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Abstract
The receptor tyrosine kinases (RTKs) are a large family of proteins that transduce extracellular signals to the inside of the cell to
ultimately affect important cellular functions such as cell proliferation, survival, apoptosis, differentiation, and migration. They
are expressed in the nervous system and can regulate behavior through modulation of neuronal and glial function. As a result,
RTKs are implicated in neurodegenerative and psychiatric disorders such as depression and addiction. Evidence has emerged that
5 RTKs (tropomyosin-related kinase B (TrkB), RET proto-oncogene (RET), anaplastic lymphoma kinase (ALK), fibroblast
growth factor receptor (FGFR), and epidermal growth factor receptor (EGFR)) modulate alcohol drinking and other behaviors
related to alcohol addiction. RTKs are considered highly “druggable” targets and small-molecule inhibitors of RTKs have been
developed for the treatment of various conditions, particularly cancer. These kinases are therefore attractive targets for the
development of new pharmacotherapies to treat alcohol use disorder (AUD). This review will examine the preclinical evidence
describing TrkB, RET, ALK, FGFR, and EGFR modulation of alcohol drinking and other behaviors relevant to alcohol abuse.
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Introduction

Alcohol use disorder (AUD) is a psychiatric disorder defined
by uncontrolled excessive alcohol intake, a negative emotion-
al state when not using alcohol, and a compulsion to drink.
The lifetime and 12-month prevalence of AUD among adults
18 years and older in the USA in 2013 was 29.1% and 13.9%,
respectively, demonstrating that AUD is highly prevalent [1].
Excessive alcohol use is costly on both an individual and
societal level and was the 7th leading cause of death world-
wide in 2016 [2]. Alcohol use increases the risk for developing
cardiovascular disease, gastrointestinal disease, and cancer
and is highly comorbid with other psychiatric disorders
such as depression [1]. Reducing or abstaining from
alcohol use can significantly improve health outcomes
for individuals. There are currently four medications (disulfi-
ram, acamprosate, and two formulations of naltrexone)

approved by the US Food and Drug Administration (FDA)
for the treatment of AUD [3]. Disulfiram inhibits the enzyme
aldehyde dehydrogenase that is involved in the metabolism of
alcohol, resulting in an accumulation of toxic acetaldehyde
that produces nausea, vomiting, palpitations, and other ad-
verse effects that act to prevent alcohol drinking. Naltrexone
reduces binge drinking and heavy alcohol use by acting as an
antagonist at the opioid receptors, and acamprosate is effective
in helping individuals maintain abstinence, likely through
modulation of the glutamatergic system. Although these med-
ications are currently underutilized, their effect sizes are small,
indicating that there is a great need to discover new pharma-
cotherapies to treat AUD.

An understanding of the underlying neurobiology that con-
tributes to AUD is essential to developing new medications
for this disorder. A conceptual framework describing the neu-
ral circuitry involved in the different stages of addiction has
been proposed by Koob and Volkow [4]. The binge/
intoxication stage involves brain regions involved in reward
and motivation, such as the nucleus accumbens and ventral
tegmental area (VTA). The withdrawal/negative affect stage is
regulated by regions involved in mood and emotional regula-
tion, such as the amygdala and structures of the extended
amygdala, and the preoccupation/anticipation (or craving)
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stage is primarily controlled by frontal cortical areas involved
in cognitive function and decision-making. Examination of
the molecular and cellular mechanisms that drive both optimal
and pathological activity of these brain regions will lead to the
identification of new targets that can be used for the develop-
ment of AUD pharmacotherapies. The receptor tyrosine ki-
nases (RTKs) have been extensively studied for their roles in
cancer, and these enzymes are also important for proper brain
function during development and in adulthood. This review
will examine the evidence for the RTKs in AUD and the
currently available small-molecule agonists or antagonists of
the RTKs that could conceivably be repurposed for the treat-
ment of AUD.

Receptor Tyrosine Kinases

The RTKs are a superfamily of cell surface receptors that share
common structural features, including an extracellular ligand-
binding domain, a single transmembrane-spanning domain, a
juxtamembrane domain, an intracellular tyrosine kinase do-
main, and a C-terminal tail. There are 58 members of this
family in humans [5] and they are highly conserved between
both vertebrate and invertebrate animals. The secreted growth
factor ligands for RTKs bind to the extracellular domain and
activate downstream signaling cascades [5]. Upon ligand
binding, receptors dimerize and autophosphorylate specific
tyrosine residues. This recruits scaffolding proteins containing
phosphotyrosine-binding domains such as Src-homology 2
(SH2) and phosphotyrosine-binding (PTB) and the subse-
quent activation of many diverse signal transduction pathways
[5, 6]. These pathways include, but are not limited to, the
mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK), the phosphoinositide 3-ki-
nase/protein kinase B (PI3K/AKT), the phospholipase
C/protein kinase C (PLC/PKC), and the Janus kinase/signal
transducer and activator of transcription (JAK/STAT) path-
ways. RTKs signal to promote diverse processes such as cel-
lular proliferation, differentiation, survival, and migration.

RTKs are frequently mutated in cancer [6], rendering them
constitutively active and leading to pathological cellular pro-
liferation. RTKs are “druggable” targets like the G-protein
coupled receptors and ion channels. Because of the impor-
tance of RTKs in oncogenesis, major efforts to develop
small-molecule inhibitors and monoclonal antibody therapeu-
tics targeting RTKs have advanced over the past two decades
[7]. In the nervous system, RTKs have specialized cellular
functions such as promoting neuronal differentiation, neurite
outgrowth, and axon targeting. In adult animals, RTKs regu-
late structural and synaptic plasticity [8]. As a result, RTKs are
important regulators of learning and memory, mood, and be-
havioral responses to drugs of abuse [8–10]. Although RTKs
have been intensely studied for their roles in cancer, emerging

evidence suggests that they can be targeted for neurodegener-
ative and psychiatric disorders including AUD. Specifically,
modulation of the activity of tropomyosin-related kinase B
(TrkB), RET proto-oncogene (RET), anaplastic lymphoma
kinase (ALK), epidermal growth factor receptor (EGFR),
and fibroblast growth factor receptor (FGFR) has been dem-
onstrated to affect behaviors related to alcohol abuse in ro-
dents and other species, suggesting that these RTK targets
may yield valuable new therapeutics for AUD.

TrkB

TrkB, encoded by the Ntrk2 gene, is the high-affinity binding
receptor for brain-derived neurotrophic factor (BDNF),
neurotrophin 4, and neurotrophin 3 (Fig. 1), which are mem-
bers of the nerve growth factor family [8, 11, 12]. TrkB is
expressed in neurons and glia and is found in both the periph-
eral and central nervous systems [13]. In the brain, it is
enriched in the cortex, hippocampus, and specific nuclei of
the brainstem. Although homozygous Ntrk2 knockout mice
survive to birth, they die as neonates due to an inability to feed
because of defects in sensory and motor systems [14]. TrkB
signaling is involved many processes such as synaptic plastic-
ity, cell survival, and neurite outgrowth [9, 15] and aberrant
TrkB signaling has been implicated in neurodegeneration, can-
cers, and neuropsychiatric disorders including AUD [9, 16].

Inference that TrkB might be a therapeutic target for the
treatment of AUD initially came from several studies on one
of its ligands, BDNF. Bdnf gene and protein expression are
altered by alcohol exposure both in vitro and in vivo in various
brain regions of rats and mice [17–30]. Of note, Bdnf expres-
sion was increased in mouse dorsal striatum (DS) after volun-
tary ethanol intake and after a single binge ethanol drinking
session and in rat DS after ethanol self-administration [19, 21,
28]. Direct manipulation of BDNF levels in the dorsolateral
striatum (DLS) of rats bidirectionally altered ethanol self-ad-
ministration, such that infusion of BDNF protein into the DLS
reduced lever pressing for ethanol, whereas knockdown of
Bdnf expression in the DLS using a virally administered short
hairpin (sh)RNA increased ethanol self-administration [28,
31]. The ability of BDNF in the DLS to suppress ethanol
self-administration was dependent on MAPK/ERK signaling,
because co-infusion of BDNF with the MAPK/ERK inhibitor
U0126 blocked the ability of BDNF to suppress ethanol self-
administration [31]. Heterozygous Bdnf knockout mice con-
sumed more ethanol than wild-type controls and exhibited
enhanced ethanol conditioned place preference (CPP), which
is a behavioral measure of the rewarding properties of ethanol
[21, 32]. Conditional knockout of BDNF in mouse forebrain
neurons increased intake of a sweetened ethanol solution, and
knockdown of Bdnf in the DLS of rats using an shRNA in-
creased excessive ethanol consumption in an intermittent
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access protocol [16]. Systemic injection of the receptor for
activated C-kinase 1 (RACK1) protein, which increased
Bdnf transcript in the DLS, decreased ethanol intake and pref-
erence in mice [21], and intra-DLS administration of RACK1
suppressed ethanol self-administration in rats [33]. Finally, in
mice that had been binge drinking for 6 weeks, Bdnf expres-
sion was decreased in the prefrontal cortex (PFC) [19].
Similarly, in mice that were ethanol dependent due to chronic
exposure to ethanol vapor, BDNF protein levels in the medial
PFC were decreased [34]. Infusion of BDNF directly into the
medial PFC or overexpression of Bdnf cDNA reduced the
higher levels of drinking observed in ethanol-dependent mice,

but had no effect on ethanol drinking in mice that were not
ethanol-dependent [34].

In addition to its function in the DS and mPFC on behav-
iors related to AUD, BDNF in the amygdala plays an impor-
tant role in ethanol intake and related anxiety. Infusion of an
antisense oligonucleotide targeting Bdnf into the central or
medial nucleus of the amygdala (CeA or MeA, respectively)
increased ethanol intake and anxiety-like behavior in rats.
BDNF levels in the rat CeA and MeAwere decreased during
withdrawal from chronic ethanol drinking [30], and infusion
of BDNF into the CeA reduced anxiety-like behavior during
ethanol withdrawal [30, 35]. Adolescent rats exposed to a
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Fig. 1 Receptor tyrosine kinases (RTKs) and their corresponding ligands
that have been investigated for alcohol drinking in animals. The domain
structure of each RTK is illustrated. Ligands for each receptor are
indicated above the receptor. Also indicated are the relevant
downstream signaling pathways involved in alcohol drinking. Note that
MAPK/ERK and JAK/STAT signaling are activated in response to
ethanol in an ALK-dependent manner in cell lines, but it is not yet
known if these pathways are responsible for altering drinking in
response to ALK activation. MAM = meprin, A-5 protein, and receptor
protein tyrosine phosphatase mu domain; L = receptor L domain; LDLa =
low-density lipoprotein receptor domain class A; Ig = immunoglobulin
domain; EGF = epidermal growth factor; TGFα = transforming growth

factor alpha; HB-EGF = heparin-binding EGF-like growth factor; EGFR
= EGF receptor; RET = RET proto-oncogene; GDNF = glial-derived
neurotrophic factor; GFRα1 = GDNF family receptor alpha 1; PTN =
pleiotrophin; MDK = midkine; ALK = anaplastic lymphoma kinase;
BDNF = brain-derived neurotrophic factor; NT3 = neurotrophin 3; NT4
= neurotrophin 4; TrkB = tropomyosin-related kinase B; FGFs =
fibroblast growth factors; FGF2 = fibroblast growth factor 2; FGFR =
FGF receptor; MAPK/ERK = mitogen-activated protein kinase/
extracellular signal-regulated kinase; JAK/STAT = Janus kinase/signal
transducer and activator of transcription; PI3K/AKT = phosphoinositide
3-kinase/protein kinase B
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chronic intermittent ethanol protocol (intraperitoneal [I.P.] in-
jections of 2 g/kg ethanol once daily for 2 days, then no treat-
ment for 2 days, repeated over a period of 2 weeks) exhibited
decreased Bdnf expression in the CeA and MeA as adults,
which was correlated with increased anxiety-like behavior
and ethanol intake [36]. Finally, BDNF levels were lower in
the amygdala of ethanol-naïve alcohol-preferring P rats,
which are rats genetically selected for high alcohol preference
that exhibit concomitant elevated anxiety-like behavior, when
compared with ethanol-naïve nonalcohol-preferring NP rats
[26, 37]. These data suggest that low BDNF is a predisposing
risk factor for excessive drinking and anxiety. Acute adminis-
tration of ethanol to P rats increased BDNF levels in the CeA
and MeA, but not the basolateral amygdala, and had an asso-
ciated anxiolytic effect [26, 30]. These effects were not ob-
served in NP rats given an acute ethanol injection [26]. In
general, in brain regions such as the DS, amygdala,
and mPFC, acute ethanol exposure increases BDNF
levels but after chronic ethanol exposure and withdrawal
BDNF levels are reduced, contributing to vulnerability
to excessive alcohol drinking. Collectively, these data
indicate that BDNF in the DS, mPFC, and amygdala
plays a behaviorally protective role by reducing ethanol
drinking and anxiety-like behavior.

Manipulation of TrkB using both small-molecule agonists
and antagonists impacts ethanol drinking in animals. Based on
the results described above in which BDNF suppresses etha-
nol intake, it is logical to assume that an agonist of TrkB could
be effective in reducing ethanol drinking, whereas an antago-
nist of TrkB might increase drinking. Systemic administration
of LM22A-4 (Table 1), a TrkB agonist, was effective in

decreasing compulsive ethanol consumption in a protocol in
which ethanol was adulterated with bitter-tasting quinine. This
was done in mice expressing an ortholog of the human poly-
morphism in BDNF (Met68) that results in decreased activity-
dependent secretion of BDNF and increased compulsive-like
drinking when compared with the Val68 variant [38]. Studies
with TrkB antagonists have yielded mixed results. Systemic
administration of the TrkB antagonist ANA-12 (Table 1) did
not alter 2-bottle choice voluntary ethanol consumption in
mice [39], whereas in another study it reduced both voluntary
ethanol intake and binge-like ethanol consumption in the
drinking in the dark test [40]. In contrast, systemic treatment
with the nonselective kinase inhibitor K252a (Table 1), which
also inhibits TrkB, increased voluntary ethanol consumption
in Bdnf wild-type mice but was ineffective in heterozygous
Bdnf knockout mice [33]. As mentioned above, systemic ad-
ministration of RACK1, which increases Bdnf expression,
suppressed ethanol consumption in mice [21]. K252awas able
to block the RACK1-mediated suppression of ethanol intake
in mice [33], indicating that the effect of RACK1 on ethanol
drinking depends on kinase activity.

After chronic ethanol drinking, BDNF infusion into the
DLS of rats was no longer able to suppress ethanol
intake [45]. This may be due to an upregulation of the
low-affinity receptor for BDNF, p75NTR, as knockdown
of p75NTR in the DLS of rats using virally adminis-
tered shRNA targeting p75NTR decreased ethanol intake
after chronic drinking [45]. In addition, intra-DLS infusion of
LM11A-31, a modulator of p75NTR signaling that blocks the
interaction with neurotrophins such as BDNF, reduced binge
ethanol drinking in mice [45]. These results indicate that there

Table 1 Compounds targeting RTKs that have been tested for effects on ethanol drinking

Compound Target (activity) Effect on ethanol
consumption

Species Used clinically? Route (dose) Reference(s)

LMA22A-4 TrkB (agonist) Decrease (compulsive
drinking)

Mouse (Met68
BDNF variant)

No I.P. (100 mg/kg) [38]

K252a Pan-kinase
(antagonist)

Increase Mouse No I.P. (5 and 25 μg/kg) [33]

ANA-12 TrkB (antagonist) Decrease or
no effect

Mouse No I.P. (0.5 mg/kg) [39, 40]

7,8 DHF TrkB (agonist) No effect Rat Yes (dietary
supplement)

I.P. (5 mg/kg) [18]

Alectinib ALK (antagonist) Decrease Mouse Yes* Oral (60 mg/kg) [41]

NVP-TAE684 ALK (antagonist) Decrease Mouse No Oral (10 mg/kg) [41]

Anti-FGF2 antibody FGF2 (neutralizing
antibody)

Decrease Rat No Intra-DMS (750 ng/
0.75 μl per hemisphere)

[42]

Erlotinib EGFR (antagonist) Decrease Rat Yes† I.P. (5, 20, and 40 mg/kg) [43]

PD173074 FGFR1 Decrease Mouse
Rat

No Mouse, I.P. (5 and 15 mg/kg)
Rat, intra-DMS (1 and

20 ng per hemisphere)

[44]

*FDA approved for the treatment of ALK+ non-small cell lung cancer
† FDA approved for the treatment of non-small cell lung cancer and pancreatic cancer
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are neuroadaptations that occur in BDNF/TrkB/p75NTR sig-
naling with repeated cycles of excessive alcohol consumption
andwithdrawal. The use of pharmacological interventions that
activate TrkB signaling should be used with the potential ca-
veat that they might not be effective because of increased
brain p75NTR signaling in chronic drinkers.

The relevance of BDNF/TrkB signaling in AUD is provid-
ed by studies in humans. Polymorphisms in both the NTRK2
and BDNF genes have been associated with AUD [46–48],
although this association does not always exist [49, 50].
Genetic variations in the NTRK2 gene in humans were asso-
ciated with an AUD diagnosis that co-occurred with antisocial
personality disorder (ASPD). Two distinct haplotypes were
found to be enriched in AUD subjects, whereas another hap-
lotype was found to be enriched in healthy control subjects
suggesting that certain SNPs in the NTRK2 gene may confer
resistance to AUD and or AUD/ASPD [46]. Reduced serum
levels of BDNF have been detected in individuals with AUD.
One study found that AUD subjects had lower serum BDNF
levels comparedwith controls, which correlated with impaired
cognitive functioning [51]. Another study found that although
BDNF levels were not decreased in the serum of alcohol-
dependent subjects during withdrawal, BDNF levels were
negatively correlated with the severity of alcohol withdrawal
[52]. In addition to decreased BDNF levels in the serum of
individuals with AUD, mature BDNF and TrkB protein and
mRNAwere significantly reduced in the circulating lympho-
cytes of alcohol-dependent individuals, whereas pro-BDNF
and p75NTR mRNA and protein were increased, indicating
a dysregulation of the BDNF/TrkB/p75NTR system in alco-
hol dependence [53]. Notably, the levels of TrkB and mature
BDNF protein were negatively correlated with average daily
ethanol consumption, whereas the levels of pro-BDNF and
p75NTR were positively correlated with daily ethanol intake
[53]. Recent analysis of postmortem amygdala from individ-
uals with AUD indicated an increase in an antisense transcript
of BDNF and a corresponding decrease in BDNF gene expres-
sion specifically in individuals that started drinking during
adolescence, suggesting that early-onset alcohol drinking ei-
ther alters BDNF expression or that low levels of BDNF in the
amygdala confers vulnerability to adolescent drinking [54].

The pharmacological manipulation of the BDNF/TrkB sig-
naling pathway is of high interest in many fields. Although
BDNF does not readily cross the blood–brain barrier [55], 7,8-
dihydroxyflavone (7,8-DHF) a naturally occurring BDNF mi-
metic and potent TrkB agonist appears to do so [56]. 7,8-DHF
has been shown to be protective in animal models of traumatic
brain injury, neurodegenerative diseases, and psychiatric dis-
orders including repeated binge drinking-induced depression
[18, 57, 58]. Although binge ethanol consumption was not
reduced in rats after systemic injection of 7,8-DHF [18], fur-
ther studies of this compound are needed. Considering the
overall beneficial effect of augmenting BDNF/TrkB signaling

in reducing ethanol consumption, further investigation using a
selective TrkB agonist, 7,8-DHF, or the 7,8-DHF derivative
R13 with increased half-life, oral availability, and brain avail-
ability [59] should be conducted in multiple animal models of
alcohol dependence and excessive drinking.

RET

RET is a receptor for a family of neurotrophic factors known
as the glial-derived neurotrophic factors (GDNFs) that include
GDNF, neurturin, artemin, and persephin (Fig. 1) [60].
Binding of GDNFs to one of four coreceptors, GDNF family
receptor-α 1–4 (GFRα1-4), activates RET signaling. RET is
expressed during development and plays a critical role in nor-
mal development, because homozygous Ret knockout mice
die at birth. Ret knockout mice lack specific neurons in the
sympathetic, parasympathetic, and enteric nervous systems
and lack kidneys entirely or have severe kidney dysgenesis
[61]. Gdnf knockout mice exhibit similar developmental phe-
notypes as Ret knockout mice [62], indicating that GDNF
signaling through RET is important for the development of
the kidneys and enteric neurons. Further evidence for the im-
portance of this receptor–ligand interaction in development
was demonstrated in explant cultures from Ret knockout mice
in which GDNF-stimulated axonal outgrowth was abolished
[63].

GDNF is an important neurotrophic factor for midbrain
dopaminergic neurons [64]. Treatment of midbrain neuronal
cultures with GDNF increased the number of dopamine neu-
rons and stimulated dopaminergic neurite outgrowth [65], an
effect that was absent in cultured midbrain neurons from Ret
knockout mice [66]. Moreover, GDNF treatment in vivo
prevented dopaminergic neuronal loss induced by neurotoxic
agents [67, 68]. A recent study demonstrated that RET was
essential for the neuroprotective effect of GDNF in dopamine
neuron toxicity induced by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [69], which models the dopamine
neuron loss observed in Parkinson’s disease. The protective
and restorative effects of GDNF on dopamine neurons have
provided the impetus to develop a stable form of GDNF that
has better brain biodistribution for the treatment of
Parkinson’s disease [70].

GDNF is the most well-studied member of the GDNF fam-
ily in the context of AUD. Evidence that GDNF could be a
potential regulator of alcohol consumption was first demon-
strated in 2005 byHe et al. [71]. Ibogaine is an alkaloid extract
produced from an African shrub that has been reported to
reduce addiction to multiple drugs of abuse [72]. He et al.
found that systemic treatment of mice and rats with ibogaine
increased the expression of Gdnf mRNA in the midbrain and
that ibogaine treatment of a dopaminergic human neuroblas-
toma cell line, SHSY5Y, increased GDNF mRNA, secreted
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GDNF protein, and activation of the RET signaling pathway,
as measured by increased association of RET with GFRα1
and RET tyrosine phosphorylation [71]. Rats treated system-
ically with the same dose of ibogaine that increased Gdnf
mRNA in the midbrain reduced their ethanol drinking in the
home cage and decreased lever pressing for ethanol in an
operant procedure (self-administration), indicating that
ibogaine altered the motivation to consume ethanol.
Ibogaine also blocked lever pressing for ethanol in a reinstate-
ment test after extinction, suggesting that it has the potential to
reduce relapse to alcohol drinking. The ability of ibogaine to
reduce ethanol self-administration was at least partially depen-
dent on increased VTA GDNF levels, because infusion of a
blocking antibody to GDNF directly into the VTAwas able to
attenuate the reduction in ethanol self-administration by
ibogaine [71]. Despite its anti-addiction properties, ibogaine
has several unappealing side effects including hallucination,
bradycardia, ataxia, and tremor. It is also classified as a sched-
ule I category narcotic. Noribogaine, an active metabolite of
ibogaine, and 18-MC, a synthetic ibogaine derivative, are two
compounds that closely resemble and have similar properties
to ibogaine. Carnicella et al. found that rats infused with
noribogaine, but not 18-MC, into the VTA reduced operant
ethanol self-administration [73]. In SHSY-5Y cells,
noribogaine more potently induced Gdnf gene expression
compared with 18-MC [73]. The effectiveness of noribogaine
to increase Gdnf levels may explain, in part, the difference in
the ability of these two drugs to modulate drinking behavior.

Similar to the results obtained with ibogaine, treatment of
rats systemically with cabergoline, a dopamine D2 receptor-
like agonist used for the treatment of hyperprolactinemia and
Parkinson’s disease [74], increasedGdnfmRNA expression in
the midbrain and decreased operant ethanol self-
administration [75]. Cabergoline also reduced responding for
ethanol during extinction sessions and decreased reinstate-
ment to ethanol self-administration. Direct infusion of
cabergoline into the VTA of rats reduced ethanol self-admin-
istration, indicating that the VTA is a site of action for
cabergoline in reducing ethanol seeking [75]. Systemic injec-
tion of cabergoline in mice dose-dependently reduced volun-
tary ethanol drinking [75]. Studies in human dopaminergic
SHSY5Y cells demonstrated that cabergoline increased
GDNF mRNA, secreted GDNF, and RET phosphorylation
[75]. One intracellular signaling pathway that is activated by
GDNF/RET is the MAPK/ERK pathway. Cabergoline treat-
ment increased phosphorylated ERK in rat midbrain and in
SHSY5Y cells at the same time as the observed increase in
RET phosphorylation [75]. The findings with both ibogaine
and cabergoline suggest that these drugs are acting through
GDNF/RETsignaling in the VTA to decrease ethanol drinking
in rats and mice.

Direct evidence that activation of GDNF/RET signaling in
the VTA reduces alcohol drinking was provided by

experiments in which GDNF was infused into the VTA of
rats. Intra-VTA GDNF reduced operant ethanol self-
administration [71, 75, 76], without affecting sucrose self-ad-
ministration, and reduced reinstatement of ethanol seeking
after extinction [76], suggesting that it may be useful in
preventing relapse to alcohol drinking. The ability of intra-
VTA GDNF to suppress ethanol self-administration was
blocked by intra-VTA infusion of a MAPK/ERK inhibitor,
U0126 [76], indicating that GDNF/RET signaling through
the MAPK/ERK pathway is responsible for the effect on eth-
anol self-administration. Infusion of GDNF into rat VTA also
decreased home cage ethanol drinking in an intermittent ac-
cess schedule that promotes high levels of drinking [77, 78].
The effect of intra-VTA GDNF on drinking was sustained for
at least 24 h and was blocked by either a protein synthesis
inhibitor or downregulation of Gdnf using RNA interference
[78]. The ability of an acute infusion of GDNF into the VTA
to prolong the suppression of ethanol consumption is attribut-
ed to a positive self-regulatory mechanism in which GDNF
increases the expression of its mRNA through activation of
RETandMAPK/ERK signaling [78, 79]. In summary, GDNF
in the VTA is able to reduce ethanol drinking in rats in models
of ethanol seeking, relapse, and excessive drinking.

GDNF in the VTA may reduce ethanol drinking by de-
creasing the rewarding properties of ethanol. Studies in het-
erozygous Gdnf knockout mice and in rats infused with
GDNF in the VTA indicate a role for GDNF in limiting eth-
anol reward. Gdnf heterozygous knockout mice exhibited in-
creased ethanol CPP, whereas rats infused with GDNF in the
VTA reduced both the acquisition and expression of ethanol
CPP [80, 81]. The effects of GDNF on ethanol consumption
and reward might be due to its ability to increase the excitabil-
ity of dopamine neurons in the VTA. GDNF applied to cul-
tured midbrain neurons and brain slices increased the evoked
firing of dopamine neurons by inhibiting A-type potassium
channels through a MAPK/ERK-dependent mechanism [82],
and GDNF infused into the rat VTA increased the spontane-
ous firing of dopamine neurons in a MAPK/ERK-dependent
manner [83]. The GDNF-mediated increase in firing of VTA
dopamine neurons resulted in increased dopamine release in
the nucleus accumbens [83], which was dependent on
MAPK/ERK signaling. Interestingly, endogeneous GDNF ap-
pears to be produced in the nucleus accumbens and retro-
gradely transported to the VTA, where it increases the spon-
taneous firing of dopamine neurons, because knockdown of
GDNF in the rat nucleus accumbens using a virally delivered
shRNA toGdnf reduced the spontaneous firing of VTA dopa-
mine neurons, whereas infusion of GDNF into the nucleus
accumbens increased the firing rate and ERK phosphorylation
in VTA dopamine neurons [83]. Thus, although GDNF pro-
tects against ethanol-induced apoptosis [84, 85], it is hypoth-
esized that the mechanism by which GDNF suppresses etha-
nol consumption and reward is not by reducing the toxic
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effects of ethanol per se but rather on increasing VTA
dopamine neuron activity.

During withdrawal from chronic ethanol drinking, dopa-
mine neuron firing is reduced, causing a hypodopaminergic
state. This hypodopaminergic state is associated with anhedo-
nia and depression, which may drive relapse to drinking as a
means to restore dopamine tone and a normal emotional state
[4]. Rats exposed to a chronic intermittent ethanol drinking
protocol had decreased dopamine levels in the nucleus accum-
bens 24 h after the last drinking session and infusion of GDNF
into the VTA restored dopamine tone [80]. Notably, GDNF
expression is also decreased in the VTA of rats after withdraw-
al from chronic intermittent ethanol drinking and knockdown
of Gdnf in the VTA of ethanol-naïve rats promotes increased
drinking [86]. These results indicate that there is a dysregula-
tion of GDNF expression after chronic drinking that may drive
excessive ethanol intake and that restoring GDNF in the VTA
is a means to curb drinking. Notably, one study demonstrated
that alcohol-dependent patients had reduced serum levels of
GDNF [52], pointing to the clinical relevance of GDNF/RET
signaling in AUD.

Although efforts are being made to develop more brain
bioavailable versions of GDNF, these would still need to be
delivered directly to the brain parenchyma [70]. Another pos-
sible method of increasing GDNF/RET signaling in the brain
would be through small-molecule GDNF-mimetics that bind
to the GFRα1 coreceptor and activate RET signaling. One
such compound, BT13, activates RET signaling in neuronal
cells in culture, promotes neurite outgrowth, and has been
demonstrated to reduce neuropathic pain in rats after systemic
injection [87]. Other compounds are in development based on
the structure of BT13 [88]. Future studies should examine the
ability of these compounds to reduce ethanol drinking in
animals.

ALK

ALK was discovered as the causative oncogene in anaplastic
large-cell non-Hodgkin’s lymphoma, in which it is fused to
nucleophosmin through a chromosomal translocation that ren-
ders it constitutively active [89]. Since then many activating
mutations of ALK have been found and implicated in different
types of cancers [90]. Ligands of ALK include midkine
(MDK), pleiotrophin (PTN), heparin, ALK and LTK ligand
1 (ALKAL1 or FAM150a), and ALKAL2 (or FAM150b)
(Fig. 1) [91–94], although it is not clear which ligands activate
ALK signaling in the adult brain. In addition, PTN and MDK
bind to and inactivate a protein tyrosine phosphatase, RPTPβ/
ζ [95–97]. ALK is a substrate for RPTPβ/ζ; thus, inactivation
of this phosphatase by PTN orMDK indirectly activates ALK
by increasing its phosphorylation [95]. Alk knockout mice are
viable and fertile and exhibit subtle hippocampus-dependent

behavioral phenotypes as adults, such as enhanced spatial and
novel object recognition memory and decreased depression-
like behavior [98, 99]. Alk knockout mice also have less
gonadotrophin-releasing hormone (GnRH) neurons in the hy-
pothalamus, which results in decreased circulating testoster-
one levels and hypogonadotropic hypogonadism [100].

The first evidence that ALK could be involved in AUD
came from studies in the fruit fly, Drosophila melanogaster.
A loss-of-function mutation in ALK rendered flies less sensi-
tive to the acute sedating effect of ethanol [101]. Parallel stud-
ies in mice demonstrated that mice deficient in ALK took
longer to recover from ethanol-induced sedation [101]. In ad-
dition, Alk knockout mice consumed more ethanol in a volun-
tary 2-bottle choice ethanol consumption test, in a binge drink-
ing test, and in an operant self-administration procedure
[101–103]. Interestingly, although Alk knockout mice con-
sumed more ethanol than Alk wild-type mice, they did not
display escalated drinking typically observed after ethanol de-
pendence induced by chronic ethanol vapor exposure [103].

In contrast to what was observed in the Alk knockout mice,
systemic inhibition of ALK in adult mice using the ALK in-
hibitors, NVP-TAE684 and alectinib (Table 1), causedmice to
drink less ethanol in a binge drinking test [41], without having
any effect on sucrose drinking, suggesting a selective effect of
ALK inhibition on ethanol intake. Treatment with the ALK
inhibitors did not alter ethanol-induced sedation or ethanol
clearance [41]. Furthermore, local knockdown of Alk using a
virally delivered shRNA in the VTA, but not the nucleus ac-
cumbens, reduced binge ethanol consumption in mice [41].
The opposite phenotypes in ethanol drinking between Alk
knockout mice and treatment with the ALK inhibitors may
be explained by compensatory mechanisms in Alk knockout
mice, which are deficient in ALK throughout embryonic de-
velopment. Analysis of MAPK/ERK signaling in the Alk
knockout mice indicated that they have increased phosphory-
lated ERK in the brain compared with Alk wild-type mice
[101], providing potential evidence that there is overcompen-
sation in the Alk knockout mice. In addition to decreasing
ethanol intake in mice, ALK inhibition by TAE684 decreased
ethanol CPP [41], indicating that ALK inhibition may reduce
binge drinking by attenuating the rewarding properties of eth-
anol. Overall, the effect of ALK inhibitors on reducing ethanol
drinking in mice suggest that they could be used as a thera-
peutic approach to reduce drinking in humans with AUD.
Polymorphisms in ALK were associated with ethanol-
induced ataxia, subjective high, and alcohol dependence
[101, 104], suggesting that ALK signaling may be relevant
in humans with AUD.

Mechanisms by which ALK regulates ethanol drinking are
not known, although ALK is expressed in dopamine neurons
in the VTA and was found to regulate the desensitization of
the dopamine D2 autoreceptor [41]; therefore, the effects of
ALK inhibitors on reducing binge drinking and ethanol CPP
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could be due tomodulation of dopamine neuron activity. ALK
is also implicated in regulating both GABAergic and gluta-
matergic neurotransmission. Basal and ethanol-stimulated
GABA release were enhanced in the CeA of Alk knockout
mice [103]. After chronic ethanol vapor exposure, wild-type
mice exhibit an augmented basal GABA release that has been
linked to escalated drinking [105]. However, after chronic
ethanol vapor exposure, Alk knockout mice did not demon-
strate this enhancement in GABA release, which might ex-
plain the lack of escalated drinking in Alk knockout mice after
the induction of ethanol dependence [103]. Alk knockout mice
also had enhanced spontaneous excitatory neurotransmission
and reduced long-term depression in nucleus accumbens do-
pamine D1 receptor-expressing neurons [102]. More experi-
ments are required to understand the relevant mechanisms by
which ALK regulates binge and dependence-related alcohol
drinking.

Acute ethanol treatment activated ALK signaling in neuro-
blastoma cell lines, increasing the phosphorylation of both
ERK and STAT3 in an ALK-dependent manner [106, 107].
Activation of ALK signaling in response to ethanol in vitro
was dependent on the presence of its ligand MDK [107].
Interestingly, Mdk knockout mice also exhibited altered be-
havioral responses to ethanol, demonstrating ethanol CPP at
low doses of ethanol that do not normally induce CPP, in-
creased sensitivity to ethanol-induced ataxia, and increased
ethanol intake in both moderate (2-bottle choice) and binge
drinking (drinking in the dark) tests [108, 109]. Local knock-
down of Mdk in the mouse VTA also increased binge-like
drinking [108].

As indicated above, both MDK and PTN are endogenous
inhibitors of RPTPβ/ζ which dephosphorylates and inacti-
vates ALK [95–97]. It is possible that ethanol-induced activa-
tion of ALK signaling through MDK is indirectly caused by
MDK binding to and inactivating RPTPβ/ζ. Of note, systemic
treatment of mice with the RPTPβ/ζ inhibitor, MY10 [110],
decreased binge ethanol consumption, reduced ethanol CPP,
and enhanced the sedative effect of ethanol [106, 111].
Treatment of neuroblastoma cells with MY10 or ethanol in-
creased ALK phosphorylation as expected, but combined
treatment of cells with MY10 and ethanol blocked the
ethanol-induced increase in ALK phosphorylation [106],
which might explain how MY10 is able to reduce drinking
even though it is an inhibitor of RPTPβ/ζ. In total, these
results indicate a complicated relationship between MDK,
ALK, and RPTPβ/ζ signaling in response to ethanol exposure
and in alcohol drinking. More experiments are needed to sort
out the in vivo relationship between these proteins and other
ALK ligands. Nonetheless, the ALK inhibitor, alectinib,
which was FDA approved for the treatment of non-small
cell lung cancer in 2017, has shown promise preclinically in
reducing alcohol drinking and is a potential candidate for clin-
ical studies. In addition, other ALK inhibitors such as

lorlatinib and ceritinib, which are able to cross the blood–
brain barrier, could be investigated for their role in ethanol
drinking.

FGFR and EGFR

FGFRs are receptors for the fibroblast growth factors (FGFs;
Fig. 1). There are 18 mammalian secreted FGFs that bind to 4
FGFRs (FGFR1-4) and 4 intracellular FGFs that interact with
voltage-gated sodium channels and other proteins [112]. Each
of the secreted FGFs associates with multiple FGFRs,
resulting in much complexity in the biological function of
FGFs and their receptors. Adding to this is that alternative
splicing of the FGFR genes in exons encoding the extracellu-
lar immunoglobulin-like domains occurs. Differential exon
use in the extracellular domain alters the affinity of FGFs with
their receptors [112]. FGFs are also bound to heparin sulfate
and heparin sulfate proteoglycans, constituents of the extra-
cellular matrix that function as cofactors for FGF binding to
their receptors [113–116]. The first discovered FGF was
FGF2, which is also known as basic FGF (bFGF). As indicat-
ed by its name, FGF2 was originally isolated because of its
ability to stimulate the proliferation of fibroblasts [117], but
this growth factor has multiple functions in the nervous sys-
tem, including promoting proper cerebral cortex development
[118].

Regarding the role of FGF2 in AUD, Fgf2 mRNA expres-
sion was increased in the dorsomedial striatum (DMS) of both
mice and rats after 5 weeks of drinking ethanol in an intermit-
tent access schedule [42]. The effect was specific to the DMS,
because no change in Fgf2 mRNAwas observed in the DLS.
Importantly, ethanol drinking was bidirectionally regulated by
FGF2. Systemic injection of FGF2 into mice or infusion of
FGF2 into the DMS of rats increased ethanol intake and pref-
erence, whereas infusion of an FGF2 neutralizing antibody
(Table 1) into the rat DMS decreased ethanol drinking [42].
The regulation of FGF2 on ethanol consumption and prefer-
ence relies on the downstream activation of the PI3K/AKT
pathway as pre-infusion of PI3K inhibitor, wortmannin, into
the DMS of rats prior to FGF2 blocked the ability of FGF2 to
increase drinking [44]. The MAPK/ERK inhibitor, U0126,
did not block ability of FGF2 to increase drinking, indicating
that activating the PI3K pathway and not the MAPK pathway
promotes drinking downstream of FGFR activation [44]. The
effect of FGF2 on drinking is specific to ethanol, because
systemic FGF2 injections into mice did not alter drinking of
sucrose or saccharin solutions [42]. Evidence that FGFR1
might be involved in AUD was demonstrated by Even-Chen
and Barak, who found that 7 days of 2.5 g/kg ethanol injec-
tions in mice increased Fgfr1 gene expression in the DS and
dorsal hippocampus 24 h after the final injection. Similar to
what was observed with FGF2, Fgfr1 gene expression was

Receptor Tyrosine Kinases as Therapeutic Targets for Alcohol Use Disorder 11



increased in the DMS of mice after 5 weeks of voluntary
ethanol consumption using an intermittent access 2 bottle-
choice protocol [44]. Treatment with the FGFR1 inhibitor,
PD173074 (which also inhibits FGFR3 and FGFR4), via sys-
temic injection in mice or by direct infusion into the DMS of
rats decreased ethanol consumption and preference in the in-
termittent access 2-bottle choice test (Table 1) [44]. PD173074
is not currently clinically approved, but second-generation
pan-FGFR antagonists such as AZD4547, BGJ398,
LY2874455, and JNJ-42756493 (erdafitinib) that are selective
for FGFR over other tyrosine kinases are currently in clinical
trials for cancer treatment [119, 120]. For example, BGJ398
(infigratinib) has been tested for its efficacy in treating glio-
blastoma, suggesting that it can cross the blood–brain barrier
and may be a candidate for treatment of AUD. Future exper-
iments should evaluate the utility of these FGFR inhibitors for
their ability to decrease alcohol drinking in animals.

EGFR (also known as ERBB or ERBB1) is a receptor for
epidermal growth factor (EGF; Fig. 1) and was the first RTK
identified [121]. There are four members of the EGFR RTK
subfamily, which in addition to EGFR includes ERBB2,
ERBB3, and ERBB4. In addition to binding EGF, EGFR is
also a receptor for 6 other ligands (TGFα, amphiregulin,
heparin-binding (HB)-EGF-like growth factor, epigen,
epiregulin, and betacellulin) [122]. Knockout of EGFR is le-
thal at different times depending on the mouse background
strain [123]. EGFR knockout mice in the CD-1 background
exhibit defects in the skin, kidney, liver, brain, and gastroin-
testinal tract and only live up to 3 weeks, indicating the im-
portance of EGFR in the normal development of several organ
systems. Mutations in EGFR have long been known to be
associated with lung cancer and in fact several inhibitors of
EGFR have been developed and are in clinical use for the
treatment of lung cancer [122]. In the adult nervous system,
EGF is expressed in neurons of the cerebral cortex, hippocam-
pus, and cerebellum [124]. EGF promotes the proliferation of
astrocytes and is also neurotrophic [124].

Evidence that EGFR may play a role in AUD emerged
from studies in the fruit fly, Drosophila melanogaster. A ge-
netic screen for sensitivity to ethanol-induced sedation in
Drosophila determined that a mutation in a gene called
happyhour (hppy) decreased sensitivity to ethanol-induced
sedation [43]. Hppy encodes a serine/threonine kinase that is
homologous to the mammalian GCK-1 family of kinases and
was found to be an inhibitor of EGFR signaling in the
Drosophila eye [43]. Genetic manipulation of EGFR signal-
ing bidirectionally altered ethanol-induced sedation in
Drosophila, with increased EGFR signaling causing resis-
tance and decreased EGFR signaling resulting in sensitivity
[43]. Notably, flies given food containing the EGFR inhibitor
erlotinib or gefitinib increased their sensitivity to ethanol-
induced sedation [43]. To determine the translational rele-
vance of these findings, the authors went on to demonstrate

that a systemic injection of erlotinib in mice increased sensi-
tivity to ethanol-induced sedation and that systemic injection
of erlotinib (Table 1) in rats reduced voluntary ethanol intake
in the home cage using a continuous access 2-bottle choice
protocol [43]. Erlotinib treatment in rats did not alter sucrose
drinking or water intake, indicating a selective effect on etha-
nol intake. These results suggest that EGFR inhibitors could
be used to reduce drinking in humans, but additional preclin-
ical studies in models of excessive drinking in rodents are
necessary. Interestingly, single-nucleotide polymorphisms in
the EGF gene were associated with alcohol dependence in the
Irish Affected Sib-Pair Study of Alcohol Dependence [125],
providing evidence in humans that EGFR signaling may be
important in AUD.

Conclusions

Behavioral studies in rats and mice indicate that pharmacolog-
ical manipulation of the RTKs TrkB, RET, ALK, FGFR, and
EGFR alters alcohol drinking. Activation of TrkB by BDNF
and RET by GDNF is protective, in that they reduce alcohol
consumption, whereas inhibition of ALK, FGFR, and EGFR
reduces alcohol drinking. Differences in neuroanatomical sites
of action and activation of downstream signaling pathways
have been discovered for these RTKs. BDNF/TrkB signaling
suppresses drinking through its action in the DLS, CeA, and
mPFC. At least in the DLS, suppression of alcohol drinking
by BDNF is mediated by activation of the MAPK/ERK path-
way. GDNF/RET signaling reduces alcohol drinking through
its action in the VTA, also through engagement of
MAPK/ERK signaling. In contrast, FGF2 increases drinking
by acting in the DMS and activating the PI3K pathway, likely
through engagement of FGFR1, because an FGFR1 inhibitor
decreases drinking. Finally, reducing ALK expression in the
VTA decreases alcohol drinking, but it remains to be deter-
mined which pathways activated by ALK in response to eth-
anol in vivo are responsible for the behavioral effects.

Inhibitors of ALK (alectinib) and EGFR (erlotinib) that are
efficacious in reducing drinking in either mice or rats are al-
ready FDA approved for the treatment of cancers and could
conceivably be repurposed for treatment of AUD. The safety
profiles (especially liver toxicity) of these compounds must be
taken into consideration when used in individuals with AUD
because of the comorbidity with liver disease. More work is
clearly necessary in order to develop agonists to TrkB and
RET and selective antagonists to FGFR1 that might be used
in the clinic. Nonetheless, these kinases represent attractive
therapeutic targets for the treatment of AUD. In addition, giv-
en that there are 58 members of the RTK family, other RTK
targets for AUD are likely to emerge in the future from pre-
clinical studies.
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