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Inhibition of FGF Receptor-1 Suppresses Alcohol
Consumption: Role of PI3 Kinase Signaling in Dorsomedial
Striatum

Oren Even-Chen' and ©Segev Barak'>
1School of Psychological Sciences, and 2Sagol School of Neuroscience, Tel Aviv University, 69978 Tel Aviv, Israel

Excessive alcohol intake leads to mesostriatal neuroadaptations, and to addiction phenotypes. We recently found in rodents that alcohol
increases fibroblast growth factor 2 (FGF2) expression in the dorsomedial striatum (DMS), which promotes alcohol consumption. Here,
we show that systemic or intra-DMS blockade of the FGF2 receptor, FGF receptor-1 (FGFR1), suppresses alcohol consumption, and that
the effects of FGF2-FGFR1 on alcohol drinking are mediated via the phosphoinositide 3 kinase (PI3K) signaling pathway. Specifically, we
found that sub-chronic alcohol treatment (7 d X 2.5 g/kg, i.p.) increased Fgfr] mRNA expression in the dorsal hippocampus and dorsal
striatum. However, prolonged and excessive voluntary alcohol consumption in a two-bottle choice procedure increased Fgfr1 expression
selectively in DMS. Importantly, systemic administration of the FGFR1 inhibitor PD173074 to mice, as well as its infusion into the DMS of
rats, decreased alcohol consumption and preference, with no effects on natural reward consumption. Finally, inhibition of the PI3K, but
not of the mitogen-activated protein kinase (MAPK) signaling pathway, blocked the effects of FGF2 on alcohol intake and preference. Our
results suggest that activation of FGFR1 by FGF2 in the DMS leads to activation of the PI3K signaling pathway, which promotes excessive
alcohol consumption, and that inhibition of FGFR1 may provide a novel therapeutic target for alcohol use disorder.
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(s )

Long-term alcohol consumption causes neuroadaptations in the mesostriatal reward system, leading to addiction-related behav-
iors. We recently showed that alcohol upregulates the expression of fibroblast growth factor 2 (FGF2) in dorsomedial striatum
(DMS) or rats and mice, and in turn, FGF2 increases alcohol consumption. Here, we show that long-term alcohol intake also
increases the expression of the FGF2 receptor, FGFR1 in the DMS. Importantly, inhibition of FGFR1 activity by a selective receptor
antagonist reduces alcohol drinking, when given systemically or directly into the DMS. We further show that the effects of
FGF2-FGFR1 on alcohol drinking are mediated via activation of the PI3K intracellular signaling pathway, providing an insight on
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the mechanism for this effect.

J

Introduction

Alcohol use disorder (AUD) is a chronic and relapsing disease af-
fecting millions worldwide (World Health Organization, 2004),
however, pharmacotherapy is very limited. AUD phenotypes have
been suggested to result from chronic excessive alcohol consump-
tion may lead to neuroadaptations, caused by prolonged, excessive
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exposure to the drug (Nestler, 2001; Russo et al., 2010; Koob, 2013;
Ron and Barak, 2016; Abrahao et al., 2017). These neuroadaptations
occur mainly in the brain reward system, consisting of the mesocor-
ticolimbic dopaminergic (DAergic) pathway, which projects from
the ventral tegmental area (VTA) to the nucleus accumbens (NAc),
hippocampus, amygdala and prefrontal cortex (Spanagel, 2009;
Koob and Volkow, 2010); and the nigrostriatal DAergic pathway,
which projects from the substantia nigra pars compacta to the dorsal
striatum (Logrip et al., 2015; Ron and Barak, 2016). Specifically, the
nigrostriatal system plays a key role in the progression of goal-
directed behaviors to the habitual, compulsive nature of drug addic-
tion (Wise, 2009; Corbit et al., 2012; Everitt and Robbins, 2013).
Fibroblast growth factor 2 (FGF2) is a member of a large fam-
ily of growth factors, and is localized to neuronal and non-
neuronal cell types (Gonzalez et al., 1995; Ford-Perriss et al.,
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2001). FGF2 has been extensively studied for its role in cell pro-
liferation, differentiation, growth, survival, and angiogenesis
during development (Dono et al., 1998; Ford-Perriss et al., 2001;
Reuss and von Bohlen und Halbach, 2003; Grothe and Timmer,
2007; Turner et al., 2008a, 2012b; Graham, 2017). Recently, we
showed that FGF2 in the dorsomedial striatum (DMS) is a posi-
tive regulator of alcohol drinking (Even-Chen et al., 2017). Spe-
cifically, we found that Fgf2 expression was increased in the DMS
after prolonged alcohol intake, and that infusion of recombinant
FGF2 (rFGF2) into this brain region increased alcohol intake and
preference (Even-Chen et al., 2017). However, the mechanisms
that control the effects of FGF2 on alcohol consumption are yet
unknown.

The main receptor of FGF2 is FGF receptor 1 (FGFR1; Reuss
and von Bohlen und Halbach, 2003; Turner et al., 2012a). Bind-
ing of FGF2 to its receptor leads to the activation of several intra-
cellular signaling pathways, including mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK; Nu-
makawa et al., 2002; Reuss and von Bohlen und Halbach, 2003;
Ornitz and Itoh, 2015), and phosphatidylinositol-3-kinase (PI3K)/
protein kinase B (also known as AKT; Eswarakumar et al., 2005;
Peltier etal., 2007). These pathways mediate FGF2’s function. For
example, FGF2-induced glutamate release (Numakawa et al,
2002) and axonal branching (Abe et al., 2001) are mediated by
MAPK/ERK signaling, and FGF2 neuroprotective effects against
amyloid B toxicity in cultured hippocampal neurons are medi-
ated through PI3K/AKT signaling (Cheng et al., 2016).

Here, we set out to determine the involvement of FGFR1 ac-
tivation in alcohol consumption, and whether inhibition of this
receptor can reduce alcohol consumption, providing a novel
pharmacotherapeutic target. In addition, we set out to identify
the intracellular pathway(s) that mediate the increase in alcohol
consumption induced by FGF2-mediated activation of FGFR1.

Materials and Methods

Animals

Male and female C57BL/6 mice and Wistar rats (20-25 g and 175-200 g
at the beginning of experiments, respectively) were bred in Tel Aviv
University animal facility, and individually housed (except for alcohol-
injection experiments, housed 4 per cage), under a 12 h light/dark cycle
(mice lights on at 4:00 A.M., rats lights on at 7:00 A.M.). Food and water
were available ad libitum. All experimental protocols were approved by,
and conformed to, the guidelines of the Institutional Animal Care and
Use Committee of Tel Aviv University, and to the guidelines of the NTH
(animal welfare assurance number A5010-01). All efforts were made to
minimize the number of animals.

Reagents and drug preparation

Fast SYBR Green Master Mix, TRIzol reagent and RevertAid kit were
supplied by ThermoFisher Scientific. DNA oligonucleotides [quantita-
tive reverse transcriptase (QRT)-PCR primers], isopropanol, U0126, and
wortmannin were obtained from Sigma-Aldrich. Isoflurane was ob-
tained from Piramal Critical Care. Ethyl alcohol (absolute), purchased
from Gadot, was diluted to 20% alcohol (v/v) in saline (for alcohol in-
jection) or in tap water (for voluntary consumption). rFGF2 was pur-
chased from Prospec and FGFRI inhibitor, PD173074 was purchased
from MedChemExpress. Pentobarbital sodium was purchased from CTS.

Quantitative reverse transcriptase-PCR

The qRT-PCR procedure was conducted as previously described (Even-
Chen et al., 2017; Zipori et al., 2017; Ziv et al., 2019). Briefly, mice were
killed by cervical dislocation. Following brain dissection, tissue samples
were immediately snap-frozen in liquid nitrogen and stored at —80°C
until use. RNA was extracted with TRIzol reagent and precipitated with
Isopropanol. mRNA was reverse transcribed to cDNA using the Reverse
Transcription System and RevertAid kit (ThermoFisher). Samples were
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analyzed in triplicate with a RT-PCR system (StepOnePlus, Applied Bio-
systems), and quantified using the AACt method against an internal
control gene, Gapdh. The following primers were used: Gapdh forward
5'-CCA GAA CAT CAT CCC TGC-3' reverse 5'-GGA AGG CCA TGC
CAG TGAGC-3'; Fgfrl forward 5'-GTA GCT CCC TAC TGG ACA
TCC-3' Fgfrl reverse 5'-GCA TAG CGA ACC TTG TAG CCTC-3'.

FGFRI inhibitor, FGF2, and kinase inhibitor treatment

For systemic administration, the FGFR1 inhibitor PD173074 (Moham-
madi etal., 1998; Liang et al., 2012) was dissolved in DMSO, and injected
to mice at doses of 5 and/or 15 mg/kg (i.p.) in a volume of 2 ml/kg. For
intra-DMS infusions, 1 or 20 ng of PD173074 was dissolved in DMSO at
concentrations of 1.33 ng/ul or 26.66 ng/ul, and 0.75 ul per side was
infused. PD173074 or vehicle was administrated 1 h before the beginning
of the drinking session, in a counterbalanced within-subjects design over
3 weeks, with one injection/infusion per week. The doses were selected
based on previous reports with systemic and intracerebral administra-
tion of PD173074 (Ezzat et al., 2006; Huang et al., 2012; Rojas et al.,
2015). Of note, PD173074 can also inhibit additional FGF receptors
(Mohammadi et al., 1998), e.g., FGFR4 (Ezzat et al., 2005) and FGFR3
(Trudel etal., 2004), as well as other targets, including colony stimulating
factor-1 receptor (Kitagawa et al., 2012) and vascular endothelial growth
factor receptor 2 (Mohammadi et al., 1998).

The MAPK/ERK kinase (MEK) inhibitor U0126 and the PI3K inhibi-
tor wortmannin were dissolved in PBS containing 25% DMSO at a con-
centration of 1 pg/ul and 0.1 ug/ul, respectively (Carnicella et al., 2008;
Jeanblanc et al., 2013). rFGF2 was dissolved in PBS containing 0.1% BSA
at a concentration of 267 ng/ul (Even-Chen et al., 2017). The kinase
inhibitors or vehicle (0.75 ul per side) was infused 30 min before the
infusion of rFGF2 (0.75 ul per side) or PBS. One hour after rFGF2 infu-
sion, the voluntary drinking session began. The kinase inhibitors and
rFGF2 or corresponding vehicle were administered in a within-subject
experimental design. The order of injections (inhibitor/vehicle and
rFGF2/PBS) was counterbalanced over 4 weeks, with one combination of
each two treatments per week.

Intermittent access to 20% alcohol in two-bottle choice

After 1 week of habituation for individual housing, mice or rats were
trained to consume alcohol in the intermittent access to 20% alcohol in two-
bottle choice (IA2BC) procedure as previously described (Warnault et al., 2013;
Carnicella et al., 2014; Even-Chen et al., 2017; Ziv et al., 2019). Briefly, animals
received three 24 h sessions of ad libitum access to two-bottle choice per week
(tap water and 20% alcohol v/v) on Sundays, Tuesdays, and Thursdays, with 24
or 48 h of alcohol-deprivation periods between the alcohol-drinking sessions.
During the withdrawal periods, animals received only water. The position (left or
right) of each solution was alternated between each session to control for side
preference. Water and alcohol bottles were weighed before and after each
alcohol-drinking session, and consumption levels were normalized to body
weight. Training lasted 5 weeks for mice, and 7 weeks for rats, before the brain
tissue collection, surgical, or pharmacological manipulations.

Intermittent access to sucrose in two-bottle choice

This procedure was conducted as previously described (Warnault et al.,
2013; Even-Chen et al., 2017; Ziv et al., 2019). Training was similar to the
TA2BC procedure as described, except that mice had access to sucrose
(1% w/v) solution instead of alcohol, and training lasted 3 weeks before
PD173074 treatment. Sucrose intake was normalized to body weight
(ml/kg).

Surgery and intracerebral microinfusion

Surgery and microinfusion were conducted as previously described
(Barak et al., 2011a,b, 2013, 2015; Ahmadiantehrani et al., 2014; Even-
Chen et al., 2017). Shortly, using stereotaxic apparatus (Kopf Instru-
ments). Guide cannulae (26 gauge, Plastics One) were aimed dorsal to the
dorsomedial striatum (DMS; +1.2 AP, =1.5 ML, —4.4 DV), according
to the Paxinos and Watson (2007) Rat Brain Atlas. The DMS coordinates
were chosen based on previous reports (Jeanblanc et al., 2009; Even-
Chen et al., 2017). After recovery, habituation to the microinfusion pro-
cedure, and re-establishment of baseline consumption levels (3 weeks),
pharmacological regents were infused to gently restrained rats over 1.5
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Figure1.

Repeated alcohol exposure increases Fgfr1 expression in the dorsal striatum (D. striatum), and dorsal hippocampus (D. hippocampus) but not in the NAc. 4, Alcohol (2.5 g/kg, 20%, i.p.)

or saline was administered once a day for 7 d. Brain tissues were collected 2 h (Alcohol 2 h) or 24 h (Alcohol 24 h) after the last alcohol injection. Fgfr 7 mRNA levels were determined by qRT-PCR and
normalized to Gapdh. Bar graphs represent mean -+ SEM. Each brain region was normalized to its saline control. B, Schematic representation of the sampling regions. n = 4 -7 per group. **p <

0.01 compared with saline control.

min (0.5 ul/min) via injection cannula (33 gauge, Plastics One), extend-
ing 0.5 mm beyond the guide cannula tip into the target region. Injection
cannulae were left in place for 2 additional minutes.

Histology

After the termination of experiments, animals were killed by pentobar-
bital (300 mg/kg, i.p.), and underwent intracardiac perfusion with saline
and paraformaldehyde. Locations of cannulae were verified in 30 wm
coronal sections of paraformaldehyde-fixed tissue stained with cresyl
violet. Only data from subjects with cannulae located in the region-of-
interest were included in the analysis.

Experimental design and statistical analysis

Sex was approximately equally distributed across experiments, and was
initially analyzed as a factor; however, all analyses did not yield a main
effect of sex or any interaction with other factors (p values >0.05).
Therefore, the data were collapsed across this factor. The rationale for the
experiments is described in Results.

Fgfr1 expression experiments. In these experiments, we tested the effects
of alcohol exposure on Fgfrl expression in several brain regions. The
mRNA expression of Fgfr] was normalized to Gapdh expression (Even-
Chen et al., 2017; Zipori et al., 2017; Ziv et al., 2019), which we found to
be unaffected by alcohol in the protocols we used (Even-Chen et al.
(2017)). Expression in each brain region was further normalized to the
corresponding control group (saline- or water-treated group).

First, we tested the effects of sub-chronic alcohol administration on
Fgfrl expression. Data of the control group (saline treatment) from both
time points were collapsed because there were no difference between
time points (p > 0.05). Data were analyzed by one-way ANOVA, with a
between-subjects factor of Time after the last alcohol injection. ANOVA
was followed by Fisher LSD post hoc analyses throughout the study.

Next, we tested the effects of voluntary alcohol consumption on Fgfrl
expression. Mice were trained to consume alcohol in the IA2BC drinking
protocol, and Fgfr1 levels were determined at the end of a 24 h alcohol-
drinking session, or of a 24 h alcohol-withdrawal session. Data were
analyzed by one-way ANOVA, with a between-subjects factor of Time
points. Finally, we tested the effects of voluntary alcohol intake (IA2BC
drinking protocol) on FgfrI expression in the dorsal striatum subregions:
DMS and dorsolateral striatum (DLS), in a 2 X 2 factorial design, with
between-subjects factors of Brain region (DMS, DLS) and group (water,
withdrawal). mRNA expression levels were measured at the end ofa 24 h
alcohol-withdrawal period, and compared with a water-drinking control
group by independent ¢ tests with a between-subjects factor of Time
point.

FGFRI inhibitor-alcohol/sucrose consumption experiments. In this set of
experiments, we tested the effects of PD173074, administered systemi-
cally in mice, or infused into the DMS in rats, on the consumption and
preference of alcohol or sucrose, as well as on water and total fluid intake.

The effects of PD173074 or vehicle (both systemic and intra-DMS) on
alcohol (20%) intake and preference and on water intake, were analyzed
by repeated-measures ANOVA with a within-subjects factor of Treat-
ment dose. Next, we tested the effects of systemic PD173074 or vehicle on
sucrose (1%) consumption and preference. PD173074 or vehicle was
injected 1 h before the beginning of the drinking session. Data were
analyzed by paired-sample ¢ tests, with a within-subjects factor of Treat-
ment (PD173074 or vehicle).

Intra-DMS infusion of rEGF2 and kinase inhibitor experiments. In these
experiments, we tested the effects of coadministration of rFGF2 with
pretreatment of the PI3K inhibitor wortmannin or the MEK inhibitor
U0126 on alcohol consumption and preference. The kinase inhibitors or
corresponding vehicle was infused 30 min before the infusion of rFGF2
or PBS, in a counterbalanced within-subjects design. Data were analyzed
by two-way repeated-measures ANOVA with Pretreatment (kinase in-
hibitor, vehicle) and Treatment (rFGF2, PBS) as within-subjects factors.

Results

Alcohol exposure increases brain Fgfr] mRNA expression
First, we tested whether sub-chronic alcohol injections change
the mRNA expression of Fgfrl. We focused on mesolimbic/stri-
atal brain regions, in which we previously detected effects of al-
cohol on Fgf2 expression (Even-Chen et al., 2017), namely, the
NAGg, dorsal striatum, and dorsal hippocampus.

Mice were injected with alcohol (2.5 g/kg, 20% v/v, i.p.) or
saline once a day for 7 d, and were killed 2 or 24 h after the last
alcohol injection. We found that Fgfr] mRNA levels were upregu-
lated 24 h but not 2 h after the last alcohol injection (Fig. 1A;
dorsal striatum, one-way ANOVA, F(, ,,) = 7.133, p = 0.006; post
hoc, 24 h vs saline, p = 0.002, dorsal hippocampus, one-way
ANOVA, F, 15y = 7.676, p = 0.006; post hoc, 24 h vs saline, p =
0.002; Fig. 1B schematically depicts the dissected region). No
significant changes in Fgfr] expression were detected in the NAc
(p = 0.513).

Next, we determined the effects of voluntary alcohol drinking
on the expression of Fgfr1. Mice were trained to consume alcohol
in the IA2BC drinking procedure(Neasta et al., 2010; Warnault et
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Figure2.

Voluntary alcohol consumption increases Fgfr T expression in the DMS. 4, Experimental timeline scheme. Mice consumed alcohol in the intermittent access to 20% alcohol in two-bottle

choice paradigm for 5 weeks. Control mice consumed water only. Tissues were collected immediately at the end of the last 24 h drinking session (Alcohol group) or 24 h after the termination of the
last drinking session (Withdrawal group). B, C, Fgfr7 mRNA levels were determined by qRT-PCRin the dorsal striatum (D. striatum), dorsal hippocampus (D. hippocampus), and NAc (B), or inthe in
the DMSand DLS (C). FgfrT expression was normalized to Gapdh. D, Schematic representation of the sampling regions Bar graphs represents mean + SEM. Each brain region was normalized to its

water control. n = 5-9 per group. *p < 0.05, **p << 0.01 compared with water control.

al., 2013; Even-Chen et al., 2017; Ziv et al., 2019) for 5 weeks.
Brain tissues were collected at the end of a 24 h alcohol drinking
session or after a 24 h alcohol withdrawal period (Fig. 2A). Con-
trol mice consumed only water.

Compared with water-drinking controls, we found that vol-
untary alcohol consumption increased the mRNA expression of
Fgfrl in the dorsal striatum by ~50%, and this increase was still
detected after a 24 h alcohol withdrawal period (Fig. 2B; one-way
ANOVA, F(,,,y = 10.581, p = 0.001; post hoc, alcohol/with-
drawal vs water, p values = 0.001). No changes were found in the
expression of Fgfrl in the dorsal hippocampus or NAc ( p values
>0.579). Together, these data indicate that short alcohol expo-
sure increases Fgfrl expression in the dorsal striatum and dorsal
hippocampus. However, prolonged consumption of excessive al-
cohollevels increases Fgfrl expression only in the dorsal striatum.

Finally, we tested whether the effects of voluntary alcohol
consumption on Fgfrl expression are localized to subregions
of the dorsal striatum. The dorsal striatum is divided into two
anatomical and functional subregions: the DMS, implicated in
goal-directed behavior (Yin et al., 2005; Yin and Knowlton,
2006); and the DLS, implicated in habit learning and compulsive alco-
hol/drug consumption (White and McDonald, 2002; Yin et al., 2004;
Everittand Robbins, 2005; Corbit et al., 2012). Previously, we found that
excessive alcohol drinking increases Fgf2 expression selectively in the
DMS (Even-Chen et al., 2017).

Mice were trained in the IA2BC procedure, as detailed in the
Methods section. Because we found that the levels of FgfrI were
increased both after a 24 h alcohol-drinking session and after the
following 24 h of withdrawal (Fig. 2B), brain tissues were col-
lected only at the latter time-point. As shown in Figure 2C, we
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found that voluntary consumption of high alcohol levels in-
creased Fgfrl expression in the DMS, but not in the DLS (two-
way ANOVA, significant main effect of brain region: F(, 55y =
4.71, p = 0.040; significant Brain region X Treatment interac-
tion: F, 53 = 4.71, p = 0.040; post hoc; water vs withdrawal:
significant effect in the DMS, p = 0.029, but not in the DLS, p =
0.49; Fig. 2D schematically depicts the dissected region), similar
to our previous findings with Fgf2 (Even-Chen et al., 2017). Thus,
the striatal increases in Fgfrl expression, induced by alcohol ex-
cessive consumption, are localized to the DMS.

Systemic or intra-DMS administration of an FGFR1 inhibitor
decreases voluntary alcohol, but not sucrose, consumption
and preference

We next tested whether inhibition of FGFRI1, at a time point
where we found its expression to be increased, would affect alco-
hol consumption and preference.

Rats were trained to consume alcohol in the IA2BC drinking
procedure for 7 weeks (Carnicella et al., 2014) before cannula-
tion. After recovery from surgery and re-establishment of base-
line consumption levels, the potent FGFR1 inhibitor PD173074
(Mohammadi et al., 1998; 1 or 20 ng/0.75 wl/side), or vehicle was
infused into the DMS in a counterbalanced within-subjects de-
sign, 1 h before the beginning of a 24 h alcohol-drinking session
(Fig. 3A).

As shown in Figure 3B and 3C, PD173074 led to a moderate
reduction in alcohol intake and preference (repeated-measures
ANOVA; alcohol intake: F, 5,y = 3.711, p = 0.036; post hoc, 1 or
20 ng vs vehicle, p’s<<0.035. Alcohol preference: F, 5,, = 5.435,
p = 0.036; post hoc, 1 or 20 ng vs vehicle, p’s<0.039). Impor-
tantly, water consumption was not affected by this treatment
(Fig. 3D; F(, 35, = 1.360, p = 0.271; post hoc, 1 or 20 ng vs vehicle,
p values >0.32).

We recently showed that systemic administration of rFGF2 to
mice increased alcohol consumption and preference (Even-Chen
et al., 2017). Therefore, we next tested the effects of systemic
administration of PD173074 on alcohol consumption and pref-
erence. Mice were trained to consume alcohol in the IA2BC par-
adigm as detailed in the Methods section for 5 weeks. PD173074
was injected 1 h before the beginning of a drinking session. As
shown in Figure 4A—C, PD173074 had no effect on alcohol intake
at the low dose (5 mg/kg, i.p.), however a higher dose (15 mg/kg,
i.p.) reduced alcohol consumption and preference (repeated-
measures ANOVAs; alcohol intake: F, ,,) = 5.829, p = 0.014; post
hoc, 5 mg/kg vs vehicle p = 0.36, 15 mg/kg vs vehicle p = 0.005.
alcohol preference: F, 1,y = 3.839, p = 0.047; post hoc, 5 mg/kg vs
vehicle p = 0.40, 15 mg/kg vs vehicle p = 0.016). We found no
effect on water consumption (Fig. 4D; F(, 4y = 0.241, p =
0.789; post hoc, p values > 0.49). Together, our results indicate that
blocking FGFR1 function can reduces alcohol consumption and
preference.

Finally, to assess whether the effects of PD173074 are because of
general effects on reward or fluid consumption, we tested whether
PD173074 affects sweetened solution consumption (sucrose 1%). Mice
were trained to consume sucrose in the intermittent access two-bottle
choice procedure for 3 weeks, as we previously described (Even-Chen et
al,, 2017; Ziv et al,, 2019). PD173074 (15 mg/kg, i.p.) or vehicle was
injected in a counterbalanced within-subjects design, 1 h before the be-
ginning of drinking session.

We found that FGFR1 inhibition had no effect on sucrose
consumption and preference (Fig. 4E—G; paired-samples t tests,
sucrose intake: t,,) = 1.429, p = 0.17, sucrose preference: t,,, =
0.36, p = 0.723). These results indicate that the effects of
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PD173074 on alcohol intake are specific, and not because of gen-
eral effects on fluid or reward consumption.

The effects of FGF2 on alcohol consumption and preference
are mediated by the PI3K signaling pathway

Our present results, together with our previous report (Even-Chen
et al,, 2017), show that activation of FGFR1 by FGF2 in the DMS
increases, whereas inhibition of this complex decreases, the con-
sumption of alcohol. The binding of FGF2 to the receptor tyrosine
kinase FGFR1 leads to the activation of the MAPK/ERK and the
PI3K/AKT pathways (Eswarakumar et al., 2005), both previously
implicated in the regulation of alcohol-drinking behaviors (Ron and
Barak, 2016; Ron and Berger, 2018). Therefore, we next investigated
whether the effects of FGF2 on alcohol consumption and preference
are mediated by these signaling pathways.

Rats were trained to consume alcohol in the IA2BC procedure
as describe above. After recovery from the cannulation surgery,
we used the specific PI3K inhibitor wortmannin (Bain et al.,
2003), or the specific MEK inhibitor U0126 (Sweatt, 2001), in two
separate experiments. The kinase inhibitors or vehicle were in-
fused 30 min before the infusion of rFGF2 or its vehicle, in a
within-subjects counterbalanced design (Fig. 5A).

Next, we tested the effects of PI3K inhibition in the DMS on
the FGF2-mediated increase in alcohol consumption. As shown
in Figure 5B-D, intra-DMS infusion of rFGF2 (200 ng/0.75 ul per
side) increased alcohol consumption (Fig. 5B) and preference
(Fig. 5D), replicating our previous report (Even-Chen et al,
2017). However, wortmannin (75 ng/0.75 ul per side) pretreat-
ment blocked the FGF2-mediated increases in alcohol consump-
tion and preference, with no effect on its own. Two-way
repeated-measures ANOVA: alcohol consumption, main effects
of wortmannin Pretreatment (F(, ;o) = 6.741, p = 0.027) and
FGF2 Treatment (F, ,,, = 25.027, p = 0.001), and a Pretreat-
ment X Treatment interaction (F, ;5) = 6.741, p = 0.026); Post
hoc analysis: significant vehicle-PBS versus vehicle-FGF2 (p =
0.001) and vehicle-FGF2 versus wortmannin-FGF2 (p = 0.001)
differences. Alcohol preference, main effects of FGF2 Treat-
ment (F, o) = 14.498, p = 0.003), and a Pretreatment X
Treatment interaction (F(, 5, = 8.520, p = 0.015), but no
main effect of wortmannin Pretreatment (F(, ,,) = 3.493,p =
0.091); post hoc analysis: significant vehicle-PBS versus vehicle-
FGF2 (p = 0.001) and vehicle-FGF2 versus wortmannin-FGF2 (p =
0.005) differences.

Finally, we tested the effects of MAPK/ERK inhibition on the
FGF2-mediated increase in alcohol consumption. As shown in
Figure 5E-G, we found that intra-DMS pretreatment with U0126
(750 ng/0.75 ul per side) before rFGF2 infusion did not reduce
alcohol intake FGF2-treated rats (Fig. 5E). Moreover, U0126 in-
creased alcohol consumption (Fig. 5E) and preference (Fig. 5E)
in no-FGF2 controls. Two-way repeated-measures ANOVA: al-
cohol intake, a main effect for FGF2 Treatment (F, ) = 5.537,
p = 0.043) and a significant Treatment X Pretreatment interac-
tion (F, ¢y = 5.279, p = 0.047), but no main effect of U0126
Pretreatment (F(, o, = 0.827, p = 0.387). Post hoc analysis:
significant vehicle-PBS versus vehicle-FGF2 (p = 0.012) and
vehicle-PBS versus U0126-PBS (p = 0.047) differences, but no
vehicle-FGF2 vs. U0126-FGF2 difference (p = 0.89). Alcohol
preference, a nonsignificant trend toward effect for FGF2 treat-
ment (F, gy = 4.070, p = 0.074) and a significant Pretreatment X
Treatment interaction (F, ) = 10.649, p = 0.01), but no main
effect of U0126 Pretreatment (F, ) = 1.651, p = 0.231). Post hoc
analysis: a significant vehicle-PBS versus vehicle-FGF2 (p =
0.006) and vehicle-PBS versus U0126-PBS (p = 0.009) differ-
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Figure 3.

FGFR1 inhibition in the DMS leads to attenuate alcohol consumption and preference. A, Experimental timeline scheme. Rats were trained to consume alcohol in the

intermittent access to 20% alcohol in two-bottle choice paradigm for 7 weeks before cannulation. The FGFR1 antagonist PD173074 (1 or 20 ng/0.75 wl per hemisphere) or vehicle was
infused into the DMS, 1 h before the beginning of an alcohol-drinking session in a counterbalanced within-subjects design. Alcohol and water intake were measured after 24 h. B, Amount
of alcohol (g/kg) consumed. C, Preference for alcohol, calculated as the ratio of the volume of alcohol solution intake/volume of total fluid intake. D, Water intake (ml/kg). E, Schematic
representation of the cannula tip placement in coronal sections (bregma + mm). Bar graphs represent mean + SEM adjusted for a within-subjects design (Cousineau, 2005). n = 17

per group. *p << 0.05.

ences, but no vehicle-FGF2 versus U0126-FGF2 difference
(p =0.29).

These results suggest that the effects of FGF2 on alcohol con-
sumption are mediated via the PI3K pathway.

Discussion

Our results indicate that the FGFR1 antagonist PD173074 re-
duces alcohol consumption and preference in rats and mice.

Moreover, we demonstrate that alcohol leads to upregulation
of Fgfrl in the DMS, and that activation of this receptor by
FGF2 increases, whereas inhibition of FGFR1 decreases, alco-
hol consumption. We further show that the FGF2-mediated
increases in alcohol intake and preference are blocked by in-
hibition of PI3K, suggesting that the PI3K/AKT signaling
pathway mediates the effects of FGF2-FGFR1 on alcohol-
drinking behaviors.
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Figure 4.  Systemic administration of an FGFR1 antagonist decreases alcohol, but not sucrose, consumption and preference. A, Experimental timeline scheme: alcohol experiment. Mice were
trained to consume alcohol in the intermittent access to 20% alcohol in two-bottle choice paradigm for 5 weeks before injections. The FGFRT antagonist PD173074 (5 or 15 mg/kg, i.p.) or vehicle was
injected 1 h before the beginning of an alcohol-drinking session in a counterbalanced within-subjects design. Alcohol and water intake were measured after 24 h. B, Amount of alcohol (g/kg)
consumed. C, Preference for alcohol, calculated as the ratio of the volume of alcohol solution intake/volume of total fluid intake. D, Water intake (ml/kg). n = 8 per group. *p << 0.05, **p << 0.01.
E, Experimental timeline scheme: sucrose experiment. Mice were trained to consume sucrose (1%) in the intermittent access two-bottle choice paradigm for 3 weeks before PD173074 injections.
PD173074 (15 mg/kg, i.p.) or vehicle was injected 1 h before the beginning of an alcohol-drinking session in a counterbalanced within-subjects design. F, Amount of sucrose (ml/kg) consumed. G,
Preference for sucrose, calculated as the ratio of the volume of sucrose solution intake/volume of total fluid intake. Bar graphs represent mean + SEM adjusted for a within-subjects design
(Cousineau, 2005). n = 18 per group.

Inhibition of FGFR1, an alcohol-responsive gene, suppresses

alcohol consumption

the dorsal striatum and dorsal hippocampus, when measured
after 1 week of alcohol injections. However, prolonged voluntary

We show here that alcohol exposure increases Fgfr] mRNA ex-  consumption of high levels of alcohol restricted the effects of
pression. Specifically, we found that FgfrI levels were increasedin ~ alcohol to the dorsal striatum, and specifically to the DMS. To-
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Vehicle U0126

Inhibition of the PI3K, but not MAPK pathway, within the DMS blocks the effect of FGF2 on alcohol consumption and preference. 4, The PI3K inhibitor wortmannin (75 ng/0.75 wl per

hemisphere) or PBS (B—-D), or the MEK inhibitor U0126 (750 ng/0.75 I per hemisphere) or PBS (E—G) was infused into the DMS 30 min before intra-DMS infusion of rFGF2 (200 ng/0.75 jul per
hemisphere) or vehicle, in separate experiments for each kinase inhibitor. One hour later, the alcohol-drinking session began. Alcohol and water intake were measured after 24 h. B, E, Amount of
alcohol (g/kg) consumed. €, F, Preference for alcohol, calculated as the ratio of the volume of alcohol solution intake/volume of total fluid intake. D, G, Schematic representation of the cannula tip
placement in coronal sections (bregma + mm). Bar graphs represent mean + SEM adjusted for a within-subjects design (Cousineau, 2005). n = 10—11 per group. *p << 0.05, **p << 0.01.

gether with our recent report of similar effects of alcohol on Fgf2
expression (Even-Chen et al., 2017), these data suggest that both
the growth factor and its receptor are upregulated by alcohol
consumption in the DMS, presumably increasing the FGF2-
FGFR1 message. Interestingly, it was previously detected in a
microarray study that Fgfr expression was elevated in the central
nucleus of the amygdala of alcohol preferring (P) rats after binge-
like drinking (McBride et al., 2010). In addition, similar increases
in Fgfr]l expression were reported in the dorsal hippocampus

following cocaine injections (Turner et al., 2008b). Thus, the
FGF2-FGFR1 system seem to be responsive to drugs of abuse in a
broader manner, depending on the drug, regimen of administra-
tion and brain region (for review, see Even-Chen and Barak,
2019).

We further show that systemic or intra-DMS administration
of the FGFR1 inhibitor PD173074 (Mohammadi et al., 1998),
reduces alcohol consumption and preference without affecting
natural reward intake. These results suggest that the activation of
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FGFR1 is required for consumption of high levels of alcohol.
Consequently, our findings indicate that inhibition of FGFR1
may provide a novel therapeutic target for AUD.

Our results hold a particularly translational value, because
systemic inhibition of FGFR1 reduced alcohol intake. PD173074
was shown to selectively and potently inhibit the neurotrophic
and neurotropic effects of FGF2 via activation of FGFR1 (Skaper
et al., 2000). Over the last decade, FGFR inhibitors were devel-
oped for cancer treatment (Liang et al., 2012; Babina and Turner,
2017; Chae et al., 2017). To date, there are four FDA-approved
drugs (Helsten et al., 2016), and new generation FGFR inhibitors
are under clinical trials (Helsten et al., 2016; Chae et al., 2017). As
pharmacological treatment for AUD is very limited (Antonelli et
al., 2018), our findings highlights the intriguing possibility that
AUD could be treated with FGFR1 inhibitors.

FGF2-induced enhancement of alcohol consumption is
mediated by the PI3K signaling pathway

We found that the increases in alcohol intake caused by FGF2
infusion into the DMS were blocked by pretreatment with the
PI3K inhibitor wortmannin, suggesting that the PI3K signaling
pathway in the DMS mediated the effects of the FGF2-FGFR1
complex on alcohol consumption and preference. Activation of
this signaling pathway in the ventral striatum has been implicated
in promoting excessive drinking of alcohol (Ron and Barak, 2016;
Ron and Berger, 2018). Specifically, it was shown that AKT, the
downstream effector of PI3K, as well as the AKT downstream
effector, GSK-3 3, were phosphorylated following excessive alco-
hol intake, with no phosphorylation of ERK1/2 (Neasta et al.,
2011), suggesting that alcohol specifically activated the PI3K/
AKT pathway in this brain region. Moreover, inhibition of PI3K
or AKT in the NAc decreased alcohol binge drinking and operant
self-administration (Neasta et al., 2011). Recently, this signaling
pathway was shown to be activated by excessive alcohol intake
selectively in the DMS, but not in the DLS of mice, and in neither
brain regions in rats (Laguesse et al., 2017). Nevertheless, our
results indicate that PI3K activation in the DMS mediates the
effects of FGF2-FGFRI activation on alcohol consumption in
rats.

Interestingly, although inhibition of the PI3K/AKT pathway
in the NAc was previously shown to reduce alcohol consumption
(Neasta et al., 2010, 2011, 2014), we show here that on its own,
PI3K inhibition in the rat DMS is not sufficient to control alcohol
intake. Nevertheless, our present results expand the importance
of this pathway activation in the striatum in controlling alcohol
consumption, by showing that its activation by the receptor ty-
rosine kinase FGFR1 mediates the effects of FGF2 on alcohol
intake.

FGFR1 is primarily expressed in neurons (Asai et al., 1993).
Striatal neurons can be roughly divided into two neuronal pop-
ulations; dopamine receptor D1-expression medium spiny neu-
rons (D1-MSNs) and dopamine receptor D2-expression neurons
(D2-MSNs). Interestingly, these populations possess opposite
control on motor movement (Kreitzer and Malenka, 2008) and
drug-related behaviors (Lobo and Nestler, 2011), including alco-
hol consumption (Cheng et al., 2017). In this context, alcohol
consumption was reported to lead to GSK-3f phosphorylation,
which enhanced GABAergic transmission in D2-MSNs in the
DMS, and promoted excessive alcohol consumption (Cheng et
al., 2017). Because the PI3K/AKT signaling pathway mediates the
phosphorylation of GSK-3, it is possible that activation of the
PI3K pathway by FGF2-FGFR1 complex is implicated in these
events. Although it remains to be tested, this intriguing possibility
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may provide a potential mechanism for the FGF2-alcohol posi-
tive feedback loop, on which we recently reported (Even-Chen et
al., 2017).

The inhibition of MAPK/ERK signaling in the DMS did not
alter FGF2’s effects on alcohol consumption. In fact, U0126 ad-
ministration increased alcohol consumption on its own. MAPK/
ERK signaling was previously found to mediate the suppressing
actions of BDNF in the DLS (Jeanblanc et al., 2013; Logrip et al.,
2015) and GDNF in VTA (Carnicella et al., 2008; Barak et al.,
2019) on alcohol consumption. Moreover, alcohol administra-
tion was shown to increase ERK phosphorylation (MAPK activa-
tion) in the DMS of mice, whereas withdrawal from alcohol
reduced ERK phosphorylation (Fallopa et al., 2012). Our results
here show that within the DMS, the activity of this signaling
pathway may have suppressive effects on alcohol consumption
on its own. However, it is important to note that whereas these
previous studies (Carnicella et al., 2008; Jeanblanc et al., 2013)
used operant alcohol self-administration, in which alcohol-
drinking sessions are short (30 min), we used a two-bottle choice
drinking protocol, with 24 h alcohol-drinking sessions in the
home cage (IA2BC). Nevertheless, our results further highlight
the importance of this signaling pathway in the regulation of
alcohol consumption within the nigrostriatal system.

In summary, our findings implicate the activation of FGFR1
in alcohol consumption, and suggest that blockade of this recep-
tor can suppress alcohol intake. FGF2 may be a focal molecular
target for several neuropsychiatric disorders, because it has been
implicated in anxiety and stress (Litvin et al., 2016; Salmaso et al.,
2016; Graham, 2017), depression (Turner et al., 2008a, 2012b;
Simard et al., 2018) and posttraumatic stress disorder (Graham,
2017; Prater et al., 2017). With particular relevance for the pres-
ent findings, FGF2 has been implicated in the action of several
drugs of abuse (Even-Chen and Barak, 2019), including nicotine
(Maggio et al., 1998; Roceri et al., 2001; Baron et al., 2012), am-
phetamine (Flores et al., 1998, 2000; Wolf et al., 2014), cocaine
(Fumagalli etal., 2006, 2008; Turner et al., 2009; Cummings et al.,
2011; Clinton et al., 2012; Hafenbreidel et al., 2015; Flagel et al.,
2016; Giannotti et al., 2016) and alcohol (Even-Chen et al., 2017),
however the mechanism of action remains unclear. Our find-
ings provide a first insight on the mechanism by which FGF2
mediates alcohol intake. Moreover, our findings indicate that
FGFR1 may provide a novel pharmacotherapeutic target for
alcohol use disorder.
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