017). Although the neuroactive steroid binding sites are located at the
interface of the a and B subunits of synaptic receptors (Hosie et al., 2006), the 6 subunit is
thought to be responsible for the enhanced sensitivity to neuroactive steroids. In fact, &
subunit knockout mice have blunted tonic currents along with reduced sensitivity to
neuroactive steroid modulation of GABAA receptors (unspecified or male mice) (Mihalek et
al., 1999, Stell et al., 2003, Spigelman et al., 2003). Furthermore, a4 subunit knockout mice
also display a loss of & subunits and blunted tonic inhibition (unspecified sex) (Chandra et
al., 2006), along with a reduced GABAergic potentiation by alphaxalone (male mice) (Liang
etal., 2008).
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Transient fluctuations in the levels of endogenous neuroactive steroids, which occur
physiologically during the ovarian cycle or during pregnancy, alter GABA receptor subunit
expression and tonic currents in a way that parallels steroid concentrations. Thus, elevated
allopregnanolone levels during the diestrus phase of the female mouse ovarian cycle
(Maguire et al., 2005), or at gestational day 19 in pregnant female rats (Sanna et al., 2009)
are associated with increased expression of 6 subunit-containing GABA receptors and
subsequent enhancement in tonic inhibition. However, the in vivo regulation of extrasynaptic
GABA receptor expression and function by neuroactive steroids may be more complex,
given that conditions associated with low allopregnanolone concentrations also enhance a4/
&-subunit containing GABA, receptors and associated tonic inhibition (males and females)
(Serra et al., 2006, Shen et al., 2007, Carver et al., 2014, Locci et al., 2017).

b. Evidence that neuroactive steroids may restore deficits in GABA
inhibition—Neuroactive steroids might represent a useful therapeutic approach to restore
deficits in GABAergic inhibition, observed in patients with AUDs. This argument is
supported by data from animal models of alcohol addiction and effects of neuroactive
steroids in other conditions that involve the loss of inhibitory control in the CNS. Some
examples are described.

i. Anxiolytic and antidepressant actions in animals and humans: Administration of
allopregnanolone exerts anxiolytic-like and antidepressant-like effects in rodents (Crawley et
al., 1986, Bitran et al., 1991, Khisti et al., 2000), which may be important for prevention and
recovery from AUDs. Similar effects are reported in humans; specifically, intravenous
infusion of Brexanolone, a proprietary formulation of allopregnanolone by Sage
Therapeutics, exerts a rapid effect in counteracting postpartum anxiety and depression.
Women with moderate to severe postpartum depression showed a quick improvement in
agitation, anxiety and depressive symptoms following a 60-hour constant intravenous
infusion of the drug, an effect that lasted more than a month (Kanes et al., 2017, Meltzer-
Brody et al., 2018). Such rapid and long-lasting effects represent a major breakthrough for
the treatment of depression. While it is unknown if the therapeutic effects of Brexanolone
for postpartum depression are dependent on its GABAergic activity, this concept seems
likely. Previous evidence has documented that GABA inhibition is compromised in patients
with depression, since levels of GABA are reduced in plasma, cerebrospinal fluid and
occipital cortex of depressed subjects, while GABA receptors and physiological activity
are also diminished in males and females (Sanacora and Saricicek, 2007, Croarkin et al.,
2011). The recent studies with Brexanolone represent important clinical evidence supporting
the idea that restoration of GABAergic inhibition may be therapeutic for depression,
although other mechanisms are likely involved.

ii. Anticonvulsive effects in ethanol dependent rats: The GABAergic neuroactive
steroids have potent anticonvulsant effects in several animal models (Reddy and Rogawski,
2012). Likewise, acute ethanol-induced elevations of allopregnanolone contribute to its
anticonvulsant effects in male rats (VanDoren et al., 2000). By contrast, alcohol dependence
reduces GABAergic inhibition across brain, including the sensitivity to GABA- and ethanol-
induced anticonvulsant actions, thus leading to increased seizure susceptibility in male and
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female rats. In fact, allopregnanolone administration before seizure induction blocks the
increased seizure susceptibility induced by ethanol withdrawal in male and female
dependent rats and male mice, with female rats being more sensitive to the protective effect
of neurosteroids (Devaud et al., 1995, Finn et al., 1995, Devaud et al., 1998). Chronic
intermittent ethanol exposure, which causes a reduction in hippocampal allopregnanolone
content, also decreases seizure threshold in male rats, an effect that is reversed by
alphaxalone administration (Cagetti et al., 2004). In male rats ethanol dependence produces
tolerance to ethanol and cross-tolerance to benzodiazepines and barbiturates, including the
anticonvulsant effect of benzodiazepines (Devaud et al., 1996). However, ethanol-dependent
male rats are sensitizedto the anticonvulsant effects of allopregnanolone and 3a.,5a-
THDOC, and their GABA, receptors also have enhanced sensitivity to the actions of
neuroactive steroids (Devaud et al., 1996, Cagetti et al., 2004). Thus, GABAergic
neuroactive steroids may be therapeutic during ethanol withdrawal, and their use may have
advantages over benzodiazepine therapy since benzodiazepines exhibit cross-tolerance with
ethanol.

iii. Effectiveness in status epilepticus: Status epilepticus is a neurological life-threatening
condition characterized by continuous or recurring seizures with loss of consciousness for
more than 30 minutes. Patients with this condition do not respond to the classical
benzodiazepine therapy because seizures are likely to alter GABAp, receptors subunit
expression and trafficking (Rogawski et al., 2013) (mostly based on studies in males). In
fact, preclinical studies in male rat models of status epilepticus showed that benzodiazepine
sensitive synaptic GABA receptors are internalized, causing a reduction in synaptic
inhibition (Naylor et al., 2005), while benzodiazepine insensitive extrasynaptic a4/&
GABA receptors do not internalize and are functional (Goodkin et al., 2008), thus
representing a putative pharmacological target for status epilepticus. Given that GABAergic
neuroactive steroids have potent anticonvulsant effects in several animal models (Devaud et
al., 1995, Reddy and Rogawski, 2012), and potent modulatory actions at extrasynaptic
GABA receptors (Belelli and Lambert, 2005), they may be valuable therapeutic agents.
Indeed, allopregnanolone and its synthetic 3g-methyl analog ganaxolone both proved
effective in rodent (mostly males) models of treatment-resistant status epilepticus (Rogawski
et al., 2013, Zolkowska et al., 2018). Furthermore, case reports,limited to two young girls
and two young adult men, suggested that intravenous allopregnanolone may be therapeutic
for status epilepticus in a number of individuals (Broomall et al., 2014, Vaitkevicius et al.,
2017). However, a clinical trial (https://clinicaltrials.gov/ct2/show/study/NCT02477618)
evaluating the efficacy of Brexanolone did not show any improvement for the treatment of
super refractory status epilepticus in human patients, (https://investor.sagerx.com/news-
releases/news-release-details/sage-therapeutics-reports-top-line-results-phase-3-status-trial),
although its intravenous administration was well tolerated among adults and children
(Vaitkevicius et al., 2017)https://clinicaltrials.gov/ct2/show/NCT02477618?
term=NCT02477618&rank=1. Dosing of allopregnanolone and variations in metabolism
among patients are issues that may have impacted the outcome of this study, since some
patients clearly responded to the therapy.
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iv. Potential effectiveness in sleep disturbances: Both synaptic and extrasynaptic

GABA receptors contribute to regulate sleep and wakefulness. Benzodiazepines,
traditionally used to treat insomnia, typically act on synaptic a1-2-3-58y2 GABAA
receptors mediating phasic inhibition. Benzodiazepines shorten latency to sleep and increase
sleep continuity (Winsky-Sommerer, 2009). In addition, endogenous neuroactive steroids
also exert sedative-hypnotic actions in male rats (Mendelson et al., 1987, Lancel et al.,
1997), similar to other exogenous modulators (THIP) of extrasynaptic a4p6 GABAA
receptors (Belelli and Lambert, 2005). Indeed, tonic inhibition mediated by a4p5 GABA,
receptors in the thalamus and cortex, by adjusting the excitability of neuronal circuitries,
plays an important role in modulating the magnitude and frequency of network oscillation
characterizing waking and sleep (Winsky-Sommerer, 2009). Sleep disturbances are reported
in AUDs, and alcohol’s action on GABA, receptors is thought to contribute to sleep loss
and increased wakefulness (Koob and Colrain, 2019). Moreover, blunted neuroactive
steroids responses to stress were associated with poor sleep quality in pregnant women
(Crowley et al., 2016) and, given that alcoholics also show blunted HPA and neuroactive
steroids responses to stress (Adinoff et al., 1990, Adinoff et al., 2005b, Adinoff et al., 2005c,
Adinoff et al., 2005a, Porcu et al., 2008), these alterations might contribute to sleep
dysregulation. Thus, administration of neuroactive steroids might ameliorate sleep quality in
AUDs by restoring GABAergic tone.

In summary, deficits in inhibitory transmission in the CNS are hallmarks of alcohol
addiction and many of the definitive symptoms of AUDs. The neuroactive steroid
allopregnanolone is capable of correcting deficits in inhibitory neurotransmission and has
demonstrated clinical efficacy for treatment of anxiety, depression, seizures and sleep in both
animal models and early human clinical trials. Figure 1 summarizes the theoretical basis of
this argument. Importantly, allopregnanolone exhibited no evidence of toxicity or untoward
effects in any study to date. The overlap and co-morbidity of these conditions in AUDs
should not be ignored and based on these observations, the potential for allopregnanolone
therapy warrants immediate consideration.

II. Alcohol addiction results from excessive CRF signaling

CRF signaling across the brain plays a major role in drug addiction, starting from the initial
activation of the HPA axis through enhancement of hypothalamic CRF by acute
administration of several drugs of abuse, to the subsequent phases of binge/intoxication,
withdrawal, and relapse/reinstatement (Koob, 2013) that involves the extrahypothalamic
CRF system in the extended amygdala (Zorrilla et al., 2014).

CRF is a 41 amino acid polypeptide widely distributed throughout the brain. The highest
densities of CRF neurons are found in the paraventricular nucleus (PVN) of the
hypothalamus, where CRF is the main effector of the response to stress mediated by HPA
activation (male rats) (Rivier and Vale, 1983). CRF-positive cells are also abundant in
extrahypothalamic structures of the extended amygdala, in particular the CeA, and the bed
nucleus of the stria terminalis (BNST) (male mouse) (Peng et al., 2017), which mediate the
behavioral and emotional response to stress (Schreiber and Gilpin, 2018). CRF binds to two
types of Gs protein-coupled receptors, CRF receptor type 1 (CRFR1) and type 2 (CRFR2).
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CRFR1s are widely expressed throughout the brain and trigger the HPA response to stress as
well as anxiogenic behavior. The role of CRFR2s, whom CRF binds with lower affinity, is
less clear and may involve maintenance of homeostasis (Henckens et al., 2016).

In basal conditions, the CRF neurons are under the inhibitory influence of GABAergic
interneurons located in the PVN (Cullinan et al., 2008) as well as in extrahypothalamic
regions including BNST, VTA and nucleus accumbens (NAc). During acute stress, the main
neurotransmitters released in PVN are norepinephrine and glutamate (Herman et al., 2002).
However, chronic alcohol exposure, like chronic stress, disrupts the equilibrium between
excitatory/inhibitory inputs, causing a decrease in inhibition and an increase in excitatory
signals that results in hyperactivity of the HPA axis.

a. Evidence for exacerbation of CRF signaling across brain in ethanol
dependence—Ethanol, like other drugs of abuse, activates the HPA response to stress
during acute withdrawal via hypothalamic CRF and CRFR1 activation that results in
elevated adrenocorticotropic hormone (ACTH) and corticosteroids; within hours it also
activates the extrahypothalamic CRF response, with subsequent increased CRF release from
the amygdala, which through CRFRL1, increases GABA release in the CeA. Likewise, binge
alcohol drinking also affects hypothalamic and extrahypothalamic CRF signaling in different
ways depending on species, age and experimental procedures employed. Chronic alcohol
exposure increases hypothalamic and extrahypothalamic CRF gene expression immediately
after consumption. However, during withdrawal hypothalamic CRF and CRFR1 expression
is reduced, with subsequent blunting of the HPA response, whereas extrahypothalamic CRF
release is increased within the CeA and BNST (see (Agoglia and Herman, 2018, Roberto et
al., 2017) and (Schreiber and Gilpin, 2018) for review). It has been hypothesized that
upregulation of CRF signaling may contribute to negative affect during withdrawal that
motivates escalation of alcohol drinking (Zorrilla et al., 2014).

The majority of these studies have been conducted in male rodents. However, preclinical
studies demonstrated cellular and molecular sex differences in stress response systems,
including CRFR1 coupling, signaling, and trafficking (reviewed in (Bangasser and
Valentino, 2014, Oyola and Handa, 2017, Logrip et al., 2018)). Further studies are needed to
determine sex differences in ethanol effects on CRF signaling.

CRF signaling also modulates the rewarding properties of alcohol and influences its
consumption. A reduction in ethanol intake has been observed in CRF and CRFR1 knockout
mice. Likewise, CRFR1 antagonists reduced binge-like ethanol drinking, drinking in
dependent animals, as well as drinking in non-dependent animals that consume large
amounts of alcohol. CRF signaling in the CeA has been thought to play a critical role in this
effect, given that antagonism of CRFRL1 in the CeA, but not BNST or NAc, reduced alcohol
self-administration in dependent rats (Agoglia and Herman, 2018, Schreiber and Gilpin,
2018, Zorrilla et al., 2014).

A dysregulation of the extrahypothalamic CRF systems is hypothesized to play a role in the
negative symptoms of withdrawal and subsequent relapse. In fact, the extrahypothalamic
CRF signaling, activated by multiple withdrawal cycles, sensitizes the brain to such repeated
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cycles, thus contributing to negative emotional states (i.e. anxiety-like behavior) that trigger
relapse and maintenance of drug taking (Zorrilla et al., 2014). In line with this interpretation,
it has recently been shown that optogenetic inactivation of CRF neurons in the CeA reduced
alcohol consumption and withdrawal symptoms in dependent male rats (de Guglielmo et al.,
2019). CRFR1 are also involved in these processes; in fact, withdrawal-induced anxiety is
absent in CRFR1 knockout mice or can be blocked by CRFR1 antagonists in alcohol
dependent animals. Further, CRFR1 antagonists attenuate stress and cue-induced
reinstatement of alcohol seeking behavior; the decrease in alcohol seeking behavior
following stress is likely mediated by extrahypothalamic CRF, given that it is not influenced
by adrenalectomy, while hypothalamic CRF may mediate cue-induced reinstatement
because metyrapone, an inhibitor of glucocorticoid synthesis, mimics the reduction in
reinstatement induced by CRFR1 antagonists (Schreiber and Gilpin, 2018).

Clinical studies also suggest that acute alcohol intoxication activates the HPA axis in healthy
non-dependent subjects (Mendelson and Stein, 1966), but alcohol dependence leads to
adaptations in the HPA/CRF signaling that result in a blunted cortisol and ACTH response to
stress (Adinoff et al., 1990, Adinoff et al., 2005b, Adinoff et al., 2005c, Adinoff et al.,
2005a). Further, such responses are accompanied by increased alcohol craving during stress
in binge/heavy drinkers as well as in moderate social drinkers, and are predictive of higher
risk for relapse after treatment (Breese et al., 2011, Sinha et al., 2011, Blaine et al., 2019),
suggesting that CRF signaling represents a crucial therapeutic target for multiple aspects of
AUDs. Furthermore, the loss of GABA inhibition in ethanol dependence likely contributes
to the dysregulation of CRF signaling in AUDs.

Indeed, preclinical studies suggest that CRFR1 antagonists may have therapeutic utility in
AUDs, to reduce symptoms of withdrawal and excessive alcohol drinking, as well as prevent
relapse. However, clinical trials in humans have so far been unsuccessful. Thus, alternative
ways to target CRF signaling in humans may be beneficial, and neuroactive steroids may
represent one way to achieve this goal, given their modulatory action on HPA homeostasis
(see below) and extrahypothalamic CRF levels (Balan et al., 2019a, Balan et al., 2019b).

b. Evidence that allopregnanolone reduces CRF signaling—Acute stress rapidly
decreases the GABAergic transmission in male rats (Biggio et al., 2007), leading to HPA
axis activation with subsequent release of corticosterone, as well as allopregnanolone (Purdy
etal., 1991). The increase in allopregnanolone content, which occurs approximately 30
minutes after acute stress, is thought to represent a homeostatic mechanism to restore the
GABAergic inhibition upon the PVN of the hypothalamus, thus shutting down HPA axis
activity. Both corticosterone and allopregnanolone exert a negative feedback upon the
hypothalamus and pituitary. Specifically, allopregnanolone counteracts the anxiety-like
behavior induced by CRF administration, prevents the elevation of CRF gene expression
induced by adrenalectomy and prevents the release of CRF from isolated hypothalamic
explants (Patchev et al., 1994). Moreover, allopregnanolone or 3a,5a-THDOC
administration before stress attenuates the stress-induced increase in ACTH and
corticosterone (Patchev et al., 1996, Owens et al., 1992). In agreement,
intracerebroventricular administration of allopregnanolone antiserum enhanced the
corticosterone response to stress in prepubertal and adult male and female rats, without
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affecting its basal levels (Guo et al., 1995). Likewise, physiological levels of
allopregnanolone (10 — 100 nM) inhibit CRF release from PVN neurons via a potentiation of
GABA receptors in electrophysiological recordings from neonatal male and female mice
(Gunn et al., 2013, Gunn et al., 2015). In addition, systemic administration of
allopregnanolone to adult male non-stressed rats increased hypothalamic CRF content as
well as serum ACTH and corticosterone (Naert et al., 2007), supporting a regulatory role for
this neuroactive steroid in HPA function, whereby allopregnanolone may increase hormone
levels in basal conditions and decrease them in stress-induced perturbations to restore
homeostasis. Systemic administration of pregnenolone, dehydroepiandrosterone and their
sulfate metabolites also increased hypothalamic CRF and serum ACTH and corticosterone
(Naert et al., 2007). All these effects were rapid and likely mediated by a direct action of
neuroactive steroids on neurotransmission in the hypothalamus that regulate HPA axis
activation.

c. Evidence that allopregnanolone may restore deficits precipitated by
aberrant CRF signaling—Several lines of both clinical and basic science evidence
suggest that neuroactive steroids may restore homeostasis in CRF signaling both at the
hypothalamic and extrahypothalamic circuit levels. The anxiolytic effects of
allopregnanolone are likely to be related to both hypothalamic and extrahypothalamic CRF
levels since CRF circuits are tightly coupled to anxiety-like behaviors in rodents (vide
supra). Some examples follow.

i. Antidepressant-like activity: Affective disorders, including major depression,
postpartum depression, post-traumatic stress disorder (PTSD) and AUDs are characterized,
among other features, by neuroendocrine alterations at the HPA axis level (Girdler and
Klatzkin, 2007, Girdler et al., 2012, Schule et al., 2014, Rasmusson et al., 2017, Bixo et al.,
1997, Baumeister et al., 2014, Adinoff et al., 2005b, Adinoff et al., 2005c). These alterations
generally involve excessive baseline cortisol and suppression of the HPA axis response to
stress. Considering the ability of allopregnanolone to regulate the HPA axis at the level of
the hypothalamus, it is possible that restoration of HPA axis balance is an important
component of treatment. Indeed, the remarkable clinical efficacy of Brexanolone in the
treatment of postpartum depression may be related to this property of allopregnanolone.
While further studies are needed to determine the mechanism(s) of the antidepressant
actions of Brexanolone, the rapid and long-lasting efficacy following a short course of 60
hours of treatment suggests a type of reset that is consistent with normalization of HPA axis
function.

Furthermore, although classical treatments for depression such as selective serotonin
reuptake inhibitors require several weeks to produce therapeutic actions, increased
neurosteroidogenesis is a likely mechanism involved in their therapeutic actions. Several
studies have shown that administration of antidepressant drugs restores neuroactive steroid
concentrations in both patients and rodents (Uzunov et al., 1996, Uzunova et al., 1998,
Romeo et al., 1998, Marx et al., 2006, Schule et al., 2014). Indeed, serotonin reuptake
inhibitors promote the conversion of 5a-dihydroprogesterone to allopregnanolone via a
direct effect on the neurosteroidogenic enzyme 3a-hydroxysteroid dehydrogenase (Griffin
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and Mellon, 1999). Thus, neuroactive steroids may have great potential for the treatment of
depression in general, and specifically depression associated with dysregulation of the HPA
axis, a common feature in patients with AUDs.

ii. Neuroactive steroids deficits associated with HPA axis dysfunction in PTSD: PTSD
patients show elevated CRF levels (Bremner et al., 1997), along with a dysregulated HPA
axis function that leads to glucocorticoid hypersensitivity (Castro-Vale et al., 2016). In
addition, concentrations of GABAergic neuroactive steroids are altered in PTSD patients: a
reduction in cerebrospinal levels of allopregnanolone has been reported in premenopausal
women and men, and such levels were negatively correlated with PTSD symptoms
(Rasmusson et al., 2006, Rasmusson et al., 2017). Indeed, both preclinical and clinical
evidence suggests a role for GABAergic neuroactive steroids in PTSD (Rasmusson et al.,
2017). In agreement, clinical trials are ongoing (; ) to test the effectiveness of pregnenolone
in targeting PTSD symptoms.

iii. Beneficial effects of neuroactive steroids against craving in humans with cocaine
abuse disorders: Craving and compulsion are hallmark symptoms of AUDs and neuroactive
steroids may be beneficial against such symptoms. Clinical evidence in both men and
women with co-morbid cocaine and AUDs seeking treatment for cocaine dependence
suggests that progesterone administration reduced cue and stress-induced cocaine craving as
well as the cortisol response to stress and improved positive emotions (Fox et al., 2013,
Milivojevic et al., 2016). Further, these subjects had decreased serum levels of progesterone,
allopregnanolone and pregnenolone, that normalized after a 7-day treatment with exogenous
progesterone (Milivojevic et al., 2016, Milivojevic et al., 2019). Interestingly, those subjects
with higher allopregnanolone levels following progesterone treatment showed a
normalization of basal and stress-induced cortisol levels, improved positive emotions and
cognitive performance, and decreased cocaine craving as well as stress-induced cocaine
craving. These results, albeit obtained in a small population, are very encouraging in
supporting the therapeutic potential of neuroactive steroids in drug addiction, including
AUDs.

iv. _Allopregnanolone reversal of HPA axis dysregulation after social isolation: Social
isolation from weaning to adulthood is a model of chronic stress and PTSD that markedly
decreases brain and plasma allopregnanolone levels in rats and mice (Serra et al., 2000,
Dong, 2001). A blunted HPA axis activity has been hypothesized to account for such
decrease (Biggio et al., 2014). In agreement, socially isolated male rats also show a
reduction in basal ACTH and corticosterone levels, and an impaired negative feedback
regulation (Serra et al., 2005, Pisu et al., 2016, Boero et al., 2018). Importantly,
administration of allopregnanolone either from the onset of social isolation, or following six
weeks of isolation, prevents or normalizes the corticosterone response to the dexamethasone
suppression test, as well as depression- and anxiety-like behavior in male rats (Evans et al.,
2012). Since allopregnanolone normalizes the HPA axis and behavioral abnormalities after
social isolation, it could have similar effects in other conditions that dysregulate the HPA
axis and produce abnormal anxiety and depression.
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In summary, human depression and PTSD as well as drug craving each induce alterations in
CRF and HPA axis function and each of these conditions is responsive to treatment with
allopregnanolone, progesterone or pregnenolone. Figure 2 shows a schematic of the
theoretical basis of this hypothesis. The similarities and high rates of co-morbidity of these
conditions with AUDs should not be ignored and the beneficial effects of neuroactive
steroids in these conditions support the rationale for the use of these neuroactive steroids in
AUD treatment as well.

lll. Alcohol addiction results from excessive pro-inflammatory neuroimmune signaling
across brain

Neuroimmune signaling through TLRs is an important contributor to various inflammatory
conditions, including AUDs (Crews et al., 2017a, He and Crews, 2008, Qin et al., 2008),
other addictions (Lacagnina et al., 2017), depression (Bhattacharya et al., 2016, Dantzer et
al., 2008), traumatic brain injury (He et al., 2004a) and epilepsy (Maroso et al., 2011). The
innate immune cells in the brain, microglia, as well as neurons and other glial cells signal
via TLRs to promote innate immune gene expression and produce pro-inflammatory
cytokines and chemokines in a progressive and feed-forward fashion (Pavlov and Tracey,
2017), that is particularly long lasting in the brain (Crews et al., 2017a).

Several groups have suggested that excessive neuroimmune signaling in the brain drives
alcohol addiction, based on studies in animal models in males and females as well as
analysis of post-mortem brains of human alcoholics (male and female) (Crews et al., 2017a,
Crews and Vetreno, 2016, Mayfield and Harris, 2017, Alfonso-Loeches et al., 2010,
Aurelian and Balan, 2019). Indeed, alcohol activates multiple TLR signaling pathways in
several brain regions (Leclercq et al., 2012, Pascual et al., 2015, Kane et al., 2014), enhances
the microglial response to peripheral inflammation, and increases the expression of pro-
inflammatory cytokines and chemokines (Crews et al., 2017a, Coleman et al., 2017,
Coleman et al., 2018, Fernandez-Lizarbe et al., 2013) in neurons. Furthermore, alcohol alters
the balance of pro- and anti-inflammatory cytokines thereby potentially contributing to
increased risk or protection from AUDs (Aurelian and Balan, 2019, Qin et al., 2008).

a. Neuroimmune signaling across brain promotes excessive ethanol
consumption—Previous studies have demonstrated that alcohol-preferring P rats (males
or unspecified sex), which fulfill most of the criteria for an animal model of human alcohol
abuse (Bell et al., 2006), have an innate neuronal TLR4/MCP-1 cytokine signal that is
regulated by the a2 subunit protein of GABA receptors (GABA, receptor-a2) located in
the VTA, the CeA (Liu et al., 2011, June et al., 2015), and the NAc (Balan et al., 2018). This
activated TLR4 signal is found in neurons from the alcohol-preferring P rats, but not the
non-preferring NP rats and appears to induce the acquisition of binge drinking and
impulsivity in the selectively bred P rats. Viral-mediated inhibition of either TLR4 or the
GABA receptor-a.2 subunit protein inhibit binge drinking as well as impulsivity (June et
al., 2015, Balan et al., 2018). TLR4 activation is sustained by CRF that increases TLR4
expression and TLR4 activation also enhances CRF expression. Neuronal activation of
TLR4 in rat brain can induce the formation of either pro-inflammatory or anti-inflammatory
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cytokines and the balance of these pathways may determine if neuronal TLR4 activation
leads to detrimental behavioral outcomes (Aurelian and Balan, 2019).

Other studies have demonstrated that TLR3, TLR4 and TLR7 activation by their respective
agonists enhances ethanol consumption in rodent models (both sexes in mice; male rats)
(Warden et al., 2019, Randall et al., 2019, Blednov et al., 2011). Activation of both TLR3
and TLR4 signaling can enhance ethanol consumption, but knockout of TLR4 has not
consistently produced the expected decrease in consumption (for review see (Aurelian and
Balan, 2019, Mayfield and Harris, 2017)). TLR4 coupling to TLR2 may be required for
acquisition of ethanol dependence (Fernandez-Lizarbe et al., 2013) and studies of many
other TLR pathways are needed. Moreover, bioinformatics analysis of the effects of
excessive ethanol intake in an animal models of ethanol dependence and human alcoholics
suggest that neuroimmune signaling is activated and may contribute to various aspects of
alcohol addiction (Agrawal et al., 2014, Kapoor et al., 2019).

b. Evidence for ethanol-induced activation of TLR signaling—Ethanol increases
the expression of TLR2, TLR3, TLR4, and TLR7 and members of the pathways activated by
these pathogen-activated receptors (Crews et al., 2017b). TLR signaling initiates with
complex formation and activation of myeloid differentiation response protein (MyD88)-
dependent and independent pathways. These include transcription factors NFxB, cyclic
AMP response element binding protein (CREB), activator protein-1 (AP-1), and interferon
regulatory factor (IRF) that translocate to the nucleus and control expression of chemokines
and cytokines. Ethanol activates the TLR-MyD88-NF«xB pathways as well as the TLR3-
regulated TRIF-pathway. Intermittent alcohol drinking during adolescence upregulates the
expression of TLR4 in the adult hippocampus, TLR3 and TLR4 in the adult prefrontal
cortex, and TLR1-TLR8 in the adult cerebellum of male rats (Breese and Knapp, 2016,
Knapp et al., 2016, Harper et al., 2017), suggesting distinct immune activation and function
at distinct brain sites. Production of pro-inflammatory cytokines appears to be involved in
the altered brain activity associated with alcohol intoxication and dependence (Gruol, 2013).
Indeed, neuroimmune signaling via the classic pro-inflammatory cytokines in brain appears
to enhance glutamatergic transmission and reduce GABAergic transmission (Stellwagen et
al., 2005, Pribiag and Stellwagen, 2013, Ferguson et al., 2008, Stuck et al., 2012) rather than
produce other signs of inflammation such as swelling or macrophage infiltration. On the
other hand, TLR7 signaling in brain appears to lead to ethanol-induced neurodegeneration,
involving the production of high motility group box 1 (HMGBZ1) and the miRNA-let-7
(Coleman et al., 2017, Coleman et al., 2018).

c. Evidence that neuroactive steroids inhibit TLR signaling and the
production of pro-inflammatory molecules—Recent investigations suggest that
neuroactive steroids, pregnenolone and allopregnanolone inhibit TLR4 signaling in an
immortalized macrophage cell line (RAW264.7) as well as innate TLR4 and CRF activation
in VTA of alcohol preferring P male rats (Balan et al., 2019a). In the mouse macrophage cell
line, the TLR4 agonist LPS increased all the canonical markers of TLR4 activation, as well
as the transcription factor pNF«xB, the pro-inflammatory endogenous TLR4 agonist
HMGB1, the chemokine monocyte chemoattractant protein 1 (MCP-1) and the cytokine
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tumor necrosis factor-a. (TNF-a). All of these effects were completely inhibited by both
neuroactive steroids at 0.5 and 1.0 uM doses. Pregnenolone was more potent than
allopregnanolone and this effect was independent of GABA receptor activity as
pregnenolone lacks this activity (Purdy et al., 1990) and was not converted to
allopregnanolone in the cells. The mechanism of neuroactive steroid inhibition appears to
involve blockade of TLR4/MD-2 protein interactions in RAW246.7 cells, as both
neuroactive steroids blocked the co-immunoprecipitation of TLR4 with MD-2, a requisite
step in the activation of the TLR4-MyD88-dependent signaling pathway. These data suggest
a novel role for both pregnenolone and allopregnanolone to inhibit TLR4 signaling in the
innate immune system (Balan et al., 2019a). Similar inhibition of TLR4 signaling by
pregnenolone, progesterone and allopregnanolone were found via degradation of TLR2 and
TLR4-associated proteins (Murugan et al., 2019).

In the P rat VTA, allopregnanolone administration reduced both CRF expression (30%) and
innate TLR4 activation via TLR4 binding to the GABAA receptor a2 subunit protein (60%)
and/or MyD88 (40%), measured by co-immunoprecipitation (Balan et al., 2019a). The data
suggest that inhibition of pro-inflammatory neuroimmune signaling contributes to the
protective effects of allopregnanolone in brain, apparently involving blockade of protein-
protein interactions that initiate TLR4-dependent signaling. Other studies show that
allopregnanolone and progesterone block TLR4 activation in animal models of ischemia and
traumatic brain injury (He et al., 2004a, Sayeed and Stein, 2009). In light of the hypothesis
that activation of inflammatory neuroimmune signaling underlies the development of alcohol
addiction, the ability of allopregnanolone to inhibit TLR4 signaling in both macrophages
and brain suggests that it may have therapeutic utility in the prevention or treatment of
AUDs. Allopregnanolone may also impact other TLR pathways (Murugan et al., 2019,
Sayeed and Stein, 2009), and this question also deserves further study.

d. Evidence that allopregnanolone and pregnenolone block feed-forward
activation of neuroimmune signals.—Neuroactive steroids might represent a useful
therapeutic approach to arrest detrimental neuroimmune signaling, observed in patients with
AUDs. This argument is supported by data from animal models of alcohol addiction and
effects of neuroactive steroids in other conditions that involve excessive neuroimmune
activation in the CNS. Some examples are described.

i. Therapeutic effects in multiple neuroinflammatory diseases: The endogenous
neuroactive steroids pregnenolone and allopregnanolone have protective activity in
neurological and psychiatric conditions that involve pro-inflammatory signaling.
Significantly, progesterone and/or allopregnanolone have shown efficacy in clinical studies
of traumatic brain injury (Wright et al., 2007), co-morbid cocaine and AUD craving (Fox et
al., 2013, Milivojevic et al., 2016) as well as postpartum depression (Kanes et al., 2017,
Meltzer-Brody et al., 2018). Further, allopregnanolone has therapeutic activity in traumatic
brain injury (He et al., 2004b), multiple sclerosis (Noorbakhsh et al., 2014, Schumacher et
al., 2007), and Alzheimer’s disease (Brinton, 2013). This growing body of inflammatory
conditions that respond to intervention with neuroactive steroids supports the idea that
inhibition of neuroimmune signaling may be an important component of their actions.
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Pain is considered a neuroinflammatory condition. AUDs are often associated with chronic
pain, and the overlap of the neuronal circuits and neuromodulators involved in both
conditions has been suggested to account for such comorbidity (Egli et al., 2012). Preclinical
studies suggest that neuroactive steroids play an important role in both inflammatory and
neuropathic pain. Intracerebroventricular administration of allopregnanolone has analgesic
effects in naive male rats (Kavaliers and Wiebe, 1987). Likewise, systemic and intrathecal
administration of allopregnanolone, or its precursor progesterone, exerts anti-nociceptive
properties in several models of neuropathic (see (Gonzalez et al., 2019) for review) and
inflammatory pain (Ocvirk et al., 2008). Thus, administration of neuroactive steroids might
be beneficial to ameliorate pain symptoms. Indeed, a recent clinical study in 92 veterans
showed that pregnenolone administration for 4 weeks reduced chronic pain symptoms by
20% while the patients in the placebo control group reported a decrease in pain symptoms of
4% (https://www.ajmc.com/conferences/sobp-2018/new-drug-discoveries-aim-to-help-
veterans-others-with-chronic-pain.). However, other evidence in humans linking neuroactive
steroids to pain showed opposite effects: low serum allopregnanolone content was associated
with either increased pain tolerance in healthy male and female volunteers (Mechlin et al.,
2007), or increased self-reported pain symptoms in another study of male war veterans
(Naylor et al., 2016). Therefore, allopregnanolone and pregnenolone should be further
studied for inhibition of inflammatory signaling associated with pain.

ii. Therapeutic effects in postpartum depression — once again: Depression is
increasingly linked to neuroinflammation or more specifically to the presence of pro-
inflammatory markers in patients (Bhattacharya et al., 2016, Dantzer et al., 2008, Vichaya et
al., 2019). Indeed, several studies show that inflammatory markers are elevated in women
with postpartum depression (Corwin et al., 2008, Kendall-Tackett, 2007), suggesting that
neuroimmune activation may contribute to symptoms of depression in these women. As
presented in Sections | and 11 of this review, the remarkable, rapid and long-lasting
antidepressant effect of Brexanolone infusion for postpartum depression may involve
inhibitory effects on neuroinflammation as well as restoration of GABAergic inhibition and
normalization of CRF signaling. The ability of allopregnanolone to inhibit the activation of
TLR signaling in the innate immune system could reduce pro-inflammatory signaling that
contributes to these therapeutic effects. While this idea remains speculative, there is
substantial evidence for the opposing condition where elevation of inflammatory signaling is
well known to promote depression in humans and depression-like behavior in animal models
(Painsipp et al., 2011, Fu et al., 2010, Dantzer et al., 2011).

In summary, several lines of evidence suggest that ability of allopregnanolone and
pregnenolone to inhibit TLR activation in the immune system and the brain may be linked to
their therapeutic actions in neuropsychiatric conditions that involve inflammatory signaling.
AUD represents a systemic disease that involves many organs which exhibit inflammation
arising from the gut to the blood stream, then to the organs, including brain. The innate
immune system plays a key role in this process and neuroactive steroids may be a critical
factor that moderates the pathological effects of alcohol on inflammation that contribute to
AUDs. Figure 3 illustrates the theoretical application of this idea.
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IV. Allopregnanolone and/or pregnenolone may protect individuals from developing
alcohol addiction and may have therapeutic potential for treatment of AUDs

Neuroactive steroids might represent a useful therapeutic approach to restore deficits in
GABAergic inhibition, dysregulation of CRF signaling and excessive neuroimmune
activation that are apparent in patients with AUDs. This argument is supported by data from
animal models of alcohol addiction and effects of neuroactive steroids in other conditions
that involve the loss of inhibitory control in the CNS. Some examples are described.

a. Evidence that neuroactive steroids are dysregulated in alcohol addiction
—Endogenous neuroactive steroid levels are altered by alcohol exposure, with effects that
depend on length of exposure and that differ across species, sex and brain regions examined.
Acute ethanol exposure at relatively high doses increases neuroactive steroids in rats, in
some mouse strains, and in human adolescents admitted to the emergency room due to
alcohol intoxication. By contrast, no changes or a decrease in allopregnanolone levels were
observed in monkeys and in healthy subjects who consumed low (0.2 g/kg) or moderate (0.8
g/kg) ethanol doses (see (Morrow et al., 2006), (Porcu et al., 2010, Porcu et al., 2019), for
review).

In contrast to effects of acute exposure, chronic ethanol consumption often depletes
neuroactive steroid concentrations, but there are also species, sex and regional differences.
Ethanol-dependent male, but not female rats, have decreased basal cerebrocortical and
hippocampal allopregnanolone levels (Janis et al., 1998, Cagetti et al., 2004, Morrow et al.,
2006), and there is a blunted elevation of cerebrocortical allopregnanolone, and of plasma
and brain deoxycorticosterone levels in male rats following an acute ethanol challenge
(Khisti et al., 2005, Morrow et al., 2006), suggesting tolerance to the ethanol-induced
increase in neuroactive steroid levels. In mice, chronic alcohol exposure differentially affects
GABAergic neuroactive steroids, depending on strain, sex, and brain regions examined (Finn
et al., 2010, Porcu and Morrow, 2014, Snelling et al., 2014). Increased allopregnanolone
levels were reported in whole brain from male, but not female, C57BL/6J mice, following
voluntary ethanol consumption (Finn et al., 2010). By contrast, chronic intermittent ethanol
exposure and subsequent withdrawal in male C57BL/6J mice decreased allopregnanolone
immunoreactivity in the lateral amygdala and VTA (Maldonado-Devincci et al., 2014).
Furthermore, repeated binge ethanol exposure in male and female C57BL/6J mice
differentially alters NAc expression of steroidogenic acute regulatory protein and CRF
signaling pathways (Finn et al., 2018), both implicated in promoting neurosteroidogenesis.
In cynomolgus monkeys, serum allopregnanolone levels following prolonged voluntary
ethanol self-administration in males show a depletion of allopregnanolone (Beattie et al.,
2017). Moreover, allopregnanolone immunoreactivity in the lateral and basolateral amygdala
was reduced following twelve-months of voluntary alcohol self-administration, the decrease
was inversely related to daily ethanol intake, and more pronounced in heavy drinkers
(Beattie et al., 2017). However, in the same subjects allopregnanolone immunoreactivity in
the hippocampus was slightly enhanced (Beattie et al., 2018), suggesting that chronic
alcohol may selectively dysregulate GABAergic neuroactive steroids across brain regions.
Likewise, increased allopregnanolone immunoreactivity was reported in the VTA and
substantia nigra pars medialis of male human alcoholics (Hasirci et al., 2017). Furthermore,
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the neuroactive steroid precursors pregnenolone and dehydroepiandrosterone were elevated
in several limbic regions of alcohol-dependent male and female subjects (Karkkainen et al.,
2016). Studies of both male and female subjects are lacking in many of the reports described
here, therefore additional studies comparing results in both sexes are needed.

Nonetheless, it should be noted that both male and female human alcoholics have reduced
circulating levels of progesterone, allopregnanolone and 3a.,5a-THDOC during withdrawal,
which normalized upon recovery (Hill et al., 2005, Romeo et al., 1996). Moreover, male
alcohol-dependent subjects had a delayed deoxycorticosterone response to CRF challenge
(Porcu et al., 2008), a likely consequence of the blunted HPA axis in response to chronic
alcohol exposure (Porcu and Morrow, 2014). Overall, GABAergic neuroactive steroids
appear dysregulated in AUDs; whether this dysregulation is pre-existent to, or is the
consequence of, alcohol exposure is at present still unclear.

b. Neuroactive steroids reduce ethanol consumption in alcohol-preferring P
rats—P rats exhibit innate activation of TLR4 signaling in the VTA, NAc and CeA that is
not observed in NP rats or wild type Wistar rats (Liu et al., 2011, June et al., 2015, Balan et
al., 2018). GABAergic neuroactive steroids affect ethanol consumption in P rats, but not in
other rat and mouse strains (see Section V). Allopregnanolone reduced ethanol consumption
in dependent alcohol-preferring P rats (Morrow et al., 2001). Likewise, administration of the
neuroactive steroid precursor pregnenolone, or the endogenous (3p,5p-THP or
epiallopregnanolone) or synthetic (3a,5p—-20-0x0-pregnane-3-carboxylic acid) neuroactive
steroids, also decreased ethanol self-administration in male alcohol-preferring P rats (O’Dell
et al., 2005, Besheer et al., 2010), suggesting that neuroactive steroids may protect against
excessive drinking in this selectively bred strain of rats. This hypothesis was further tested
by enhancement of neuroactive steroid biosynthesis with over-expression of P450scc, the
rate limiting enzyme in steroid synthesis. Recombinant adeno-associated serotype-2-vector-
mediated over-expression of P450scc in the VTA of alcohol-preferring P male rats lead to a
long-lasting decrease in ethanol reinforcement and consumption, and to a concomitant
increase in allopregnanolone immunoreactivity in this area (Cook et al., 2014). Hence,
targeted enhancement of allopregnanolone levels by its direct administration, administration
of the steroid precursors or through increased expression of specific neurosteroidogenic
enzymes may represent a useful therapeutic approach for AUDs.

c. Individual differences in allopregnanolone levels are related to ethanol
consumption—Individual differences in vulnerability to alcoholism have a genetic
component (Schuckit, 2009, Reilly et al., 2017), and studies in rodents suggested a shared
genetic sensitivity to ethanol, anxiety and stress/HPA axis response (Boehm et al., 2002). We
hypothesized that a similar relationship may exist for basal and ethanol-induced levels of
GABAergic neuroactive steroids. In selected BXD male mouse strains, we found that basal
cerebral cortical allopregnanolone levels across strains ranged between 1.8 and 3.7 ng/g
(resulting in a 2-fold genetic variation), while following acute ethanol administration
changes in allopregnanolone levels ranged between +4% and +63% (Porcu and Morrow,
2014). Moreover, http://www.genenetwork.org/both basal and ethanol-induced cerebral
cortical allopregnanolone levels were negatively correlated with phenotypes of ethanol
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consumption; thus, those strains with increased allopregnanolone levels in response to acute
ethanol consumed less alcohol. This preliminary finding, obtained in just a few strains,
supports the hypothesis that neuroactive steroid responses to ethanol may predict excessive
alcohol consumption (Morrow et al., 2006, Porcu and Morrow, 2014). We further identified
significant genetic variation in serum levels of allopregnanolone, 3a,5a-THDOC, and their
precursor pregnenolone in male and females from 19 BXD strains subjected to chronic
intermittent ethanol exposure. Variation in neuroactive steroid levels was linked to several
behavioral phenotypes of anxiety, previously determined in these strains, consistent with the
fact that neuroactive steroids modulate anxiety-like behavior. Moreover, individual variation
in allopregnanolone levels was negatively correlated to ethanol consumption in male and
female, control and CIE-exposed strains; that is, those strains with lower allopregnanolone
levels were the ones who consumed more alcohol. This effect was not observed for 3a,5a-
THDOC or pregnenolone levels, thus it appears to be specific to allopregnanolone (Porcu et
al., 2017).

V. Cautions and limitations of neuroactive steroid therapeutics for AUDs

Considering the plethora of evidence for neuroactive steroid actions that might serve to
support the recovery from AUDs, it is surprising that human laboratory and clinical studies
have not been conducted using neuroactive steroids or their precursors. Caution has
prevailed due to the perception that GABAergic neuroactive steroids are comparable to
benzodiazepines, despite the fact that the actions of neuroactive steroids are clearly distinct
from benzodiazepines as described in Section 1. Even among researchers, however, there
have been controversies regarding their risks and potential for use in human disease. One
compelling issue has been the lack of data in females across many human and animal studies
of the etiologies of AUDs. Emerging studies have revealed remarkable sex differences in
human responses to drugs in many neuropsychiatric conditions (Rainville et al., 2018) and
therefore, the lack of data in females may lead to misleading conclusions. Here we address
the issues that are most compelling and propose a rational approach to the introduction of
neuroactive steroid therapy for AUDs.

a. Neuroactive steroids may increase ethanol reinforcement, consumption
and reinstatement of drinking in animal models—Neuroactive steroids influence
ethanol reinforcement and consumption in rodents, and under certain conditions may
increase, rather than suppress, drinking. For instance, while allopregnanolone decreased
reinforcement and consumption in dependent alcohol-preferring P male rats, as described
above, it increased ethanol-reinforced operant responding in non-dependent male Long-
Evans rats (Janak et al., 1998). Likewise, ganaxolone at low doses (1 mg/kg) increased,
while at high doses (30 mg/kg) decreased ethanol-reinforced responding in alcohol-
preferring P male rats (Besheer et al., 2010). A similar biphasic effect of neuroactive steroids
was reported in male C57BL/6J mice, where allopregnanolone administration at low doses
(3.2 mg/kg) increases ethanol self-administration in a limited access paradigm, while at high
doses (24 mg/kg) it decreases consumption in a two-bottle drinking paradigm (Ford et al.,
2005). Similar results were observed with ganaxolone administration to mice (Ramaker et
al., 2011, Ramaker et al., 2012). In the same strain, both allopregnanolone and ganaxolone
also reinstate ethanol seeking behavior (Finn et al., 2010, Ramaker et al., 2014). Further,
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modulation of drinking behavior by allopregnanolone appears to be sex-dependent; in fact,
female C57BL/6J mice are insensitive to allopregnanolone modulation of ethanol intake
(Finn et al., 2010).

Taken together, these results suggest that neuroactive steroids may not be an effective
treatment for AUD patients or may enhance consumption in some subjects. This conclusion
presumes that our animal models of alcohol abuse are representative of effects in humans.
We argue this idea is not supported by the literature in several cases where compounds that
were highly effective in animal models of alcohol consumption (CRF antagonists /
Varenicline) failed to prove effective in human disease (Shaham and de Wit, 2016, de Bejczy
et al., 2015). Human studies with allopregnanolone, progesterone and pregnenolone will be
needed to address this concern.

b. Neuroactive steroid interactions with ethanol may lead to untoward
effects including allopregnanolone dependence and/or addiction—It is well
known that GABAergic neuroactive steroids can interact with ethanol in ways that might be
deleterious, such as when driving or operating machinery. Since AUDs are chronic and
characterized by the loss of control of one’s behavior as well as the tendency to relapse, the
concern over these potential interactions is understandable and might be fully justified.
Alternatively, it is possible that AUD patients may have different responses to
allopregnanolone and/or pregnenolone compared to average healthy subjects. This might
occur since AUD patients are suffering from deficient GABAergic transmission, CRF
regulation and inflammatory neuroimmune overactivity. In this case, the administration of
the neuroactive steroids may normalize biological function and interactions with ethanol
would not be unmanageable. In diabetes for example, the administration of insulin
normalizes metabolic function rather than causing excess energy production that would be
detrimental in normal healthy control subjects. In every clinical trial reported to date with
allopregnanolone or pregnenolone for neuropsychiatric conditions, there were no serious
adverse effects in the male or female patients (vide supra). Nonetheless, until we know more
about neuroactive steroid effects in patients with AUDs, trials could be limited to
intravenous infusions of allopregnanolone in a medically supervised setting, drug
interactions could be tested in laboratory settings and oral treatments could be given for
short periods to assess patient responses.

The rapid and long lasting antidepressant effect of Brexanolone in female patients with
postpartum depression (Meltzer-Brody et al., 2018) suggests that allopregnanolone therapy
might be useful during detoxification and might last up to a month or longer such that other
treatments such as cognitive behavioral therapies could have a greater impact. Neuroactive
steroid therapy might be considered like other anti-inflammatory therapies that are
administered once monthly to control inflammatory conditions, such as the TNF-a
antagonist, Remicade.

Other animal studies have suggested that progesterone withdrawal and therefore by analogy,
withdrawal from allopregnanolone can lead to anxiety, GABA receptor dysregulation and
dysfunction (Costa et al., 1995, Smith et al., 1998, Moran and Smith, 1998, Moran et al.,
1998). The data suggests a danger from rapid allopregnanolone withdrawal in human
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subjects as well. Again, this clinical concern has not borne out in any of the clinical studies
conducted to date. Nonetheless, withdrawal signs should be monitored and prevented by
gradual tapering if therapy is discontinued. However, therapy for chronic AUD may be life-
long, as in the case of cardiovascular disease, diabetes and many other chronic conditions.

VI. Final conclusion

We have previously suggested that allopregnanolone may be a protective factor in normal
healthy controls that helps to prevent the development of AUDs (Morrow, 2007). It is an
endogenous factor that helps to maintain normal CNS inhibition, behavioral control, HPA
axis homeostasis and prevents the activation of neuroimmune signaling through TLR4
receptors that initiate systemic inflammatory responses and excessive brain excitability. Both
acute stress and acute ethanol exposure increase allopregnanolone levels in circulation along
with endotoxin, and cortisol/corticosterone. The concurrent production of allopregnanolone
may help to ensure the return to hypothalamic and extrahypothalamic CRF and HPA axis
homeostasis and prevent the activation of TLR signaling and thus the production of pro-
inflammatory molecules. This is a healthy response to alcohol and stress, and it may explain
why most people can manage the stress of life and moderate alcohol consumption without
issues.

With chronic excessive stress or chronic ethanol administration or both situations, the
neuroactive steroids are often depleted in serum and/or brain, HPA axis and CRF
dysregulation ensue, GABA receptor function is dysregulated and markers of
neuroinflammation are found. In addition, there is tolerance to the effects of acute alcohol or
stress challenge on the production of allopregnanolone. At this point, behavioral
manifestations of alcohol dependence are prominent with anxiety, dysphoria and alcohol
craving to relieve the symptoms of the adaptations caused by chronic exposure to stress
and/or alcohol exposure. Binge levels of alcohol consumption exacerbates these effects and
repeated withdrawals from ethanol also enhance the duration or severity of these adaptations
(Olsen and Liang, 2017, Breese and Knapp, 2016). Figure 4 illustrates the hypothesis that
allopregnanolone can restore homeostasis of GABA inhibition, CRF signaling, and
neuroimmune activation following chronic ethanol exposure.

Some people can overcome these adaptations and return to health, but many are not so
fortunate. Here we propose that inadequate neuroactive steroid regulation of GABAergic
function, CRF production and neuroimmune signaling contributes to the disorder and
therefore, patients with AUDs would respond to treatment with allopregnanolone or its
precursors in a favorable manner. Pregnenolone is a nutritional supplement that is available
from many sources that manufacture under GMP guidelines including independent testing of
purity. Progesterone is an FDA-approved compound for various conditions, that shows
promise for reducing drug craving in men and women. Brexanolone is now FDA approved
for the treatment of postpartum depression and could be tested for AUDs or prescribed under
the appropriate conditions. Studies are warranted to investigate the clinical efficacy of these
neurosteroids and to compare their respective effects in AUDs.
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Figure 1. Schematic representation of GABAergic steroid restoration of GABAAp receptor-
mediated signaling dysregulation due to chronic alcohol exposure.

Chronic alcohol exposure causes a reduction of GABA-mediated signaling through loss of
GABA receptor expression and internalization. GABAergic steroids, such as
allopregnanolone, restore homeostasis by increasing GABA receptor-mediated inhibition
through both synaptic and extrasynaptic receptors. Created using BioRender.com.
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Figure 2. Restoration of CRF dysregulation in alcohol dependence by GABAergic steroids.
Chronic alcohol abuse decreases neuroactive steroids levels and increases CRF signaling, in

both hypothalamic and extrahypothalamic circuits. The effects of ethanol on CRF signaling
are enhanced by the reduction of GABA receptor-mediated transmission and enhancement
of glutamatergic transmission. GABAergic steroids can restore homeostasis by reinforcing
GABAergic transmission and by directly decreasing CRF levels.

(HYP= hypothalamus; HP= hippocampus; NAc= nucleus accumbens; Amg= amygdala;
VTA= ventral tegmental area; Glut= glutamatergic neuron; GABA= GABAergic neuron;
ACTH= adrenocorticotropic hormone; CORT= cortisol/corticosterone; GABAergic
steroids= neuroactive steroids positive modulators of GABAp receptors). Created using
BioRender.com.
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Figure 3. Restoration of TLR pathway dysregulation due to chronic alcohol exposure.
TLR4 activation is increased by chronic alcohol abuse, causing the increase of pro-

inflammatory cytokines/chemokines, such as HMGB-1, MCP-1 and TNF-a.
Allopregnanolone restores homeostasis by blocking TLR4 activation to inhibit the
production of the pro-inflammatory cytokines/chemokines MCP-1, HMGB-1 and TNF-a..
Created using BioRender.com.
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Figure 4. Theoretical framework of the dysregulation caused by chronic alcohol abuse and
restoration of homeostasis by GABAergic neuroactive steroids.

Chronic alcohol exposure decreases GABAergic signaling while increasing CRF and
neuroimmune signaling. Neuroactive steroids may restore homeostasis by increasing
GABA receptor-mediated inhibition, and decreasing CRF and deleterious neuroimmune
signaling, all of which contribute to the etiology of AUDs. Created using BioRender.com.
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