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Abstract

In recent years, research has identified the molecular and neural substrates underlying the transition of moderate “social” con-
sumption of alcohol to the characteristic alcohol use disorder (AUD) phenotypes including excessive and compulsive alcohol use
which we define in the review as the GO signaling pathways. In addition, growing evidence points to the existence of molecular
mechanisms that keep alcohol consumption in check and that confer resilience for the development of AUD which we define
herein as the STOP signaling pathways. In this review, we focus on examples of the GO and the STOP intracellular signaling
pathways and discuss our current knowledge of how manipulations of these pathways may be used for the treatment of AUD.
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Introduction

Alcohol use disorder (AUD) is a serious worldwide health prob-
lem afflicting 15% of the population (Sridhar 2012; WHO 2014),
causing significant medical, social, and economic burdens, in
large part due to limited treatment options (Whiteford et al.
2013). Strikingly, the use of alcohol is widespread with over
70% of the USA population reporting drinking alcohol in the
past 12 months (Grant et al. 2017). The need to understand the
mechanisms that drive or prevent excessive drinking is
underscored by a recent report indicating that the prevalence of
AUD has increased by 35% in the USA between 2001 and 2013
(Grant et al. 2017). Despite an increase in alcohol use and abuse
amongst all sociodemographic groups in the USA, some groups
have significantly higher rates of problem drinking (Grant et al.
2017), indicating significant vulnerabilities amongst some indi-
viduals and a pressing need for the development of treatment
options for these groups.

Unfortunately, pharmacotherapy options for adverse phe-
notypes such as binge drinking, craving, seeking, dependence,
and relapse are rather limited (Wackernah et al. 2014), and
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medications such as naltrexone, acamprosate, and disulfiram
not only are beneficial but also suffer from efficacy and com-
pliance issues (Wackernah et al. 2014). Thus, there is a grow-
ing need to develop more efficacious and safer therapies to
treat aspects of AUD. In addition, clinical trials are sorely
needed to allow physicians to prescribe Food and Drug
Administration (FDA)-approved medications which preclini-
cal research, described herein, has identified as being poten-
tially beneficial for the treatment of AUD.

The use of behavioral paradigms such as home cage alcohol
drinking and operant self-administration enabled the investiga-
tion of mechanisms underlying phenotypes such as excessive
consumption, seeking, dependence, and relapse (Carnicella et
al. 2014; Lopez and Becker 2014; Vengeliene et al. 2014), and
the use of these animal models has shed light on molecular
signaling cascades that are recruited by alcohol. For example,
and as described herein, the engagement of signaling compo-
nents within corticostriatal circuitries following exposure to alco-
hol results in structural and functional changes (Ron and Barak
2016), which in turn influences an organism’s subsequent moti-
vation to obtain alcohol (Koob and Volkow 2010).

This review will synthesize the current knowledge of mo-
lecular pathways in corticostriatal and amygdalar circuitries
which drive the facilitation of alcohol drinking behaviors as
well as the mechanisms that maintain alcohol intake in mod-
eration. The focus on alcohol consumption over other pheno-
types associated with AUD reflects the fact that voluntary
consumption of alcohol subsequently influences maladaptive
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phenotypes such as alcohol seeking, craving, and relapse.
Finally, this review will highlight promising therapeutic strat-
egies for the treatment of AUD, and discuss future avenues of
research critical for understanding the pathogenesis of AUD.

STOP and GO signaling pathways

We, and others, identified distinct molecular cascades that are
recruited by alcohol consumption to either gate or promote the
development of AUD. Specifically, we describe examples of
signaling cascades termed herein as the STOP pathways which
gate the development of excessive alcohol consumption and limit
alcohol intake to moderate levels, and signaling cascades termed
herein the GO pathways that drive the escalation of drinking
from moderate to excessive levels and that contribute to the
maintenance of high level of drinking, craving, and relapse
(Ron and Barak 2016) (Fig. 1). This review does not discuss
intracellular signaling components such as the adenylate cy-
clase/PKA/phosphodiesterase and protein kinase C (PKC) that
also play an important role in phenotypes associated with AUD
and have been reviewed elsewhere (Ahmadiantehrani et al.
2014b; Ron and Barak 2016). Finally, as outlined below, preclin-
ical findings indicate that the manipulation of molecular compo-
nents of the STOP and GO pathways could prove to be beneficial
for the treatment of AUD (Fig. 2).

STOP pathways moderate alcohol drinking
behavior

Here, we focus on two genes, the brain-derived neurotrophic
factor (BDNF) and the glial-derived neurotrophic factor
(GDNF), and describe their role in gating alcohol use. We
further show that malfunctioning of the BDNF and GDNF
signaling pathways drives phenotypes associated with AUD.
Finally, we present data to suggest that small molecules that
target BDNF and GDNF signaling could be developed as
medications to treat AUD (Fig. 2).

BDNF

The neurotrophic factor BDNF is a member of the nerve
growth factor (NGF) family (Huang and Reichardt 2003).
BDNF binds to its high affinity receptor tropomyosin-related
kinase B (TrkB) and with a low affinity to the p75 neurotrophin
receptor (p75NTR) (Huang and Reichardt 2003; Kraemer et al.
2014b). Binding of BDNF with TrkB leads to the activation of
the mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinases 1 and 2 (ERK1/2), phospholipase C
gamma (PLC gamma), and phosphoinositol 3-kinase (PI3K)
pathways (Huang and Reichardt 2003). Binding of mature
or proBDNF to the p75NTR produces different outcomes
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including the phosphorylation of the c-Jun amino terminal ki-
nase (JNK), the regulation of RhoA activity, the synthesis of
ceramides, and the nuclear translocation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NFkB)
(Kraemer et al. 2014b). The BDNF/TrkB pathway plays an
important role in synaptic and structural plasticity and learning
and memory (Bekinschtein et al. 2014; Panja and Bramham
2014; Park and Poo 2013), whereas p7SNTR mediates oppo-
site responses (Kraemer et al. 2014b). For example, activation
of the p7SNTR pathway reduces spine complexity and density
(Zagrebelsky et al. 2005), induces apoptosis (Kraemer et al.
2014a) and long-term depression (LTD) (Woo et al. 2005).

Dysregulation of BDNF function has been implicated in
multiple neuropsychiatric disorders (Autry and Monteggia
2012; Castren 2004), including depression (Duman and Li
2012), schizophrenia (Buckley et al. 2007), and anxiety dis-
orders (Andero et al. 2014). Furthermore, the rapid actions of
the anti-depressant medication, ketamine, are mediated in part
by BDNF (Bjorkholm and Monteggia 2016).

BDNF and alcohol

Initial studies elucidating the potential role of the growth factor
in phenotypes associated with AUD utilized heterozygote Bdnf
knockout animals which express approximately 50% of the Bdnf
gene. Interestingly, Bdnf heterozygous mice (HET) consume
more alcohol as compared to wild-type littermates (WT)
(Hensler et al. 2003; McGough et al. 2004). Furthermore, dele-
tion of Bdnf in the forebrain increases the consumption of a
sweetened solution of alcohol without changing the level of sac-
charine intake (Logrip et al. 2015). Bdnf HET mice also display
an enhanced alcohol conditioned place preference (CPP) as com-
pared to their corresponding WT littermates (McGough et al.
2004), implicating the endogenous growth factor in gating alco-
hol intake and reward.

Further work indicates that Bdnf is an alcohol responsive
gene. Specifically, moderate alcohol consumption (continuous
access to 10% alcohol in a two bottle choice procedure;
10%CA-2BC), but not excessive intake (intermittent access to
20% alcohol; 20%IA-2BC), increases the levels of BDNF ex-
pression in the dorsal striatum of mice (McGough et al. 2004),
and more specifically in the dorsolateral striatum (DLS), but not
in the dorsomedial striatum (DMYS) or nucleus accumbens (NAc)
of rodents (Jeanblanc et al. 2009; Logrip et al. 2009b). Finally, in
line with the negative correlation of BDNF with the level of
alcohol consumed or the length of alcohol exposure, alcohol-
preferring P rats (Li et al. 1987) exhibit lower BDNF content in
the medial (MeA) and central (CeA) subregions of the amygdala
as compared to non-preferring (NP) rats (Pandey et al. 2008; Yan
et al. 2005). Whether BDNF levels differ in P and NP rats in
corticostriatal regions regions has yet to be determined.

Experimental activation of TrkB signaling via infusion of
recombinant BDNF in the DLS reduces operant alcohol self-
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Fig. 1 The STOP and GO intracellular signaling pathways control
alcohol-drinking behaviors. Moderate and/or limited consumption of
alcohol results in the activation of signaling cascades within the STOP
pathways. STOP signaling pathways which center around genes such as
BDNF and GDNF are described herein. Activation of the STOP signaling
cascades limits the amount of consumed alcohol and keeps alcohol intake
in check (right panel). Prolonged consumption of large quantities of

administration (Jeanblanc et al. 2009), and the induction of
BDNF expression through the systemic or intra-DLS adminis-
tration of Tat-RACK1 (a recombinant RACK1 protein covertly
linked to an amino acid sequence from the HIV-TAT protein
that enables the penetration of proteins through the blood brain
barrier and cellular membranes (Schwarze et al. 1999) reduces
rat alcohol intake (Jeanblanc et al. 2006; McGough et al. 2004).
However, infusion of BDNF in the DLS fails to alter rat operant
self-administration of sucrose (Jeanblanc et al. 2009), indicating
that BDNF’s actions are specific for alcohol. Conversely, RNA
interference (RNAi) mediated knockdown of BDNF in the rat
DLS but not DMS of increases alcohol self-administration
(Jeanblanc et al. 2009), and similar data were obtain upon
knockdown of BDNF in the DLS of mice (Logrip et al. 2015).

BDNF gates alcohol intake through the activation of ERK1/2,
but not PI3K or PLC gamma (Jeanblanc et al. 2013). In addition,
BDNF-mediated gating of alcohol intake requires a transcription/
translation event that occurs within a time frame of hours
(Jeanblanc et al. 2013). Specifically, activation of BDNF signal-
ing initiates the transcription of the dopamine D3 receptor and
preprodynorphin, the precursor to the dynorphin peptide in the
dorsal striatum and in primary striatal neurons, respectively
(Jeanblanc et al. 2006; Logrip et al. 2008). Finally, blockade of
the dopamine D3 receptor (D3R) or the kappa opioid receptor
(KOR), the receptor for dynorphin, reduces the ability of Tat-
RACKI to decrease alcohol consumption (Jeanblanc et al.
2006; Logrip et al. 2008). KOR and D3R are distributed in select
brain regions involved in motivated behaviors (Bazov et al.
2018; Khaled et al. 2014), and upon activation, both serve to
modulate dopaminergic neurotransmission (Bazov et al. 2018;
Chang et al. 2018). Thus, it is plausible that the dynorphin/
KOR system and the D3R in the DLS limit alcohol intake
through their interaction with the dopaminergic mesolimbic sys-
tem. Support for this possibility stems from the finding that sys-
temic administration of the kappa opioid receptor agonist,
U50,488H attenuates the rewarding properties of alcohol
(Logrip et al. 2009a), and that the dopamine D3 receptor antag-
onist, U-99194A, increases alcohol-dependent place preference
(Boyce and Risinger 2000, 2002).
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alcohol activates the GO pathways. Activation of GO signaling
cascades are driven in part, by the activation of Fyn and mTOR to
produce neuroadaptations that contribute to the escalation and
maintenance of excessive uncontrolled alcohol intake. The GO
pathways are also the molecular underpinnings of other adverse
phenotypes such as alcohol craving, seeking, and relapse (left panel)

Numerous lines of investigation in rodents have led to the
interesting hypothesis that AUD occurs in part because of a
breakdown of endogenous protective STOP signals. A break-
down in these signaling pathways can be the result of changes
in the levels of the gene factor and/or the disruption of down-
stream signaling cascades. Studies have indicated that, at least in
the case of BDNF, both possibilities are true. Specifically, long-
term excessive consumption of alcohol disrupts the increase in
BDNF expression in the DLS seen after the intake of moderate
drinking of alcohol (Logrip et al. 2009b). The breakdown of
BDNF signaling in the DLS coincides with a significant decrease
of BDNF mRNA in cortical regions including the medial pre-
frontal cortex (mPFC) of mice and rats (Darcq et al. 2015; Logrip
et al. 2009b; Smith et al. 2016; Tapocik et al. 2014). Furthermore,
recent studies indicate that cortical BDNF is reduced following
both chronic self-administration (Orru et al. 2016) and forced
chronic intermittent exposure to alcohol (Fernandez et al.
2017). Interestingly, the decrease in BDNF expression in re-
sponse to voluntary or non-contingent exposure of rodents to
high levels of alcohol is mediated through the microRNA

LM22A-4
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LM11A31 Ibogaine

Memantine

p75NTR

Rapalink-1
Rapamycin

Lacosamide Saracatinib

Fig. 2 Drug candidates for the treatment of AUD. Preclinical animal
models suggest that targeting GO and STOP signaling reduce alcohol-
drinking behaviors as well as other behaviors associated with alcohol use.
These include inhibitors of GO signaling and activators of STOP
signaling. Specifically, cabergoline and ibogaine are inducers of GDNF
expression. Memantine is an inducer of BDNF expression. LM22A-4 is
an activator of the BDNF receptor TrkB, and LM 11A31 is an inhibitor of
the low affinity neurotrophin receptor, p7SNTR. Saracatinib is a Fyn
kinase inhibitor, and rapamycin and rapalink are mTORCI1 inhibitors.
Finally, lacosamide inhibits the function of CRMP2
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(miR) machinery (Heilig et al. 2017). miRs are short, noncoding
RNA sequences that block mRNA translation by binding to
cytoplasmic mRNA, targeting them for degradation (Bartel
2004), and alcohol increases the levels of miR30a-5p (Darcq
et al. 2015) and miR206 (Tapocik et al. 2014) both of which
target BDNF mRNA for degradation (Darcq et al. 2015;
Tapocik et al. 2014). Importantly, inhibition of the function of
miR30a-5p or miR206 inhibits excessive alcohol intake and pre-
vents the escalation of alcohol drinking (Darcq et al. 2015;
Tapocik et al. 2014). Interestingly, the increase of BDNF' levels
in the DLS during the consumption of moderate levels of alcohol
could be also linked to miR function as the consumption of low
level of alcohol led to a decrease in the expression of another
BDNF-targeting miR, miR124a, in the DLS, thereby increasing
BDNF mRNA levels (Bahi and Dreyer 2013).

Another potential neuroadaptation in response to excessive
alcohol use is the breakdown of BDNF signaling. In fact, repeat-
ed cycles of alcohol drinking and withdrawal disrupt the balance
of BDNF receptors by the forward trafficking of the low affinity
BDNF receptor, p7SNTR (Darcq et al. 2016). In support of the
potential contribution of p75SNTR to the escalation of alcohol use
are the findings that knockdown of the p75NTR in the DLS or
the pharmacological inhibition of the receptor reverts alcohol
drinking to a moderate level (Darcq et al. 2016). Furthermore,
an interesting possibility is that innate differences in BDNF levels
and/or function are predisposing factors that determine whether
or not subjects will escalate their consumption or drink alcohol in
moderation. Interestingly, P rats consume more alcohol, exhibit
heightened anxiety and have lower levels of BDNF in the CeA
and MeA as compared to NP rats (Moonat et al. 2011; Moonat
et al. 2013).

BDNF in humans

The current human data broadly agrees with the role of BDNF
in rodent models of alcohol use. Humans with AUD have
lower serum BDNF levels (Nubukpo et al. 2017; Zanardini
et al. 2011), and lower BDNF in alcoholics is correlated with
greater reported alcohol withdrawal severity (Heberlein et al.
2010). More recently, Garcia-Marchena et al. reported that
low BDNF levels are still detected in abstinent alcoholics
(Garcia-Marchena et al. 2017). In addition, in humans,
1$6265 single point polymorphism (SNP) within the BDNF
gene conferring a valine to methionine substitution in the
prodomain of the BDNF protein, results in increased sensitiv-
ity to the anticipation of stress in healthy adults as well as to an
increase in baseline levels of alcohol intake (Colzato et al.
2011). Furthermore, this polymorphism is also associated with
an early onset of relapse in treatment-seeking alcoholics
(Wojnar et al. 2009), and an increased likelihood to drink
and respond to alcohol cues in adolescents (Nees et al.
2015). This polymorphism has been shown to alter the
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intracellular trafficking and packaging of proBDNF, affecting
the activity-dependent secretion of the mature protein (Chen
et al. 2004; Egan et al. 2003). In line with the human data,
mice carrying the Val68/Met mutation consume alcohol de-
spite negative consequences (Warnault et al. 2016).
Furthermore, Val68/Met BDNF mice that consume alcohol
despite the addition of quinine revert to moderate levels of
drinking upon overexpression of WT BDNF in the mPFC or
in response to the systemic administration of the BDNF
activatior, LM22A-4 (Wamault et al. 2016). In sum, human
and rodent data suggest that engagement of the STOP path-
way via enhancement of BDNF may be beneficial in treating
humans with AUD.

GDNF

GDNF belongs to the transforming growth factor  (TGFf3)
family of growth factors (Airaksinen and Saarma 2002; Ibanez
and Andressoo 2017). GDNF was discovered in glioma cells
(Lin et al. 1993) although the growth factor is mainly expressed
in neurons (Pochon et al. 1997). GDNF acts through binding to
the tyrosine kinase receptor, Ret, and the co-receptor, glycosyl-
phosphatidylinositol-linked GDNF family receptor o1 (GFR«1)
(Airaksinen and Saarma 2002; Ibanez and Andressoo 2017).
Binding of GDNF to its receptors results in the activation of
Ret which in turn induces the activation of the MAPK, PLCy,
and PI3K pathways (Airaksinen and Saarma 2002; Ibanez and
Andressoo 2017). The majority of GDNF is produced in the
striatum, whereas the majority of the Ret receptors are localized
in the midbrain (Trupp et al. 1997), and GDNF is retrogradely
transported by dopaminergic neurons from the striatum to the
midbrain (Wang et al. 2010b; Tomac et al. 1995). GDNF plays
an important role for the survival and maintenance of midbrain
dopaminergic neurons (Lin et al. 1993; Pascual et al. 2008), as
well as in the firing rate of dopaminergic neurons in the midbrain
(Wang et al. 2010b; Yang et al. 2001). GDNF also plays a role in
hippocampal synaptogenesis, differentiation of hippocampal and
cortical GABAergic neurons, and the development of the olfac-
tory system (Airaksinen and Saarma 2002; Ibanez and
Andressoo 2017).

GDNF and alcohol

Like early studies in the BDNF field, Gdnf HET mice were
used to probe the role of the neurotrophic factor in the brain.
Also like Bdnf HET mice (McGough et al. 2004), Gdnf HET
mice consume more alcohol as compared to WT littermates.
(Carnicella et al. 2009b). In addition, Gdnf HET mice display
an enhanced alcohol- CPP as compared to their corresponding
WT littermates (Carnicella et al. 2009b), implicating this en-
dogenous growth factor in gating alcohol intake and reward.
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Further work indicates that Gdnf, like Bdnf'is also an alcohol
responsive gene although the time-course of alcohol-dependent
alterations of GDNF expression is different from BDNF. GDNF
mRNA increases in the ventral tegmental area (VTA) following a
brief (1 week) regime of 20%IA-2BC (Ahmadiantehrani et al.
2014a), which is not observed after a prolonged consumption
(7 weeks) of 20% IA-2BC (Ahmadiantehrani et al. 2014a).

Next, a RNAI strategy was used to decipher the role of
GDNF in alcohol-drinking behaviors. Interestingly, RNAi-
mediated knockdown of GDNF in either the VTA or NAc of
rats increases alcohol intake, enhances the onset of escalation of
alcohol consumption, and magnifies relapse (Ahmadiantehrani
et al. 2014a; Barak et al. 2015). Conversely, intra-VTA infusion
of recombinant GDNF in the VTA reduces rats’ alcohol reward,
consumption, and prevents relapse (Barak et al. 2011a; Barak
et al. 2011b; Carnicella et al. 2009¢; Carnicella et al. 2008).
Further, viral-mediated overexpression of GDNF in the NAc
or VTA prevents the development of excessive alcohol con-
sumption in a 20% IA-2BC procedure (Barak et al. 2015).
However, infusion of GDNF into the VTA fails to alter rat
operant self-administration of sucrose (Carnicella et al. 2008),
indicating that similar to BDNF, GDNF’s actions are specific
for alcohol.

Also similar to BDNF, GDNF gates alcohol intake through
the activation of ERK1/2, but not PI3K or PLC gamma
(Carnicella et al. 2008). Unlike BDNF, GDNF-mediated reduc-
tion of alcohol intake is very rapid and occurs within minutes
(Carnicella et al. 2008) suggesting that GDNF gates alcohol
intake via a non-genomic mechanism. Furthermore, unlike
BDNF, GDNF-mediated reduction of alcohol intake is long-
lasting (Carnicella et al. 2008), which is mediated, at least in
part, by the autoregulation of GDNF expression in the VTA
(Barak et al. 2011a). Mechanistically, GDNF reduces excessive
alcohol consumption by adjusting the firing rate of dopaminer-
gic VTA neurons (Barak et al. 2015) and by normalizing
withdrawal-induced reductions in NAc dopamine release
(Barak et al. 2011b). Several lines of data suggest that AUD
may be a result of a breakdown of the GDNF signaling pathway.
For instance, GDNF levels are reduced in response to long-term
alcohol intake in the VTA of rats (Ahmadiantehrani et al.
2014a), and a 50% reduction in GDNF levels in the VTA was
associated with cue-induced alcohol seeking and drinking
(Zipori et al. 2017). Finally, studies on the potential perturbation
of the GDNF pathway in humans are limited. However,
Heberlein et al. reported that human alcoholics exhibit reduced
serum GDNF during both acute and protracted abstinence from
alcohol, and that serum GDNF is negatively correlated with
alcohol tolerance (Heberlein et al. 2010).

In sum, animal studies suggest that BDNF and GDNF are
recruited in a number of brain regions to prevent the escalation
of alcohol use, but, through various mechanisms, continued
excessive alcohol consumption overwhelms the beneficial ef-

fects of the STOP pathways resulting in escalation of alcohol
use as well as the development of other adverse phenotypes
associated with AUD.

Potential therapeutics targeting the BDNF and GDNF
pathways

Below, we summarize potential therapeutics aimed at treating
excessive alcohol consumption through the targeting of the
BDNF and GDNF pathways including TrkB agonists and in-
hibitors of p7SNTR as well as small molecules that serve as
BDNF or GDNF mimetics (Fig. 2).

Small molecules targeting the BDNF receptors

As described above, the BDNF receptors TrkB and p75SNTR
can be viewed as Yin and Yang in which TrkB serves as the
transducer of a STOP mechanism (Jeanblanc et al. 2009;
Jeanblanc et al., 2013) and p75NTR serves as a GO transducer
(Darcq et al. 2016). Indeed, preclinical rodent studies suggest
that targeting both receptors may be a useful strategy to com-
bat phenotypes associated with AUD. Longo, Massa, and
others have been developing small molecules targeting TrkB
and p75NTR mainly for the treatment of neurological disor-
ders (Longo and Massa 2013), and two of these compounds,
LM22A-4 and LM11A31, have been used recently in preclin-
ical AUD studies indicating their potential efficacy for the
treatment of AUD. LM22A-4 was identified using computa-
tional modeling and virtual screening approach aimed at iden-
tifying a small molecule TrkB activator (Massa et al. 2010).
Using in vitro assays in hippocampal neurons, LM22A-4 was
shown to activate TrkB signaling (Massa et al. 2010), and the
compound was shown to exhibit beneficial effects in animal
models of Rett syndrome, Huntington’s disease (Schmid et al.
2012; Simmons et al. 2013), and stroke (Han et al. 2012).
LMI1A-31 was also identified in an in silico screen which
was further characterized and found to bind to the p7SNTR
(Longo and Massa 2013). Animal studies have shown that
LM11A31 may be developed for the treatment of Alzheimer’s
disease (Knowles et al. 2013; Simmons et al. 2014; Yang et al.
2008), spinal cord injury (Tep et al. 2013), peripheral neuropa-
thy (Friesland et al. 2014), and Huntington’s disease (Simmons
et al. 2016). Using preclinical mouse models for AUD, we
showed that a single systemic administration of LM11A31 or
LM22A-4 significantly reduced mouse drinking of alcohol to a
moderate level (Darcq et al. 2016; Warnault et al. 2016).
Furthermore, the administration of LM22A-4 reduced compul-
sive alcohol intake in the BDNF Val68/Met mutant mice
(Warnault et al. 2016). Importantly for drug development, the
treatment of either compounds did not alter the consumption of
water or sucrose (Darcq et al. 2016; Warnault et al. 2016).
LM22A-4 has not been used in humans yet, and of note is a
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recent study which did not detect LM22A-4-dependent activa-
tion of TrkB receptor in cell culture models (Boltaev et al.
2017). However, clinical trials are currently underway to test
the efficacy of LM11A31 in Alzheimer’s disease patients
(https://clinicaltrials.gov/ct2/show/NCT03069014). Thus,
these small molecules may be good candidates to proceed in
clinical AUD studies.

BDNF and GDNF mimetics

Another approach to target signaling within the STOP path-
ways is through small molecules that act on the level of gene
transcription. Several examples of inducers of BDNF and
GDNF transcription are outlined below.

Memantine is a non-competitive NMDA receptor inhibitor
which was shown to reduce alcohol drinking and craving
(Krishnan-Sarin et al. 2015; Krupitsky et al. 2007a), and to
reduce withdrawal symptoms severity in alcoholics
(Krupitsky et al. 2007b). Memantine was reported to reduce
alcohol self-administration and craving in rats (Alaux-Cantin
etal. 2015; Jeanblanc et al. 2014), and interestingly, Jeanblanc
et al. reported that systemic administration of memantine in-
creases BDNF expression in the dorsal striatum and mPFC of
rats (Jeanblanc et al. 2014). Furthermore, Jeanblanc et al.
showed that reduction of alcohol self-administration by
memantine was attenuated by the inhibition of BDNF signal-
ing (Jeanblanc et al. 2014). These data raise the possibility that
other small molecules that target BDNF transcription and/or
translation may be useful in treating AUD. Forthcoming re-
sults of a clinical trial led by Dr. Krishnan-Sarin on the inter-
active effects of naltrexone and memantine (https://
clinicaltrials.gov/ct2/show/NCT01519063) will further
develop our knowledge regarding the therapeutic value of
the drug for the treatment of AUD.

Ibogaine is an alkaloid extracted from the root bark of a
West African shrub, Tabernanthe Iboga. Ibogaine has halluci-
nogenic properties and as such is used in West Africa for
religious rituals (Brown 2013). Ibogaine has been of interest
in addiction research for decades because of its desirable ac-
tions to reduce withdrawal symptoms, drug intake of, as well
as craving of multiple drugs of abuse in humans (Brown
2013). Strikingly, a single dose of ibogaine reduces drug crav-
ing for months (Noller et al. 2017; Sheppard 1994). An FDA
phase 1 clinical trial was conducted in the 1990s. However,
due to safety concerns, the FDA did not approve a large-scale
phase 2 trial (Brown 2013). Ibogaine is, however, being used
for the treatment of addiction of multiple drugs of abuse in
clinics outside of the USA (Brown 2013). Recent studies con-
ducted in Mexico and New Zealand raised again the possibil-
ity that ibogaine may be a possible treatment for opiate addi-
tion. Specifically, Brown et al. and Nollan et al. reported that
ibogaine was effective in blocking acute and long-term opiate
withdrawal symptoms (Noller et al. 2017; Sheppard 1994).

@ Springer

Although the beneficial actions of ibogaine are numerous,
serious safety concerns and the fact that the drug is hallucino-
genic significantly reduce enthusiasm for the development of
ibogaine per se for the treatment of addiction. In an attempt to
separate the desirable actions of ibogaine from the undesirable
side effects, we conducted a microarray study in rats to iden-
tify potential downstream targets through which ibogaine ex-
erts its beneficial actions on alcohol intake. We found that
ibogaine as well as its derivative noribogaine increase
GDNF expression in a dopaminergic-like cell line and in the
VTA ofrats (Carnicella et al. 2010; He et al. 2005). We further
showed that ibogaine reduces alcohol self-administration and
relapse through GDNF signaling in the VTA (He et al. 2005).
Specifically, we found that blocking GDNF signaling in the
VTA inhibited ibogaine-dependent reduction of alcohol self-
administration (He et al. 2005). We further showed that
ibogaine produces a long-lasting attenuation of alcohol self-
administration (He et al. 2005), by inducing a positive
autoregulatory loop by which GDNF transcription is con-
trolled by the growth factor itself (He and Ron 2000).
Finally, ibogaine prevented the alcohol-dependent increase
in tyrosine hydroxylase through a mechanism that required
GDNF in a dopaminergic-like cell line (He and Ron 2008).
Strucure-function studies are required to identify ibogaine de-
rivatives that will not posses the undesirable actions such as
hallucination and neurotoxicity but will retain the desirable
GDNF-mimetic property of the drug.

Cabergoline is another small molecule which increases
GDNF expression and activates GDNF signaling in cultured
cells and in vivo (Carnicella et al. 2009a). Cabergoline
(Dostinex, Cabaser) is an FDA-approved drug being used
for the treatment of hyperprolactinemia (Bogazzi et al.
2008; Webster et al. 1994), and interestingly, a pilot study
conducted in humans suggests that cabergoline reduces co-
caine use (Shoptaw et al. 2005). We reported that
cabergoline acts similarly to ibogaine. Incubation of
cabergoline in cultured cells and systemic administration
of this drug in rats increased the expression of GDNF,
resulting in the activation of the GDNF receptor, Ret
(Carnicella et al. 2009a). We further showed that
cabergoline reduces alcohol drinking and seeking and im-
portantly, the drug reduced rat alcohol self-administration in
a model of relapse without affecting sucrose intake
(Carnicella et al. 2009a). Finally, we showed that
cabergoline-dependent increase in GDNF expression and
reduction of alcohol intake were abolished in Gdnf HET
mice (Carnicella et al. 2009a) indicating that cabergoline
reduces alcohol-drinking behaviors via GDNF.
Cabergoline acts as a dopamine 2 receptor agonist
(Newman-Tancredi et al. 2002); however, as outlined
above, the effect of cabergoline on alcohol-related behav-
iors is likely to be dependent solely on the GDNF system
(Carnicella et al. 2009a).


https://clinicaltrials.gov/ct2/show/NCT03069014
https://clinicaltrials.gov/ct2/show/NCT01519063
https://clinicaltrials.gov/ct2/show/NCT01519063
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Together, these examples show that AUD may be treated
by drugs that act through the activation of STOP pathway
signaling pathways, and/or through the induction of gene ex-
pression of players within the STOP pathway.

GO pathways facilitate excessive alcohol
consumption

Opposing the STOP pathways are the GO pathways, a set of
molecular machineries which react to alcohol exposure by
initiating changes that promote the escalation of drinking from
moderate to excessive levels (Fig. 1). Like the STOP path-
ways, components of the GO pathways are distributed
throughout corticostriatal and amygdalar brain regions.
Below, we give two examples of GO signaling which centers
around two kinases: Fyn and the mammalian target of
rapamycin (mTOR). We then discuss the potential use of in-
hibitors of Fyn and mTOR signaling for the treatment of
AUD.

Fyn

Much of alcohol’s influence on behavior centers on the gluta-
matergic system (Goodwani et al. 2017; Hwa et al. 2017). Of
note is the ionotropic N-methyl-D-aspartate receptor
(NMDAR), a critical component on neuroplasticity and
long-term memory formation (Malenka and Nicoll 1993),
which plays an important role in various phenotypes associat-
ed with AUD (Morisot and Ron 2017; Ron and Wang 2009).
The major regulatory NMDAR subunits are GluN2A and
GIuN2B (Ogden and Traynelis 2011), which contain long
cytoplasmic tails that are subjected to posttranslational modi-
fications such as phosphorylation (Ron 2004; Trepanier et al.
2012). One of the major kinases phosphorylating the GluN2B
subunit is the tyrosine kinase, Fyn (Trepanier et al. 2012). The
phosphorylation of GluN2B by Fyn enhances channel func-
tion (Trepanier et al. 2012; Yaka et al. 2003, 2002) through the
membranal retention of GIuN2B (Dunah et al. 2004;
Nakazawa et al. 2001; Prybylowski et al. 2005). Fyn contrib-
utes to excitatory and inhibitory synaptic transmission
(Chattopadhyaya et al. 2013; Hildebrand et al. 2016;
Ohnishi et al. 2011) and to learning and memory (Grant et
al. 1992; Kojima et al. 1997). Fyn, a member of the Src family
of tyrosine kinases, exists in either an active or an inactive
conformation (Engen et al. 2008). Fyn activity is regulated
by two phosphatases: protein tyrosine phosphatase alpha
(PTP«x) and the striatal-enriched tyrosine phosphatase
(STEP). Activation of Fyn is achieved through the dephos-
phorylation of tyrosine residue Tyr527 by PTPx (Bhandari
et al. 1998; Ponniah et al. 1999; Vacaresse et al. 2008). Full
activation of the kinase requires the autophosphorylation at
Tyrosine 417 (Engen et al. 2008) and Fyn is inactivated via

the dephosphorylation of Tyr417 by STEP (Goebel-Goody
etal. 2012).

mTOR

mTOR is a serine and threonine kinase which is compartmen-
talized in two distinct multi-protein complexes, defined as
mTOR complex 1 (mTORCI1) and mTOR in complex 2
(mTORC2) (Ma and Blenis 2009; Saxton and Sabatini 2017,
Zoncu et al. 2011). mTORC1 and mTORC2 complexes ex-
clusively include the adaptor proteins regulatory-associated
protein of mMTOR (RAPTOR) found in mTORCI1 and
rapamycin-insensitive companion of mTOR (RICTOR) found
in mTORC?2 (Ma and Blenis 2009; Saxton and Sabatini 2017,
Zoncu et al. 2011). RAPTOR and RICTOR are required for
the activity of mTORC1 and mTORC2, respectively (Ma and
Blenis 2009; Saxton and Sabatini 2017; Zoncu et al. 2011).
Although mTOR bears the same kinase activity in both com-
plexes, the unique multiprotein network comprising the kinase
results in disparate mMTORC1 and mTORC2 substrates and
downstream cellular functions (Saxton and Sabatini 2017).
Another important distinction between mTORCI1 and
mTORC?2 is the sensitivity to rapamycin. Rapamycin is a se-
lective inhibitor of mTORCI] that does not affect the activity
of mMTORC?2 (Li et al. 2014).

mTORCI is activated through the activation of ERK1/2 or
its downstream kinase, the 90 kDa ribosomal S6 kinase
(RSK), as well as AKT (also known as PKB) (Ma and
Blenis 2009; Mendoza et al. 2011; Zoncu et al. 2011). Much
less is known about the mechanisms enabling mTORC?2 acti-
vation. mTORC?2 is activated through the activation of growth
factor signaling and through its association with the ribosomes
(Oh and Jacinto 2011; Zinzalla et al. 2011).

mTORCI1 phosphorylates the S6 ribosomal kinase 1
(S6K1) and the eukaryotic translation initiation factor-4E
binding protein (4E-BP), both of which are part of the ribo-
somal machinery (Costa-Mattioli et al. 2009; Ma and Blenis
2009). Phosphorylation of S6K1 and 4E-BP controls the ini-
tiation and elongation of translation of a subset of mRNAs
displaying a 5’ terminal oligopyrimidine (TOP) motif
(Thoreen et al. 2012; Zoncu et al. 2011). Specifically,
mTORC -induced phosphorylation of 4E-BP allows the in-
teraction of the eukaryotic translation initiation factor 4E
(eIF4E) with elF4G at the 5’ cap structure of mRNAs, a pro-
cess that is critical for translation initiation (Ma and Blenis
2009). mTORCI1 activation also increases translational rate
by increasing the production of ribosomal proteins and trans-
lation factors (Liao et al. 2007), as well as by inducing the
transcription of ribosomal RNAs (rRNAs) (Zoncu etal. 2011).
mTORC?2’s well-characterized substrates are AKT, serum,
and glucocorticoid-induced protein kinase 1 (SGK1) and pro-
tein kinase C & (PKC ) (Oh and Jacinto 2011; Zinzalla et al.
2011). In the adult brain, mTORCI is a critical mediator of
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synaptic plasticity (Lipton and Sahin 2014) including the in-
duction of the late phase of long-term potentiation
(Cammalleri et al. 2003; Stoica et al. 2011; Tang et al.
2002), due to its capacity to promote local dendritic protein
synthesis (Buffington et al. 2014; Gobert et al. 2008; Hoeffer
and Klann 2010; Stoica et al. 2011). Behaviorally, mTORC1
contributes to memory processes. For example, local inhibi-
tion of mTORCI1 in the rat mPFC by rapamycin results in
long-term memory deficits of trace fear memory examined
days after conditioning training, without impacting short-
term trace fear memory and object recognition memory (Sui
et al. 2008). Rapamycin was shown to also impair novel ob-
ject recognition when infused into the basolateral amygdala
(BLA) or dorsal hippocampus of rats (Jobim et al. 2012;
Myskiw et al. 2008). Moreover, mTORCI activity is also im-
plicated in the consolidation and reconsolidation of fear- and
drug-related memories (Blundell et al. 2008; Gafford et al.
2011; Glover et al. 2010; Lin et al. 2014; Mac Callum et al.
2014; Slipczuk et al. 2009; Stoica et al. 2011). Conversely, mice
with constitutively active mTORC1 via FK506 binding protein
12 (FKBP12) (a cis/trans peptidyl prolyl isomerase (Tong and
Jiang 2015)) knockout, display increased long-term contextual
fear memory retention and compulsive-like perseverative be-
haviors in tasks such as the marble burying assay, object recog-
nition task, Morris water maze, and Y maze reversal task
(Hoeffer et al. 2008). However, cued memory and short-term
contextual memories were not impacted, again indicating that
mTORCI activity may be selective for long-term memories
and compulsive behaviors (Hoeffer et al. 2008). Much less is
known about the role of mMTORC?2 in the CNS. mTORC?2 con-
tributes to F-actin assembly in the hippocampus (Huang et al.
2013), and in the DMS (Laguesse et al. 2018). mTORC?2 in the
hippocampus was also shown to contribute to late phase long-
term potentiation (L-LTP) (Huang et al. 2013), and to memory
consolidation (Huang et al. 2013). mTORC2 was also reported
to contribute to the membrane expression of the dopamine D2
receptors (D2R) in the striatum (Dadalko et al. 2015), and to
control the size and shape of cerebellar Purkinje cells
(Thomanetz et al. 2013). Due to its influence on neuroplasticity,
malfunction of mMTORCI1 and to some extent also mTORC2
have been implicated in numerous psychiatric disorders
(Costa-Mattioli and Monteggia 2013; Lipton and Sahin 2014)
including addiction (Costa-Mattioli and Monteggia 2013;
Dayas et al. 2012; Jernigan et al. 2011; Neasta et al. 2014).

Fyn, mTOR, and alcohol

Unlike BDNF and GDNF which are examples of genes partici-
pating in the “STOP” pathways that gate the level of alcohol
intake (Fig. 1), the kinases Fyn and mTOR are examples of genes
that participate in neuroadaptations that underlie the development
and maintenance of maladaptive alcohol-drinking and seeking
behaviors and hence are part of the GO pathways (Fig. 1).
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Alcohol activates Fyn and mTOR

Repeated cycles of binge drinking and withdrawal result in Fyn
activation specifically in the DMS (Darcq et al. 2014; Gibb
et al. 2011; Wang et al. 2010a), whereas mTORCI1 is specifi-
cally activated in the NAc (Beckley et al. 2016; Laguesse et al.
2016; Neasta et al. 2010) and in the orbitofrontal cortex (OFC)
(Laguesse et al. 2016) of rodents. Similar to Fyn, chronic alco-
hol intake activates mTORC?2 specifically in the DMS
(Laguesse et al. 2018). The molecular mechanisms of Fyn and
mTORCI activation in the DMS and NAc, respectively, are
well-characterized. Specifically, Fyn is activated by alcohol in
the DMS through the recruitment of PTP«x (Ben Hamida et al.
2013), and via the inhibition of STEP (Darcq et al. 2014).
mTORCTI is activated by alcohol through the activation on the
small G protein H-Ras (Ben Hamida et al. 2012), which then
leads to the activation of the PI3K/AKT pathway (Neasta et al.
2011). Both Fyn and mTORCI signaling in the DMS and NAc,
respectively, are activated through the stimulation of dopamine
D1 receptor (D1R) (Beckley et al. 2016; Phamluong et al. 2017)
raising the possibility that both pathways are activated in their
respective brain region through alcohol-dependent dopamine
release and the activation of DIR. Support of this possibility
stems from the finding that mTORCI1 is activated by alcohol
specifically in D1R-expressing neurons in the NAc (Beckley
et al. 2016). Interestingly, Fyn and mTORCI activation by al-
cohol further depends on the amount of alcohol consumed, and
the type of alcohol exposure. Specifically, intermittent access to
20% alcohol activates both kinases, whereas continuous access
to 10% alcohol does not (Laguesse et al. 2016; Morisot and Ron
2017). Finally, reconsolidation of the memory of alcohol seek-
ing (e.g., the smell or taste of alcohol) produces a robust acti-
vation of mMTORC]1 in the CeA as well as in the mPFC and OFC
but not in the NAc (Barak et al. 2013). How alcohol activates
mTORC?2 in the DMS, or how a brief reconsolidation period
activates mTORCI in selected brain regions has yet to be
determined.

Cellular and behavioral consequences of Fyn
and mTOR activation by alcohol

As stated above, the major substrate of Fyn in the brain is
GluN2B (Trepanier et al. 2012); indeed, GluN2B phosphory-
lation is detected in response to intermittent access to 20%
alcohol in the same brain region where Fyn is activated, name-
ly the DMS (Ben Hamida et al. 2013; Darcq et al. 2014; Wang
et al. 2010a). The phosphorylation of GIuN2B by alcohol at
the synaptosomal membrane is long-lasting and is detected
even after 24 hours of withdrawal (Ben Hamida et al. 2013;
Darcq et al. 2014; Wang et al. 2010a). Ex vivo exposure of
DMS neurons to alcohol produces a long-lasting facilitation of
NMDAR activity which is both Fyn and GluN2B-dependent
(Wang et al. 2007; Wang et al. 2010a). Interestingly, the
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activity of NMDAR in the DMS of rats is robustly elevated in
response to chronic voluntary consumption of alcohol and is
still detected even 9 days after withdrawal (Wang et al.
2010a). As stated above, PTP«x is necessary for alcohol-
dependent Fyn activation (Gibb et al. 2011), and in support
to this conclusion, PTPx knockdown of the DMS prevented
alcohol-dependent GIuN2B phosphorylation (Ben Hamida
et al. 2013). The opposite holds true as well; STEP inhibition
by alcohol is also required for Fyn activation (Darcq et al.
2014), and downregulation of STEP in the DMS enhances
alcohol-induced Fyn activation and GluN2B phosphorylation
(Darcq et al. 2014). GluN2B phosphorylation increases
NMDAR function thereby enabling calcium entry into the cell
(Trepanier et al. 2012). Calcium is a second messenger neces-
sary for the activation of calcium/calmodulin-dependent pro-
tein kinase type II (CaMKII) (Coultrap and Bayer 2012).
While the effect of alcohol consumption on CaMKII activity
in the DMS has not been evaluated, alcohol
exposure increases CaMKII activity in the CeA and mPFC
of rodents (Natividad et al. 2017; Salling et al. 2016).
CaMKII phosphorylation of «-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor (AMPAR) subunits,
GluAl and GluA2, is required for the forward trafficking of
the subunits to the plasma membrane (Malinow and Malenka
2002), and as expected, alcohol drinking leads to increased
membrane localization of AMPAR in the DMS (Wang et al.
2012). Together, these data suggest that the activation of Fyn
by alcohol produces long-lasting molecular and cellular adap-
tations in the DMS. Pharmacological and molecular manipu-
lations of genes within the Fyn pathway produced significant
alterations of alcohol-drinking behaviors (Morisot and Ron
2017). For instance, knockdown of PTP o in the DMS reduced
the consumption of higher concentrations of alcohol: 6, 10,
and 20%, but not 3% (Ben Hamida et al. 2013). This indicates
that preventing the alcohol-induced activation of Fyn alters
the development of excessive alcohol consumption.
Conversely, knockdown of STEP in the DMS increased alco-
hol intake of mice (Darcq et al. 2014), and STEP knockout
(KO) mice consume more alcohol than their wild-type coun-
terparts (Legastelois et al. 2015). Interestingly, STEP KO mice
also display reduced conditioned place aversion (CPA) to lith-
um chloride and are less sensitive to quinine adulteration,
which robustly reduces alcohol consumption in control animals
(Legastelois et al. 2015). This indicates that STEP influences
alcohol consumption by making the animal less sensitive to
aversive sensations. Pharmacological inhibition of Fyn or
GIuN2B with PP2 or ifenprodil, respectively, in the DMS, but
not NAc or DLS, reduced operant responding for alcohol while
not impacting overall locomotor behavior or motivation for
natural rewards such as sucrose (Wang et al. 2007; Wang
et al. 2010a). Importantly for the therapeutic potential of drugs
aimed at Fyn signaling, intra-DMS inhibition of Fyn also re-
duced the reinstatement of alcohol seeking and thus relapse

(Wang et al. 2010a) using a previously developed method of
reinstating alcohol seeking via exposure to alcohol odor and
taste (Carnicella et al. 2014). Additionally, mice expressing an
inactive form of CaMKII exhibit a delay in moderate alcohol
consumption, indicating that activity of CaMKII contributes to
alcohol reward (Easton et al. 2013). Additionally, alcohol-
induced phosphorylation of CaMKII in the dorsal mPFC was
associated with an increase in perseverative behavior in a rodent
operant self-administration paradigm (Natividad et al. 2017).
Finally, intra-DMS administration of the AMPAR antagonist
NBQX decreased operant self-administration of alcohol
(Wang et al. 2012). Together, these data indicate that activation
of the Fyn/GluN2B pathway by alcohol leads to the induction
of synaptic plasticity which in turn drives and maintains
alcohol-related behaviors.

As stated above, mMTORC] activation initiates the dendritic
translation of proteins (Buffington et al. 2014; Gobert et al.
2008; Hoeffer and Klann 2010; Stoica et al. 2011), and as such,
the kinase plays a critical role in synaptic plasticity learning
and memory (Lipton and Sahin 2014). Plasticity is critical for
the development of drug-related behaviors (Hyman et al.
2006), and we generated data to suggest that mTORCI in the
NAc, and mTORC?2 in the DMS play a critical role in alcohol-
dependent synaptic and structural plasticity. Specifically, we
found that heavy alcohol consumption in rodents leads to the
translation of synaptic proteins in the NAc such as the GluA1
subunit of the AMPAR, the scaffolding proteins, HOMER,
postsynaptic density 95 (PSD-95), and ProSAP2-interacting
protein 1 (Prosapipl), as well as Arc and collapsin response
mediator protein 2 (CRMP 2), (Beckley et al. 2016; Laguesse
et al. 2017; Liu et al. 2017; Neasta et al. 2010). Interestingly, a
brief reconsolidation period also led to an increase in the pro-
tein levels of GluAl, Arc and PSD95 in the amygdala, OFC,
and mPFC of rats (Barak et al. 2013). The cellular conse-
quences of mTORCI activation and the dendritic translation
are the strengthening of excitatory neurotransmission in DIR
neurons in the NAc in mice in response to the first alcohol
drink (Beckley et al. 2016), and to the increase in the activity
of GluA2-lacking AMPAR in response to 7 weeks of heavy
drinking (Laguesse et al. 2017). Further data indicate that up-
regulation in the level of CRMP2 and Prosapipl by alcohol
results in profound morphological alterations. Specifically,
CRMP2 is a tubulin binding protein (Quach et al. 2015), and
we recently showed that excessive alcohol intake increases the
binding of CRMP?2 to tubulin which in turn causes microtubule
assembly of NAc neurons (Liu et al. 2017). Furthermore, we
found that excessive alcohol intake increases the amount of
filamentous (F) actin and decreases the amount of globular
(G) actin through a mechanism that requires Prosapipl
(Laguesse et al. 2017), a component of the scaffolding machin-
ery in the postsynaptic densities of excitatory spines (Wendholt
et al. 2006). We further showed that the consequence of the F-
actin polymerization by alcohol is an increased number of
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mushroom spines in the NAc and a decrease in the number of
immature thin spines (Laguesse et al. 2017). Interestingly,
mTORC?2 in the DMS is also part of the molecular machinery
that produces F-actin assembly and maturation of dendritic
spines in response to heavy alcohol intake in mice (Laguesse
et al. 2018).

The activation of mMTORCI and the consequent translation
of CRMP2 and Prosapip1 produce profound alterations in ani-
mal drinking behaviors. Specifically, systemic administration of
the selective mTORCI inhibitors rapamycin or rapalink-1 at-
tenuates rat operant self-administration of alcohol in rats
(Neasta et al. 2010) and voluntary alcohol intake in a 2-BC
paradigms in rodents (Beckley et al. 2016; Morisot et al.
2017; Neasta et al. 2010) without altering sucrose (Neasta
et al. 2010) or saccharine intake (Morisot et al. 2017).
Furthermore, a single systemic administration of rapalink-1 pro-
duced very long-lasting inhibitory effects on alcohol intake
which lasted for at least 14 days post-drug administration
(Morisot et al. 2017). Importantly, confirming the role of
mTORCI in the NAc in alcohol-drinking behaviors, intra-
NAc administration of rapamycin reduces binge consumption
of alcohol (Neasta et al. 2010). Furthermore, rapamycin admin-
istration also inhibited mice alcohol place preference and sen-
sitization (Neasta et al. 2010). Finally, systemic administration
of lacosamide, a drug that inhibits CRMP2 function in part by
directly binding to tubulin and disrupting microtubules assem-
bly (Beyreuther et al. 2007; Wilson and Khanna 2015), or viral-
mediated knockdown of CRMP2 and Prosapipl in the NAc,
significantly reduced alcohol intake in mice (Laguesse et al.
2017; Liu et al. 2017), without altering saccharine intake
(Laguesse et al. 2017; Liu et al. 2017). Further tests indicated
that similar to rapamycin, attenuation of Prosapip1 levels in the
NAc inhibited alcohol CPP (Laguesse et al. 2017). Finally,
systemic or intra-CeA pretreatment with rapamycin impairs
reconsolidation during an alcohol reactivation test, as evidenced
by a reduction in alcohol seeking during on the next day and
subsequently during a reacquisition test (Barak et al. 2013). The
influence of this pharmacological manipulation was observed
even 14 days later (Barak et al. 2013), displaying the effect that
mTORCI signaling plays in relapse and long-term memories
alcohol seeking. Together, these data suggest that mTORCI1
signaling plays a crucial role in alcohol reward, in the develop-
ment and maintenance of alcohol intake, and in mechanisms
underlying relapse. Very recent data suggest that mTORC2 in
the DMS also plays a role in alcohol intake as the knockdown
of RICTOR, an essential component in the mMTORC2 complex
(Ma and Blenis 2009; Saxton and Sabatini 2017; Zoncu et al.
2011), in the DMS reduced, whereas the systemic administra-
tion of the mTORC?2 activator A-443654 increased alcohol in-
take in mice (Laguesse et al. 2018). Together, these findings
indicate that the therapeutic benefit of mTORCI inhibition on
AUD phenotypes may be the result of destabilizing synaptic
plasticity related to alcohol memories.
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The GO pathway in humans

Human studies provide a potential link between genetic mu-
tations within the GO pathways and AUD, although it is un-
known whether any of these mutations confirm a gain or loss
of function. Specifically, single nucleotide polymorphisms
(SNPs) within the Fyn gene have been linked to increased risk
of AUD development and increased severity of the disorder
once it has developed (Ishiguro et al. 2000; Pastor et al. 2009;
Schumann et al. 2003). The Fyn gene was also found in a gene
network associated with alcohol dependence (Han et al.
2013). Finally, mutations within mTOR, other enzymes within
the translational machinery, and HOMER and AMPAR sub-
units have been linked to increased alcohol use in humans
(Meyers et al. 2015).

Medication development
Potential medications targeting the Fyn pathway

Fyn is a member of the Src family of tyrosine kinases (Engen
et al. 2008), and the Src and Fyn inhibitor AZD0530
(saracatinib) represents a potential new therapeutic to treat
AUD. Phase I and II clinical trials in cancer and Alzheimer's
disease (AD) research showed that oral administration of
AZDO0530 is safe, well-tolerated in patients, and with consid-
erable high brain penetration (Baselga et al. 2010; Molina
et al. 2014; Nygaard et al. 2015). Therefore, testing the effi-
cacy of the drug in humans suffering from AUD is of great
interest.

Potential medications targeting mTOR
Rapamycin and Rapalink-1

As detailed above, preclinical animal studies indicate that the
mTORCI inhibitors, rapamycin and its analog rapalink-1, ex-
hibit very desirable actions for the treatment of alcohol-related
phenotypes. Rapamycin (sirolimus) is a macrolide antibiotic
isolated from a bacteria found in the soil of the Eastern Island,
Rapu Anu. Rapamycin is as an allosteric-specific inhibitor of
mTORCI, which, in complex with FKBP12 protein, binds to
the FRB (FKBP12-rapamycin binding) domain of the kinase
(Dowling et al. 2010; Yip et al. 2010). This interaction is
thought to modify mTORCI1 conformation, which in turn
not only weakens the integrity of the kinase complex but also
prevents the association of its catalytic site with its substrates
(Yip et al. 2010). Rapalink-1 is a rapamycin analog in which
rapamycin is covalently linked with a mTOR kinase inhibitor
(Rodrik-Outmezguine et al. 2016). In addition to being a se-
lective mTORC1 inhibitor, rapamycin is a potent
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immunosuppressant and is an FDA-approved drug used post-
organ transplantation surgery to prevent organ rejection (Li
et al. 2014). Rapamycin has also been clinically tested for
indications such as cancer and neurodegenerative diseases
(Bove et al. 2011; Chiarini et al. 2015; Ilagan and Manning
2016). And, lending to the potential for mMTORCI as a thera-
peutic target for AUD, the actions of rapamycin and rapalink-
1 were specific for alcohol and did not generalize to other
rewarding substances, sucrose, and saccharine in preclinical
animal models (Morisot et al. 2017; Neasta et al. 2010).
Furthermore, rapamycin administration did not alter quinine
intake in rodents, nor did it alter rodents' locomotor coordina-
tion, place preference or aversion (Barak et al. 2013; Neasta
et al. 2010). Also of great promise is the finding that a single
administration of rapalink-1 produces very long lasting ac-
tions - it reduces alcohol intake and relapse for at least 2 weeks
(Barak et al. 2013; Morisot et al. 2017). Therefore, one can
speculate that only a few doses of the drug will be required to
reduce or eliminate craving during a sensitive period right
after rehabilitation and this would sidestep issues of immuno-
suppression. Having said that, the development of new gener-
ations of mTOR inhibitors which inhibit both mTORCI1 and
mTORC2 without immunosuppressant side effects may be
ideal new therapeutic approach for the treatment of AUD.

Lacosamide - a CRMP 2 inhibitor

Lacosamide is an FDA-approved drug for the treatment of
epilepsy (Krauss et al. 2012). Lacosamide directly interacts
with CRMP2 and inhibits CRMP2 binding to tubulin
(Beyreuther et al. 2007; Wilson and Khanna 2015). As stated
above, CRMP2 is one of mTORC1’s downstream targets (Liu
et al. 2017). Systemic administration of lacosamide signifi-
cantly reduces binge drinking of alcohol in both mice and rats
without altering water or sucrose intake, or changing locomo-
tion and basal anxiety-like behavior (Liu et al. 2017).
Furthermore, more recent studies indicate that the lacosamide
decreases the reinstatement of alcohol place preference (Ben
Hamida et al. In revision), suggesting that the drug can also be
used to prevent relapse. Together, these findings in preclinical
models suggest that lacosamide may be useful for the treat-
ment of AUD.

Conclusions and implications
for the treatment of alcohol use disorder
in humans

We described herein examples of intracellular signaling
pathways within the corticostriatal and amygdalar circuit-
ries that contribute to mechanisms that underlie both the
gating (STOP pathways) and the initiation and/or mainte-
nance (GO pathways) of excessive alcohol drinking (Fig.

1). It is of interest to note that most of the signaling
cascades described herein are activated by alcohol in sep-
arate brain regions and that the mechanism of activation
and the downstream cellular events that drive the behav-
ioral outcomes are quite different. Furthermore, although
the majority of signaling cascades described herein are
altered in response to either moderate or excessive alcohol
intake but not both, an exception is CaMKII. CamKII is
activated in the CeA in response to moderate intake of
alcohol (Salling et al. 2016), whereas NMDAR the trans-
ducer of CAMKII signaling, is activated in the DMS in
response to excessive alcohol intake (Wang et al. 2010a).
Furthermore, the potential crosstalk between the STOP
and GO intracellular pathways is unknown and is an im-
portant direction for future research. Also of interest is the
observation that although these molecular signaling path-
ways are unique, each of them is sufficient but not nec-
essary for the gating or development of AUD. This con-
clusion stems from the fact that the activation of different com-
ponents of the STOP pathways or inhibition of different signal-
ing molecules within the GO pathways results in the exact same
outcome, e.g., the reversal of alcohol drinking from an exces-
sive uncontrolled state to moderate levels of intake. It is also
important to note that none of these signaling cascades influ-
ence the natural reward circuitry, as manipulating them does not
alter the intake of other rewarding substances. This information
is of great importance for the translational implications of these
findings, as inhibiting them does not seem to produce, at least in
animal studies, undesirable side effects such as anhedonia. The
signaling cascades described herein are also examples of how
basic molecular neuroscience research can turn into fruitful
translational research that results in numerous exciting new
drugs and/or drug targets for the treatment of AUD. The poten-
tial new drugs that were identified by the basic science research
can be divided into two classes of compounds: those that are
already FDA-approved such as rapamycin and lacosamide and
those that are in various phases of clinical trials such as
LM11A31 and saracatinib (Fig. 2). However, in order to test
the utility of these candidates for the treatment of AUD, human
preclinical studies are of great need. Finally, based on the re-
search that has been conducted up till now (Neasta et al. 2014),
mTORCTI inhibitors may be useful for the treatment of not only
AUD but other drugs of abuse as well.
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