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Abstract

Alcohol use disorder (AUD) is a chronic, relapsing disorder, characterized by escalat-

ing alcohol drinking and loss of control, with very limited available treatments. We

recently reported that the expression of fibroblast growth factor 2 (Fgf2) is increased

in the striatum of rodents following long-term excessive alcohol drinking and that the

systemic or intra-striatal administration of recombinant FGF2 increases alcohol con-

sumption. Here, we set out to determine whether the endogenous FGF2 plays a role

in alcohol drinking and reward, by testing the behavioural phenotype of Fgf2 knock-

out mice. We found that Fgf2 deficiency resulted in decreased alcohol consumption

when tested in two-bottle choice procedures with various alcohol concentrations.

Importantly, these effects were specific for alcohol, as a natural reward (sucrose) or

water consumption was not affected by Fgf2 deficiency. In addition, Fgf2 knockout

mice failed to show alcohol-conditioned place preference (CPP) but showed normal

fear conditioning, suggesting that deletion of the growth factor reduces alcohol's

rewarding properties. Finally, Fgf2 knockout mice took longer to recover from the

loss of righting reflex and showed higher blood alcohol concentrations when chal-

lenged with an intoxicating alcohol dose, suggesting that their ethanol metabolism

might be affected. Together, our results show that the endogenous FGF2 plays a crit-

ical role in alcohol drinking and reward and indicate that FGF2 is a positive regulator

of alcohol-drinking behaviours. Our findings suggest that FGF2 is a potential bio-

marker for problem alcohol drinking and is a potential target for pharmacotherapy

development for AUD.
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1 | INTRODUCTION

Alcohol use disorder (AUD) is a chronic relapsing disorder, character-

ized by preoccupation with obtaining alcohol and a narrowing of the

behavioural repertoire toward excessive and compulsive alcohol con-

sumption.1 Repeated alcohol intake leads to neuroadaptations in the

brain mesolimbic and nigrostriatal reward systems, which results in

alcohol-related phenotypes.2–8

The fibroblast growth factor 2 (FGF2) and the dopaminergic

systems are highly interacting.9–11 FGF2 knockout (FGF2-KO) mice

have an abnormal dopaminergic system.12–15 Specifically, these mice

have an increased number of dopaminergic neurons,14,15 increased

striatal volume13 and increased dopaminergic innervation from the

midbrain to the striatum.12,13 Moreover, FGF2-KO mice have

shown enhanced locomotor response to low (5 mg/kg), but not high

(20 mg/kg), doses of cocaine injection.16 However, to the best of our
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knowledge, other drug-related behaviours were not tested in this

mouse-line.

Rats selectively bred to have a low novelty response (bLR),

who have lower levels of FGF2 in several addiction-related brain

regions compared with their high-novelty response (bHR) control

counterparts,9,17,18 show a reduction in several addiction-related

behaviours.9,19–21 Specifically, bLR rats exhibit attenuated locomo-

tor response to cocaine,9 reduced motivation to obtain cocaine19

and lower levels of operant cocaine self-administration20 and

relapse to cocaine seeking.21 Contrarily, systemic recombinant

FGF2 (rFGF2) treatment (20 μg/kg) on PND 2 increased cocaine-

induced behavioural sensitization in adult bLR rats, making their

behaviour more similar to the high FGF2-expressing, bHR rats.9

Finally, this postnatal rFGF2 treatment in wild-type rats enhanced

their acquisition of cocaine self-administration in adulthood without

affecting other types of learning.22 Together, these results suggest

that FGF2 is positively correlated with cocaine and drug-related

behaviours.

Recently, we have implicated the FGF2 system in alcohol-drinking

behaviours.23–25 Specifically, we found that the mRNA expression of

Fgf2 and its receptor, FGF receptor 1 (Fgfr1), is increased in the dors-

omedial striatum (DMS) of rats and mice following 5–7 weeks of vol-

untary alcohol drinking.24,25 Systemic injection of FGF2 to mice, or its

intra-DMS administration to rats, increased alcohol intake and prefer-

ence, whereas inactivation of FGF225 or inhibition of its receptor25

reduced alcohol intake.

Here, we tested the role of the endogenous FGF2 in

alcohol consumption and related behaviours. Specifically, we

tested the effects of global FGF2 deletion on alcohol-drinking esca-

lation, as well as on alcohol's rewarding properties and hypnotic

effects.

2 | MATERIALS AND METHODS

2.1 | Animals

The FGF2 deficient mouse strain (FGF2tm1Zllr) was maintained on

C57BL/6 background.26,27 This mutation replaces the first exon of

FGF2 with a neomycin expression cassette; thereby, CUG and

AUG start-codons of high and low molecular weight FGF2 isoforms

were removed. Consequently, FGF2�/� mice do not express the

FGF2 protein. The homozygous FGF2 knockout strain (FGF2�/�)

was generated by backcrossing the C57B/6;(129X1x129S1)

F2-Fgf2tm1Zllr strain (received from R. Zeller, University Medical

Center Hamburg-Eppendorf) for over 10 generations on a

C57BL/6 J background.27 C57BL/6 J mice (000664) were purchased

from Jackson laboratories. The international nomenclature of the

generated strain is B6;Cg-Fgf2tm1Zllr. A recent single-nucleotide

polymorphism (SNP) analysis which compared this strain to the

reference strains B6J and B6NCrl revealed that the genetic back-

ground of the B6;(129X1x129S1)F2-Fgf2tm1Zllr strain is not stan-

dardized as this background is characterized by SNP genotypes

homozygous and heterozygous for C57B/6 J and C57B/6NCrl

alleles.28

Wild-type (FGF2+/+, WT) and FGF2 deficient (FGF2�/�, KO) lit-

termates were obtained by crossbreeding of heterozygous FGF2 mice.

Genotyping was performed by PCR using improved primers, FGF-

2_GT2_wtF: 50-CTCCTGGCCTTAACCCTTTCT-30 , FGF-2_GT2_wtR:

50-GAGGGATCAAGTCAGGCTTTG-30 and FGF-2_GT_NeoR: 50-

CCCGTGATATTGCTGAAGAGC-30. PCR conditions were 95�C for

30 s, 58�C for 30 s, and 72�C for 60 s for a total of 31 cycles, which

generated PCR products of 470 and 820 bp for the wild-type and

mutant allele, respectively.

Male FGF2-KO mice and their FGF2-WT littermates (20–25 g at

the beginning of experiments) were bred in Tel Aviv University animal

facility and housed under a 12-h light/dark cycle (lights on at

4:00 AM) with food and water available ad libitum. Animals were

housed four per cage, except for the drinking experiments, in which

they were individually housed. All experimental protocols were

approved by, and conformed to, the guidelines of the IACUC of Tel

Aviv University and to the guidelines of the National Institutes of

Health (A5010-01). All efforts were made to minimize the number of

animals and their suffering.

Animals used for the blood alcohol concentration (BAC) assay

were bred in Hannover Medical School and housed under a 12-h

light/dark cycle with food and water available ad libitum. Animals

were housed six per cage. All animal experiments were conducted in

strict accordance with the German animal welfare law and were

approved by the Lower Saxony State Office for Consumer Protection

and Food safety (33.12-42502-04-18/2977).

2.2 | Drugs

Ethyl alcohol (absolute) was purchased from Gadot (Haifa, Israel).

Alcohol was diluted to concentrations of 3, 10% or 20% (vol/vol) in

tap water for drinking experiments, or in saline for injections. Recom-

binant FGF2 was purchased from Prospec (Ness-Ziona, Israel; #CYT-

386) and dissolved in PBS containing 0.1% of BSA.

2.3 | Intermittent access to 20% alcohol in two-
bottle choice

After 1 week of habituation for individual housing, mice were trained

to consume alcohol in the intermittent access to 20% alcohol in

2-bottle choice (IA2BC) procedure as previously described.25,29–31

Briefly, animals received three 24-h sessions of free 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

2 of 13 EVEN-CHEN ET AL.



normalized to body weight. Training lasted 4–6 weeks prior to the

pharmacological manipulations.

2.4 | Intermittent access to sucrose in two-bottle
choice

This procedure was conducted as previously described.30 Training

was similar to the IA2BC procedure, except that mice had access to a

sucrose solution (1% w/v) instead of alcohol, and training lasted

3 weeks before rFGF2 treatment. Solutions intake was normalized to

body weight.

2.5 | Continuous access to increasing alcohol
concentrations (3%, 10% and 20%) two-bottle choice

This procedure was performed as previously described.32 Animals

were given continuous free access to two bottles, one bottle con-

taining tap water, while the other contained an increasing concentra-

tion of alcohol (3%, 10% and 20%) with 7 days of access for each

concentration. The bottles were weighed every day, and the position

(left or right) of each solution was alternated as a control for side

preference.

2.6 | Place conditioning paradigm

2.6.1 | Apparatus

Mice were trained in open-ceiling Plexiglas boxes (30 � 30 � 20 cm)

divided into two equal-sized compartments by a sliding door. The

compartments differed for the wall pattern (horizontal vs. vertical b/w

stripes) and the floor texture (circles vs. stripes). Each Plexiglas box

was placed in a sound-attenuating chamber equipped with a LED light

stripe on the walls and a ceiling camera that registered mice behav-

iour. Data were recorded and analysed by Ethovision XT 11.5 (Noldus,

Wageningen, Netherlands).

2.6.2 | Procedure

The alcohol-conditioned place preference (CPP) procedure was per-

formed as we previously described.33–35 Mice were habituated to

daily i.p. saline injections for 5 days.

Baseline test (day 1)

The sliding door was retracted, and mice were allowed to explore the

apparatus for 30 min. Animals that spent >70% of the time in either

of the compartments were excluded from the study, to maintain an

unbiased design.34,36,37

Alcohol place conditioning (days 2–9)

On days 3, 5, 7 and 9, mice were administered with alcohol (1.8 g/kg,

20% v/v)38 and immediately confined to the paired compartment

for 5 min. On the alternate days (days 2, 4, 6 and 8), mice received

saline and were confined to the unpaired compartment for 5 min.

Paired compartments were counterbalanced for the wall/floor

pattern.

Place preference test (day 10)

Place preference test was identical to the Baseline test and served to

index alcohol-CPP.36 Preference was defined as an increase in the

percent of time spent in the alcohol-paired compartment. Alcohol

preference was calculated as the percent of the time spent in the

paired compartment during the test sessions.

2.7 | Loss of righting reflex

This procedure was conducted as previously reported.32 Righting

reflex is defined as the ability of the mouse to return to standing on

four paws after being placed on its back. In this procedure, mice were

administered with alcohol (3.2 g/kg, 20% v/v solution, i.p.), and when

they became ataxic, they were placed in a supine position. The time

(in seconds) until the loss and recovery of the righting reflex was

recorded. Loss and recovery of the righting reflex were defined as the

inability or ability of the mouse to right itself at least three times

within 1 min.

2.8 | BAC assay

FGF2-WT and FGF2-KO mice were injected with 3.2 g/kg alcohol

solution (20% v/v, i.p.). Mice were then decapitated, and blood was

collected with a heparinized capillary tube, 900 or 1800 s after the

alcohol injection. Blood samples were centrifuged for 10 min at

7000 rpm, and serum was extracted. BAC was assessed using the

alcohol dehydrogenase assay.39–41 Briefly, serum (10 μl) was incu-

bated in 200 μl reaction buffer (0.5 M Tris–HCl buffer, pH 8.8;

2.75 μg/ml of alcohol dehydrogenase [ADH] and 0.5 mg/ml β-nicotin-

amide adenine dinucleotide [β-NAD]) for 30 min at room tempera-

ture. Accumulation of β-NADH was determined by reading the

absorbance at 340 nm. BAC was estimated using a standard calibra-

tion curve.40

2.9 | Pavlovian fear conditioning

This procedure was conducted as previously described.42 Shortly,

conditioning was conducted in a 17 � 17 � 25 cm chamber (Ugo

Basile, Italy) with transparent walls and a metal rod floor that were

placed in a soundproof box. After a 120-s habituation period, the con-

ditioned stimulus (CS) (80 dB) was presented for 30 s; during the last

2 s of the CS, the unconditioned stimulus (US) (2 s, 0.6 mA footshock)
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was delivered. Mice received a total of three pairings with 60 s inter-

trial interval (ITI). Following conditioning, mice were left in the condi-

tioning chambers for an additional minute. The next day, CS recall and

extinction training were conducted. Mice were placed in the condi-

tioning chamber and after 120 s received 40 non-reinforced CS pre-

sentation (30 s) with 5-s ITI between each CS, and no footshocks

delivered. After 60 s, mice were placed back in their home cage.

Freezing was defined as no movement except respiration and

recorded and analysed by Ethovision XT 11.5 (Noldus, Wageningen,

Netherlands).

2.10 | Experimental design and analysis

Each of the following experiments was performed on a separate batch

of mice. Group sizes are specified in the Figure legends.

2.10.1 | Effects of FGF2 deficiency on alcohol-
related behaviours

Alcohol or sucrose consumption

In these experiments, we tested the effects of deletion of the

endogenous FGF2 on the consumption and preference of alcohol

or sucrose, as well as on water intake. All fluids consumption (alco-

hol, sucrose and water) were normalized to the mouse body

weight.

First, we compared alcohol consumption of FGF2-KO mice and

their FGF2-WT littermates in the continuous access to increasing

alcohol concentrations (3%, 10% and 20%) two-bottle choice

procedure, which reflects a transition from moderate to high levels

of alcohol consumption. Next, in a different batch of mice, we

tested the effects of Fgf2 deficiency on alcohol consumption in an

alcohol-drinking protocol that generates chronic consumption of

high (20%) alcohol concentration, namely, the IA2BC to 20%

alcohol.

In a separate batch of mice, we tested the effects of Fgf2 defi-

ciency on the consumption of a sweet solution (sucrose) in an inter-

mittent access to 1% sucrose two-bottle choice. In all experiments, a

weekly consumption average was calculated, and data were analysed

with a mixed-model ANOVA, with a between-subjects factor of Geno-

type (FGF2-KO, FGF2-WT) and a within-subjects factor of Training

week. ANOVA was followed by Fisher LSD post hoc analyses

throughout the study.

Finally, on another batch of animals, we tested whether injection

of rFGF2 would normalize alcohol drinking in FGF2-KO mice. Data

were analysed by a 2X(2) mixed-model ANOVA, with a between-

subjects factor of Genotype (FGF2-KO, FGF2-WT) and a within-

subjects factor of Treatment (rFGF2, vehicle).

Alcohol-conditioned place preference

In this experiment, we tested the rewarding properties of alcohol in

FGF2-KO mice, compared with WT controls. Mice were trained in the

alcohol-CPP procedure, as described above. Data were analysed with

a mixed-model ANOVA, with a between-subjects factor of Genotype

(FGF2-KO, FGF-WT) and a within-subjects factor of Test (baseline,

CPP test).

Pavlovian fear conditioning

In this experiment, we tested the ability of FGF2-KO mice to acquire

fear response to both the context of conditioning and a tone-CS. As

detailed in Section 2, conditioning was conducted on day 1. The

acquisition of contextual and cue-induced fear responses was

analysed by mixed-model ANOVAs, with a between-subjects factor of

Genotype (FGF2-KO, FGF-WT) and a within-subjects factor of Condi-

tioning stage (habituation, last 2 min of conditioning) or tone (tones

1 and 3). On day 2, retention and extinction of the fear response were

tested. Data were analysed by a mixed-model ANOVA, with a

between-subjects factor of Genotype (FGF2-KO, FGF2-WT) and a

within-subjects factor of Extinction stage (pre-tone period, post-tone

exposure period [last 60 s] and tone bins 1–10 [each bin averages four

tones]).

Loss of righting reflex and BAC assays

The hypnotic effect of alcohol was tested using the loss of righting

reflex (LORR) procedure. Mice were injected with a hypnotic dose of

alcohol (3.2 g/kg, 20% v/v solution, i.p.), and the latency to the loss

and recovery of the righting reflex was recorded in seconds. The

effects of FGF2-deficiency on LORR were analysed by an indepen-

dent t test with FGF2 genotype as a between-subjects factor. In a dif-

ferent cohort of mice, BAC levels were assessed in FGF2-KO and

FGF2-WT mice 900 or 1800 s following the injection of the same

dose of alcohol (3.2 g/kg, 20% v/v solution, i.p.).

3 | RESULTS

3.1 | Fgf2 deficiency reduces alcohol intake

First, we tested the effects of Fgf2 deficiency on alcohol consumption

in the continuous access to increasing alcohol concentrations proce-

dure. In this drinking protocol, mice have access to a bottle of alcohol

and a bottle of water continuously, 7 days a week. Each week, alcohol

concentration was increased (3%, 10% and 20%).

As shown in Figure 1, FGF2-WT mice increased their alcohol

intake in the 10% and 20% concentrations. However, the consump-

tion levels of FGF2-KO mice remained stable and low across alcohol

concentrations, so that their alcohol intake was lower for the 10% and

20% concentrations, compared with their WT counterparts. These

results suggest that FGF2 deficiency prevents escalation in alcohol

consumption and transition to high levels of alcohol intake (mixed-

model ANOVA; alcohol consumption: main effects of Genotype

[F[1,20] = 11.24, p = 0.003] and alcohol concentration [F[2,40] = 18.15,

p < 0.0001] as well as a Genotype X Alcohol concentration interaction

[F[2,40] = 5.14, p = 0.01]; post hoc; FGF2-WT vs. FGF2-KO, 3%,

p = 0.64, 10% or 20% p's < 0.0008; alcohol preference: main effects
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of Genotype [F[1,20] = 11.50, p = 0.003] and alcohol concentration

[F[2,40] = 17.191, p < 0.0001], and a trend to Genotype X Alcohol con-

centration interaction [F[2,40] = 2.989, p = 0.067]; post hoc: FGF2-

WT vs. FGF2-KO, 3%, p = 0.24; 10% or 20%, p's < 0.007). Impor-

tantly, no differences in body weight were found between genotypes

(p > 0.05).

To further elucidate the effects of Fgf2 deficiency on alcohol con-

sumption, we next tested if there are genotype differences in a model

of chronic consumption of high concentrations of alcohol. To this end,

a different batch of mice was trained for 6 weeks to consume alcohol

in the IA2BC to 20% alcohol, which typically generates high levels of

alcohol intake.24,25,29,43

We found that Fgf2 deficiency reduced alcohol consumption and

preference, compared with FGF2-WT control mice (Figure 2B,C). The

reduced alcohol intake was paralleled by a higher water intake of

FGF2-KO mice, compared with their WT littermates (Figure 2D),

suggesting that FGF2-KO mice compensated for the reduced alcohol

solution intake by increasing water intake, to maintain similar total

fluid (Figure 2E). These results indicate that Fgf2 deficiency reduces

chronic consumption of high alcohol concentration (mixed-model

ANOVA; alcohol consumption: main effects of Genotype [F[1,19]

= 8.07, p = 0.01] and training week [F[5,95] = 4.23, p = 0.002], but

no Genotype X Training week interaction [F[5,95] = 1.193, p = 0.319];

alcohol preference: main effects of Genotype (F[1,19] = 10.35,

p = 0.005], no main effect for Training week [F[5,95] = 1.70, p = 0.13]

and no Genotype X Training week interaction [F[5,95] = 1.28,

p = 0.28]; water consumption: main effects of genotype [F[1,19] =

7.85, p = 0.011] and training week [F[5,95] = 12.88, p < 0.0001], as

well as a Genotype X Training week interaction [F[5,95] = 3.82,

p = 0.003]; post hoc: FGF2-WT: week 1 vs. week 6, p = 0.54; FGF2-

KO, week 1 vs. week 6, p < 0.001).

Next, we tested whether the effect of Fgf2 deficiency has a non-

specific effect on rewards, by testing whether there would be a geno-

type effect on intake of a natural reward, namely, sucrose. To this

end, another batch of FGF2-KO and FGF2-WT mice was trained to

consume sucrose (1%) in an intermittent access two-bottle choice

(water and sucrose) procedure for 4 weeks. No differences in sucrose

consumption were found between genotypes (Figure 2F) (mixed-

model ANOVA: main effect for Training week [F[3,57] = 16.31,

p < 0.0001], but no main effect for Genotype [F[1,19] = 0.36,

p = 0.55] and no Genotype X Training week interaction [F[3,57] =1.48,

p = 0.23]).

Together, these results indicate that Fgf2 deficiency leads to a

reduction in alcohol consumption and preference, with no effects on

sucrose intake (Figures 1 and 2), suggesting that the endogenous

FGF2 plays a role in alcohol drinking escalation.

F IGURE 1 Fgf2 deficiency prevents escalation in alcohol consumption. (A) Experimental timeline scheme. Mice were trained to
consume alcohol in the continuous access to increasing alcohol concentrations (3%, 10% and 20%) two-bottle choice paradigm for 3 weeks
(B) Amount of alcohol (g/kg/24 h) consumed. (C) Preference for alcohol, calculated as the ratio of the volume of alcohol solution
intake/volume of total fluid intake. Bar graphs represent means + SEM. n = 10–11. *p < 0.05, **p < 0.01 compared with FGF2 wild-type
controls
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F IGURE 2 Fgf2 deficiency results in suppression of 20% alcohol but not sucrose consumption and preference. (A) Experimental timeline
scheme. Mice were trained to consume alcohol in the intermittent access to 20% alcohol in 2-bottle choice paradigm for 6 weeks. (B) Amount of
alcohol (g/kg/24 h) 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/24 h). (D) Total fluid intake (ml/kg/24 h). (F) Sucrose solution (1%) intake (ml/kg/24 h). (G) Recombinant FGF2
(80 μg\kg, s.c) or vehicle was injected 1 h before the beginning of the 24-h alcohol-drinking test session, and the amount of alcohol (g/kg)
consumed was measured for 24 h. Data are means + SEM. n = 10–11. *p < 0.05, **p < 0.01 compared with FGF2 wild-type controls
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3.2 | Administration of rFGF2 increases alcohol
intake in both genotypes and normalizes alcohol
consumption levels in FGF2-KO mice

To substantiate the role of FGF2 in the genotype effects seen

between FGF2-KO and WT controls, we tested whether the normal

alcohol consumption phenotype could be rescued by administration

of rFGF2 to the FGF2-KO mice. FGF2-KO and their WT-littermates

were trained to consume alcohol for 6 weeks in the IA2BC to 20%

alcohol, as detailed above. rFGF2 (80 μg/kg, s.c.) or vehicle was

administrated 1 h before the alcohol-drinking test session. Impor-

tantly, this rFGF2 dose was chosen based on our previous study, in

which the same systemic dose of rFGF2 increased alcohol intake in

C57BL/6 mice, whereas a lower dose of 40 μg/kg had no such

effect.25

We found that after vehicle treatment, FGF2-KO mice consumed

less alcohol than WT controls, replicating our above results. As

expected, the systemic injection of rFGF2 increased alcohol intake in

both FGF2-KO and FGF2-WT mice, the latter replicating our previous

findings with systemic rFGF2 leading to increased alcohol consump-

tion.25 Importantly, administration of rFGF2 to the FGF2-KO mice led

to alcohol-drinking of similar levels to those of WT mice with no

rFGF2 treatment (Figure 2G) (two-way mixed-model ANOVA: a main

effect of Treatment [F[1,19] = 17.21, p = 0.0005] and trend to a main

effect of Genotype [F[1,19] = 4.13, p = 0.056], but no Genotype X

Treatment interaction [F[1,19] = 1.41, p = 0.25]; post hoc: FGF2-WT

mice, vehicle vs. rFGF2, p = 0.045; FGF2-KO mice, vehicle vs. rFGF2

p = 0.0016; rFGF2-treated FGF2-KO vs. vehicle-treated FGF2-WT

p = 0.65).

3.3 | Fgf2 deficiency disrupts alcohol-conditioned
place preference

It is possible that FGF2 deficiency affected the rewarding properties

of alcohol, thereby reducing alcohol drinking. To test this possibility,

we next tested the effect of Fgf2 deficiency on the acquisition of

alcohol-CPP, which is considered to model the rewarding properties

of alcohol.37,44 Following a baseline day, mice underwent place condi-

tioning with alcohol (1.8 g/kg, 20% v/v, i.p.) over four pairings, with

unpaired days given intermittently (see Section 2).

As shown in Figure 3, during the post-conditioning test, the

FGF2-WT group spent more time in the alcohol-paired chamber,

compared to the baseline test; that is, they acquired alcohol-CPP.

However, in the FGF2-KO group, the time spent in the paired

chamber during the CPP test was similar to baseline (Figure 3B).

No difference between genotypes before or after alcohol exposure

was observed in the locomotor activity of the mice, as reflected by

the similar mean distance moved in the baseline and test (Figure 3C).

These results suggest that the alcohol rewarding properties may

be impaired in FGF2-KO (mixed-model ANOVA: no main effect

of genotype [F[1,14] = 2.90, p = 0.11], or a main effect of Test [base-

line vs. test] [F[1,14] = 2.32, p = 0.15]; but a significant Genotype

X Test interaction [F[1,14] = 6.18, p = 0.026]; post hoc analysis: FGF2-

WT mice, baseline vs. test, p = 0.005; FGF2-KO, baseline vs. test,

p = 0.52).

3.4 | Fgf2 deficiency does not affect acquisition,
retention and extinction fear conditioning

Impairments in CPP, as we found in FGF2 KO mice, may reflect

impaired alcohol reward, but these results may be confounded by

learning and memory deficits.44,45 To rule out this confound, particu-

larly as FGF2 was previously shown to affect learning and memory

processes,46 we next tested the ability of FGF2-KO mice to acquire

fear-response in a Pavlovian fear conditioning paradigm.

Mice were conditioned for fear response (Figure 4A, timeline; see

Section 2). Compared to the habituating period (pre-conditioning),

mice of both genotypes showed increased freezing during the last

120 s of conditioning (Figure 4B). In addition, compared to the first

tone, mice of both genotypes exhibited increased freezing during the

second and third tones (Figure 4C). These results indicate that regard-

less of their genotype, mice acquired conditioned fear response to

both the context of conditioning and the tone CS (mixed-model

ANOVA, context: main effects for Conditioning [pre-conditioning

vs. post-conditioning] [F[1,46] = 134.117, p < 0.0001], with no main

effect of Genotype or Conditioning X Genotype interaction

[p's > 0.952]; tone CS: main effect of Tone [F[1,23] = 56.976,

p < 0.0001] with no main effect of Genotype or Tone X Genotype

interaction [p's > 0.429]).

Next, we measured the retention and extinction of the

conditioned-fear response. Mice of both genotypes showed normal

retention (as indicated by freezing during the pre-tone period and bin

1 of tones, respectively) and extinction (freezing during the last 60 s

and last tone bin) of the fear response to the context and tone

(Figures 4D,E). Together, these findings suggest that FGF2-KO mice

do not have learning deficits. Mixed-model ANOVAs, a main effect of

Extinction stage for the tone CS (10 bins of 4 trials each; F[9,207]

= 27.303, p < 0.0001), with no main effect of Genotype or Extinction

stage (tone) X Genotype interaction (p's < 0.416). Additionally, we

found a main effect of Extinction stage for the context (pre-tone

vs. and last 60 s), F[1,23] = 17.174, p < 0.0001), with no main effect of

Genotype and no interaction (p's > 0.182).

3.5 | Fgf2 deficiency increases the duration of loss
of righting reflex

Finally, we assessed the sensitivity of FGF2-KO mice to the hypnotic

effects of alcohol, as well as the recovery from these effects by mea-

suring alcohol-induced LORR.32 Animals were given a systemic admin-

istration of a high dose of alcohol (3.2 g/kg), and the latency and

duration of the LORR were measured. As shown in Figure 5, no differ-

ences were observed in the latency to the LORR. However, compared

to FGF2-WT mice, the duration of the LORR in FGF2-KO mice was
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longer. These results show that the hypnotic effects of alcohol are

longer in the absence of FGF2 (t tests; latency until the LORR [t9

= 0.41, p = 0.68], LORR duration [t9 = 3.45, p = 0.007]).

To assess whether the difference in the LORR duration is related

to differential pharmacokinetic properties between the genotypes, we

tested the blood alcohol concentration (BAC) in the FGF2-KO and

FGF2-WT mice following the administration of the alcohol dose used

for the loss of righting reflex assay (3.2 g/kg). We chose two time

points post alcohol injection: 900 and 1800 s, as in the former time

point both genotypes showed LORR, whereas in the latter, the

FGF2-WT, but not the FGF2-KO mice began to show recovery of the

reflex. We found that, in general, FGF2-KO mice had higher BAC con-

centrations compared with their WT counterparts. In addition, there

was a trend for a reduction in the BAC levels in the FGF2-WT mice

over time, with no such decrease in the FGF2-KO mice (Figure 5C;

ANOVA, a main effect of Genotype [F[1,13] = 16.513, p < 0.005] but

no main effect of Interval [p = 0.75] and no Genotype X Interval inter-

action [p = 0.24]).

To summarize, our results show that Fgf2 deficiency results in

abnormal alcohol-related behaviours. Specifically, FGF2-KO mice

show lower levels of alcohol consumption and preference, and this

effect is reversed by rFGF2 administration. In addition, alcohol reward

and recovery from LORR are impaired in FGF2-KO mice, and their

BAC levels are higher.

4 | DISCUSSION

We tested here the involvement of the endogenous FGF2 in alcohol-

related behaviours. We show that Fgf2 deficiency results in the reduc-

tion of alcohol reward and attenuation of alcohol consumption and

drinking, as well as in longer sensitivity to the hypnotic effects of

F IGURE 3 Fgf2 deficiency disrupts alcohol-conditioned place preference. (A) Experimental timeline scheme. Mice were trained in a place
conditioning paradigm, with four pairings of one compartment with alcohol (1.8 g/kg, i.p). (B) Alcohol-conditioned place preference is expressed
as % of time spent in the alcohol-paired compartment during the entire 30-min test session. (C) Locomotor activity, reflected by the distance
travelled during the tests (cm). Graphs represent means ± SEM. n = 6–9. **p < 0.01
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alcohol. Specifically, we found that knockout of the Fgf2 gene led to

decreased alcohol consumption and preference and that administra-

tion of rFGF2 normalized their alcohol intake. Critically, Fgf2 knockout

did not affect the intake of a natural reward, that is, sucrose. In addi-

tion, Fgf2 deficiency disrupted alcohol CPP without affecting fear con-

ditioning, suggesting that the endogenous growth factor plays a role

in alcohol reward. Finally, we show that FGF2-KO mice showed a

longer duration of sensitivity to the hypnotic effects of alcohol at a

high dose. Together, our results demonstrate that the endogenous

FGF2 plays a critical role in alcohol-drinking and related behaviours

and suggest that FGF2 is a positive regulator of alcohol-drinking

behaviours.

Our present findings are in line with our recent reports of the

involvement of FGF2 in alcohol-drinking behaviours in rodent

F IGURE 4 Fgf2 deficiency does not affect the acquisition, retention and extinction of a conditioned fear response. (A) Experimental timeline
scheme. On day 1, mice were condition for fear response by three tone-footshock pairings. The following day, the tone was presented for
40 time without footshocks (extinction). (B–E) FGF2-KO mice showed normal learning of conditioned-fear response to the context (B) and the
tone (C), as well as retention (as indicated by freezing prior to extinction training, left bars in D) and extinction of the conditioned response (E, and

right bars in D). Freezing was defined as no movement except for respiratory movement. Bar graphs represent means ± SEM of immobility
percentage. n = 11–14. ***p < 0.0001
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models.23–25,47 Thus, we recently showed that alcohol drinking leads

to an elevation in Fgf225 and Fgfr124 mRNA expression in the DMS of

rodents and that injection of recombinant FGF2 systemically or into

the DMS increases alcohol consumption and preference.25 In contrast,

inhibiting the activity of FGF225 or FGFR124 reduces alcohol con-

sumption. These previous findings led us to suggest that FGF2 and

alcohol constitute a positive regulatory feedback loop, where alcohol

drinking elevates FGF2-FGFR1 signaling in the DMS, which in turn

increases the consumption of alcohol, possibly leading to addiction

phenotypes.23 Our present results further emphasize the crucial role

of the endogenous FGF2 in alcohol drinking, by showing that in the

absence of the growth factor, alcohol consumption is considerably

suppressed and can be restored by administration of recombinant

FGF2. Moreover, we show that when the FGF2-alcohol positive regu-

latory feedback loop is broken, as in the case of FGF2-KO mice, the

escalation in alcohol consumption over a chronic drinking course is

prevented, presumably because alcohol cannot increase FGF2 expres-

sion in these mice.

Preclinical studies in rodents,48,49 as well as research in

humans,50 have proposed that alcohol sensitivity (how fast an individ-

ual becomes intoxicated) is negatively correlated with alcohol intake.

Therefore, low alcohol sensitivity is associated with increased alcohol

consumption,49 whereas high alcohol sensitivity is associated with

reduced alcohol intake.48 While the alcohol sensitivity of both geno-

types (reflected by the latency to display LORR) was similar, we found

that Fgf2 deficiency reduces alcohol intake and prolongs the hypnotic

effects of alcohol with higher levels of BAC, suggesting that the

expression of Fgf2 is negatively associated with the duration of intoxi-

cating effects of alcohol and that increased FGF2 expression may lead

to increased risk of excessive alcohol drinking.

The prolonged effects of alcohol on FGF2-KO mice may also

account for the reduction in alcohol reward, as indicated by reduced

F IGURE 5 The duration of loss of
righting reflex is increased in FGF2-KO
mice. Mice were injected with a
hypnotic dose of alcohol (3.2 g/kg) and
placed on their back. (A and B) Loss of
righting reflex was defined as when the
mouse could not right itself (remained
on its back). Fgf2 deficiency did not
affect the time until the righting reflex

was lost (A) but increased the righting
reflex recovery time (B). Recovery was
defined as when the animal was able to
right itself three times in 60 s. (C) Mice
were injected with 3.2 g/kg alcohol, and
blood was withdrawn 900 or 1800 s
after the injection, to determine blood
alcohol concentration (BAC). Data are
means ± SEM. n = 5–6. **p < 0.01
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CPP in these mice. It is possible that the increased duration of alco-

hol's effects in FGF2-KO led to a longer duration of alcohol's aversive

response or to a more intense reaction of the latter, thus making alco-

hol less rewarding for these mice. Importantly, reduced CPP may also

reflect learning and memory deficits. The CPP paradigm is based on

classical conditioning, and recombinant FGF2 was reported to affect

learning and memory processes, including classical conditioning.46

However, as we also show here that FGF2-KO mice exhibit normal

acquisition, retention and extinction of conditioned fear response, it is

plausible to assume that the effects of FGF2 deficiency on alcohol-

CPP are not due to learning deficits.

The involvement of dopamine in alcohol-related behaviours is

well established.3,51,52 Neuroadaptation in dopaminergic neurons has

been suggested to play a role in alcohol reinforcement and reward

mechanisms.8,53,54 Nevertheless, the loss of righting reflex (LORR)

phenotype was previously linked to glutamate and GABA activity.4

Thus, while the abnormal dopaminergic system in FGF2-KO mice12–15

may account for the reduction in alcohol reward and consumption, it

is likely that the Fgf2 deficiency may lead to changes in additional

neurotransmitter systems that play a role in the differential response

of these mice to alcohol.

We found that FGF2-KO mice had higher BAC levels compared

with their WT counterparts, and we observed a non-significant trend

for a reduction in the BAC levels in the FGF2-WT mice over time,

with no such decrease in the FGF2-KO mice. Together, these data

indicate that FGF2-KO mice have different pharmacokinetic proper-

ties for alcohol, possibly due to slower metabolism of alcohol, which

may have led to the slower recovery of the righting reflex.

rFGF2 administration increased alcohol intake in both FGF-KO

and FGF-WT mice. The latter is in line with our previous report that

rFGF2 at the same dose increases alcohol intake.25 Importantly, in the

FGF2-KO mice, which consumed less alcohol compared with wild-

type controls, rFGF2 administration increased consumption to levels

similar to WT controls with no rFGF2 treatment. These results

strongly suggest that the effects on alcohol consumption are likely

mediated via the absence of FGF2 signaling. We cannot completely

exclude the possibility that the reduction in alcohol-related pheno-

types in the FGF2-KO mice is a consequence of developmental abnor-

malities resulting from the absence of FGF2 throughout

development.12,14,15 However, the rescue of the phenotype by

rFGF2 administration makes this possibility less likely. This conclusion

is further strengthened when taken together with our previous

results, showing that reduction of FGF2-FGFR1 activity in adult

wild-type mice and rats reduces alcohol consumption.24,25 Specifically,

we recently reported that inhibiting the activity of FGF2 by an

anti-FGF2 neutralizing antibody,25 or the inhibition of the FGF2

receptor, FGFR124—both resulted in reduced alcohol intake in adult

rats and mice. Taken together, our previous and present findings

strongly indicate that deficient FGF2 leads to reduced alcohol

drinking.

The rFGF2 dose we used (80 μg/kg) was chosen based on our

previous finding that FGF2 increased alcohol drinking when injected

systemically to mice, at 80 μg/kg, but not at 40 μg/kg, given

systemically (s.c.).25 Other research groups have used lower doses

such as 20 μg/kg FGF2 treatment in rats, given either s.c. to juve-

niles55 and postnatally56,57 or i.c.v. to adult rats.58 The higher dose

required to observe the effects of FGF2 in mice versus rats reflects

the fact that typically the effective doses in mice are 1.5- to 2.5-fold

higher compared with rats, given the different pharmacokinetics of

the two species.59,60

Our present findings show that the endogenous FGF2 is posi-

tively correlated with alcohol drinking and mark FGF2 as a possible

biomarker for problem-alcohol drinking. Thus, it is possible that vari-

ants of the gene, or epigenetic mechanisms that lead to increased

expression of FGF2 or of its receptor, FGFR1, may lead to increase

susceptibility to problem alcohol drinking and AUD. Relatedly, we

recently showed that an inhibitor of FGFR1 reduces alcohol

consumption,24 suggesting that FGF2 can be not only a biomarker but

also a target for the development of pharmacotherapy for AUD.

Importantly, Fgf2 deficiency did not reduce the consumption of

water or natural rewards (sucrose), suggesting that the involvement of

endogenous FGF2 is not general for reward consumption. This finding

is in line with our previous reports showing that FGF2-FGFR1 manip-

ulations had no effects on natural reward intake24,25 but affected the

self-administration of alcohol,24,25,47 as well as other drugs of

abuse.19–23 Specifically, we previously found that rFGF2 increases

alcohol intake without affecting the consumption of sucrose or water

intake.25 Likewise, inhibition of the FGF2 receptor FGFR1 reduces

alcohol, but not sucrose or water intake.24 These findings suggest that

FGF2 may be a potential target for treatment development for addic-

tion, with no side effects on hedonic behaviour.

Interestingly, FGF2 is not the only growth factor that affects

alcohol-related behaviours without affecting behaviours related to

natural rewards. Thus, similar to FGF2, the growth factors brain-

derived neurotrophic factor (BDNF) and glial cell line-derived neuro-

trophic factor (GDNF) were shown to affect alcohol reward, as

reflected by their effects on alcohol-CPP.33,61 Moreover, BDNF and

GDNF negatively regulate alcohol-drinking behaviours, but not behav-

iours related to sweet solution rewards.47,62,63 These selective effects

of growth factors on alcohol reward and consumption but not on nat-

ural sweet rewards suggest that although the mechanisms underlying

reward by alcohol and natural reward are related, they also differ in

certain components, including their sensitivity to growth factor

manipulations.47

To summarize, Fgf2 deficiency results in abnormal alcohol-related

behaviours, including reduced alcohol consumption and reward. Our

present results are in line with previous findings with other drugs,

showing that FGF2 levels positively correlate with amphetamine and

cocaine-related behaviours.23 Together with our recent reports,24,25

our results strongly suggest that FGF2 is a positive regulator of alco-

hol consumption and has the potential to serve as a biomarker for

AUD and as a treatment target for this disorder.
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