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Abstract

Background—The Val66 to Met polymorphism within the brain-derived neurotrophic factor 

(BDNF) sequence reduces activity-dependent BDNF release, and is associated with psychiatric 

disorders in humans. Alcoholism is one of the most prevalent psychiatric diseases. Here, we tested 

the hypothesis that this polymorphism increases the severity of alcohol abuse disorders.

Methods—We generated transgenic mice carrying the mouse homolog of the human 

Met66BDNF allele (Met68BDNF), and used alcohol-drinking paradigms in combination with 

viral-mediated gene delivery and pharmacology.

Results—We found that Met68BDNF mice consumed excessive amounts of alcohol and 

continued to drink despite negative consequences, a hallmark of addiction. Importantly, 

compulsive alcohol intake was reversed by overexpression of the wild-type Val68BDNF allele in 

the ventromedial prefrontal cortex of the Met68BDNF mice, or by systemic administration of the 

TrkB agonist, LM22A-4.

Conclusions—Our findings suggest that carrying the Met66BDNF allele increases the risk of 

developing uncontrolled and excessive alcohol drinking that can be reversed by directly activating 
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the BDNF receptor, TrkB. Importantly, this work identifies a potential therapeutic strategy for the 

treatment of compulsive alcohol drinking in humans carrying the Met66BDNF allele.
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INTRODUCTION

Addiction is a psychiatric disorder characterized as compulsive drug seeking and taking 

despite adverse consequences (1–3). Alcohol addiction is the second most impactful 

psychiatric disorder (4) that results in various somatic diseases (5), and is responsible for 6% 

of the deaths worldwide (6). Increasing evidence in humans and rodents, suggests an inverse 

relationship between BDNF and adverse phenotypes associated with harmful alcohol 

consumption. Similar to other psychiatric disorders (7), alcoholism is associated with low 

blood levels of BDNF (8, 9). In line with the human data, the development of excessive 

alcohol drinking in mice is associated with low Bdnf expression within prefrontal cortex 

(PFC) (10, 11). Alcohol-preferring rats display innate lower levels of BDNF in the bed 

nucleus of stria terminalis and in the central extended and medial amygdala (CeA and MeA, 

respectively) as compared to non-alcohol-preferring rats (12). Furthermore, constitutive 

reduction of Bdnf expression in mice results in increased levels of alcohol intake (13–15) as 

well as higher sensitivity to the rewarding and sensitizing properties of alcohol (14). Global 

inhibition of the BDNF pathway (16) and the specific knockdown of BDNF expression in 

the dorsolateral striatum (DLS) (15, 17) or in the CeA and MeA (18) escalate alcohol-

drinking behaviors. Finally, activation of BDNF signaling in the DLS (17, 19), and in the 

CeA and MeA (18) reduces alcohol intake in rodents. Together, these data indicate that 

BDNF gates the level of alcohol drinking.

The non-synonymous single-nucleotide polymorphism (SNP) of the BDNF gene (G196A, 

rs6265) results in a substitution of Valine (Val) 66 residue to Methionine (Met) within the 

prodomain of BDNF (proBDNF) (20, 21). Val66 to Met substitution substantially alters the 

intracellular trafficking of the immature form of BDNF and decreased activity-dependent 

release of the neurotrophic factor (20, 21). The Met66BDNF polymorphism is relatively 

common in humans (22), and has been associated with increased severity of psychiatric 

disorders (23–25) including addiction to nicotine, opiates, amphetamine and 

tetrahydrocannabinol (26–28). We hypothesized that subjects carrying the Met66BDNF 

allele will be at greater risk of developing “pathological” excessive alcohol drinking 

behaviors. To this end, we generated knock-in (KI) mice expressing the mouse homolog of 

the human Met66BDNF allele (Met68BDNF, Supplementary Figs. S1–S2) on a C57BL/6 

background, and tested the propensity of mice carrying the polymorphism to develop 

uncontrolled alcohol drinking.

METHODS AND MATERIALS

Detailed information is available in the Supplemental information. This includes the 

generation of Met68BDNF KI mice, breeding and housing, preparation of solutions, 
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administration of drugs, and blood alcohol concentration protocols. Behavioral paradigms 

(saccharin and quinine consumption, compulsivity, anxiety, motor coordination and 

locomotion tasks) and the construction, preparation, and administration of adeno-associated 

virus (AAV) expressing BDNF, western blot analysis, immunohistochemistry, and statistical 

analyses can be found in the Supplemental Information section.

Intermittent access to alcohol and quinine adulteration paradigms

Mice were acclimatized for 1 week to single housing conditions and then given concurrent 

access to one bottle of 10% or 20% alcohol and one bottle of water for 24 hrs (2-bottle 

choice), starting at noon on Mondays, Wednesdays, and Fridays, for 4 weeks. Alcohol 

intake (g/kg of body weight), total fluid intake (ml/kg of body weight) and the preference 

ratio for alcohol solution (volume of alcohol solution intake/total volume of fluid intake) 

were recorded after 24 hrs of alcohol access. To test compulsive drinking, the alcohol 

solution was adulterated with quinine (0.10–0.30 g/l) and intake was monitored as described 

above. The placement (left or right) of each solution was alternated between each session to 

control for side preference.

RESULTS

Generation of Met68BDNF KI mice

We generated a transgenic mouse line carrying the Met68BDNF allele that corresponds with 

the human Met66BDNF homolog (http://weblab.cbi.pku.edu.cn (29), Supplementary Fig. S1 

and Supplementary Fig. S2). Litter size of homozygotes Met68BDNF mice was similar to 

wild-type Val68BDNF mice (Met68BDNF = 6.75 ± 0.52 pups/dam, n=20; Val68BDNF = 

7.1 ± 0.53 pups/dam, n=20), we did not observe gross anatomical abnormalities during 

postnatal development, and growth curves of the two genotypes were also similar 

(Supplementary Fig. S3A). In addition, Met68BDNF mice did not show changes in basal 

locomotion in response to a novel environment (Supplementary Fig. S3B), or in the 

acquisition and execution of motor-dependent tasks (Supplementary Fig. S3C).

Met68BDNF mice exhibit enhanced escalation of excessive alcohol drinking

To examine whether the Met68BDNF polymorphism affects levels of alcohol consumption, 

we used two paradigms, which model human moderate and excessive alcohol drinking in 

mice. Moderate alcohol drinking is modeled by an intermittent access paradigm of 10% 

alcohol solution and excessive “pathological” drinking is modeled by an intermittent access 

paradigm of 20% alcohol solution (30). Specifically, wild-type Val68BDNF mice consumed 

9.0±0.5 g/kg/24 hrs of 10% alcohol solution and 14.5±1.2 g/kg/24 hrs of 20% alcohol 

solution. We found that moderate levels of alcohol intake (Fig. 1A) and preference (Fig. 1B) 

for alcohol were similar in both genotypes (Fig. 1A; alcohol consumption: two-way RM-

ANOVA, no main effect of genotype [F(1,36) = 0.08, P = 0.77], a main effect of session 

[F(10,360) = 4.18, P < 0.05] and no interaction genotype × session [F(10,360) = 0.34, P = 

0.97], Fig. 1B; alcohol preference: two-way RM-ANOVA, no main effect of genotype 

[F(1,36) = 0.53, P = 0.47], a main effect of session [F(10,360) = 4.78, P < 0.001] and no 

interaction genotype × session [F(10,360) = 0.85, P = 0.58], Supplementary Fig. S4A). 

However, access to 20% alcohol solution resulted in a robust escalation of alcohol drinking 
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(Fig. 1C) and preference (Fig. 1D) in Met68BDNF mice (Fig. 1C; alcohol consumption: 

two-way RM-ANOVA, a main effect of genotype [F(1,35) = 21.5, P < 0.001], a main effect 

of session [F(11,385) = 8.9, P < 0.001] and a significant interaction genotype × session 

[F(11,385) = 2.9, P = 0.001], Fig. 1D; preference across sessions: two-way RM-ANOVA, a 

main effect of genotype [F(1,35) = 11.44, P < 0.01], no main effect of session [F(11,385) = 

1.99, P < 0.05] and a significant interaction genotype × session [F(11,385) = 2.26, P < 0.05], 

Supplementary Fig. S4B). These data suggest that the Met68BDNF polymorphism enhances 

excessive alcohol drinking.

Met68BDNF mice exhibit compulsive alcohol drinking

One major characteristic of alcohol abuse disorder is compulsive alcohol consumption, in 

which individuals are not able to control their drinking despite serious health and social 

consequences (2, 3, 5). To determine whether carrying the Met68BDNF polymorphism 

promotes compulsive alcohol drinking, we used an aversion-resistance paradigm in which 

alcohol is adulterated with the bitter-tasting substance, quinine, which is aversive to mice 

(31). If Met68BDNF mice continued to drink and prefer alcohol, despite quinine 

adulteration, this would indicate greater compulsive alcohol consumption despite the 

negative consequence of consuming an aversive substance (31). To test this hypothesis, 2 

cohorts of mice were given 10% or 20% alcohol solution with the addition of quinine (Fig. 2 

and Supplementary Figs. S5–S7). We found that intake and preference of quinine-

adulterated 10% alcohol solution were significantly decreased in the wild-type Val68BDNF 

mice (Fig. 2A–B and Supplementary Fig. S5, LSD post hoc, Ps <0.05). In contrast, quinine 

was much less aversive to the Met68BDNF mice, which continued to consume large 

amounts of 10% alcohol solution despite quinine adulteration (Fig. 2A; quinine-adulterated 

10% alcohol intake: two-way RM-ANOVA, no main effect of genotype [F(1,16) = 3.13, P = 

0.09], a main effect of quinine concentration [F(2,32) = 35.9, P < 0.001], and a significant 

interaction genotype × quinine concentration [F(2,32) = 5.63, P < 0.01], Fig. 2B; quinine-

adulterated alcohol preference: two-way RM-ANOVA, no main effect of genotype [F(1,16) = 

3.65, P = 0.07], a main effect of quinine concentration [F(2,32) = 39.2, P < 0.001] and a 

significant interaction genotype × quinine concentration [F(2,32) = 4.62, P < 0.05]). Next, we 

tested the consequences of quinine adulteration on the consumption of and preference to a 

solution of 20% alcohol (Fig. 2C–D, and Supplementary Figs. S6–S7). We found that high 

dose of quinine (0.3g/L) reduced both intake and preference for 20% alcohol (P < 0.001) in 

a genotype-independent manner and that Met68BDNF mice showed higher 20% alcohol 

intake and preference than wild-type Val68BDNF mice (P < 0.001), independently of 

quinine adulteration (Fig. 2C; quinine-adulterated 20% alcohol intake: two-way RM-

ANOVA, a main effect of genotype [F(1,20) = 18.05, P < 0.001], a main effect of quinine 

concentration [F(3,60) = 22.9, P < 0.001]. Fig. 2D; quinine-adulterated alcohol preference: 

two-way RM-ANOVA, a main effect of genotype [F(1,20) = 12.61, P <0.01], a main effect 

of quinine concentration [F(3,60) = 16.55, P < 0.001]). We further found that the reduction in 

quinine (0.3g/L) adulterated-20% alcohol preference (Supplementary Fig. S7B, method of 

contrasts, P<0.05) but not intake (Supplementary Fig. S7A, method of contrasts, P=0.34) 

was greater in the Val68BDNF than the Met68BDNF groups, indicating an aversion-

resistant preference for 20% alcohol. Finally, the addition of quinine to the 10% or 20% 

alcohol solution did not affect the level of total fluid intake (alcohol, quinine and water) in 
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either genotype (Supplementary Figs. S5C and S6C). Together, these findings suggest that 

the Val68 to Met68 substitution within the BDNF sequence produces greater levels of intake 

of and/or preference to alcohol despite negative consequences.

Compulsive alcohol drinking in Met68BDNF mice is specific to alcohol

The aversion-resistant alcohol-drinking phenotype observed in the Met68BDNF mice could 

have multiple behavioral explanations. It could reflect differences in quinine taste reactivity, 

or reward sensitivity between groups, differences in compulsive behavior, differences in 

alcohol metabolism or differences in basal levels of anxiety. As shown in Fig. 3A–B and 

Supplementary Fig. S8, aversion to quinine did not differ between genotypes, suggesting 

that the two genotypes have similar quinine taste reactivity (Fig. 3A; quinine intake: two-

way RM-ANOVA showed no main effect of the genotype on quinine solution drinking 

(F(1,12) = 0.01, P = 0.90), a significant main effect of concentration on the level of quinine 

intake (F(1,12) = 11.16, P = 0.05) and no significant interaction genotype × quinine 

concentration (intake, F(1,12) = 0.002, P = 0.96); and Fig. 3B; quinine preference: no main 

effect of the genotype F(1,12) = 0.09, P = 0.77). Furthermore, both genotypes exhibited the 

same levels of intake (Fig. 3C) preference (Fig. 3D) for a saccharin solution in the absence 

or presence of quinine, (Fig. 3C; saccharin consumption: two-way RM-ANOVA showed no 

main effect of the genotype on drinking of (F(1,12) = 0.49, P = 0.49), a significant main 

effect of quinine adulteration on saccharin intake (F(4.48) = 52.5, P < 0.001) and Fig. 3D; 

saccharin preference: no main effect of the genotype (F(1,12) = 0.01, P = 0.91), a significant 

main effect of quinine adulteration (F(4.48) = 16.2, P < 0.001) and no significant interaction 

genotype × quinine concentration (F(4.48) = 0.56, P = 0.69) and Supplementary Fig. S8B). 

To examine whether the Met68BDNF polymorphism promotes perseverance of general 

compulsive behavior, mice were tested in a T-maze paradigm using a paradigm in which the 

development of persistent entries into the same arm across multiple consecutive trials is 

considered to reflect inflexibility and a behavioral demonstration of compulsivity (32, 33). 

Notably, no differences in general compulsive-like behaviors were observed in Met68BDNF 

and Val68BDNF (Fig. 4A; repetitive choices: t-tests, T(16)= 0.67, P = 0.51, Fig. 4B; latency: 

T(16)= 0.44, P = 0.66). Basal anxiety levels measured by the elevated plus maze paradigm 

were also similar between groups (Fig. 4C; open arm time (%): t-tests, T(18)= 0.13, P = 0.59, 

Fig. 4D; open arm entries (%): T(18)= 0.99, P = 0.76; Fig. 4E; closed arm entries: T(18)= 

0.89, P = 0.80, Fig. 4F; total arm entries: T(18)= 0.30, P = 0.50), and Met68BDNF and 

Val68BDNF exhibited the same level of ataxia in response to alcohol (Fig. 5A; latency to 

fall: two-way RM-ANOVA, no genotype effect [F(1,26) = 0.33, P = 0.57], a main effect of 

time [F(7,182) = 75.8, P < 0.001] and no interaction genotype × time [F(7,182) = 1.9, P = 

0.07]), Fig. 5B; numbers of trials to reach criterion: t-tests, T(26)= −0.31, P = 0.76). Finally, 

blood alcohol concentrations (BAC) were 111.0 ± 5.5 mg/% and 109.8 ± 3.5 mg/% in 

Met68BDNF and Val68BDNF mice respectively, 90 min after systemic administration of 

2.5 g/kg of alcohol (t-test, t(8)= −0.2, P = 0.85; n=5). Together, these results indicate that the 

enhanced compulsive drinking in Met68BDNF mice is specific for alcohol.
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Overexpression of Val68BDNF in the ventral medial prefrontal cortex of Met68BDNF mice 
reduces compulsive alcohol drinking

We previously demonstrated that the BDNF/TrkB signaling pathway in the dorsal striatum 

of rodents controls alcohol intake (14, 16, 17, 19, 34). The major source of BDNF in the 

dorsal striatum is the PFC (35, 36), and we found that the consumption of high levels of 

alcohol is associated with low Bdnf expression in the PFC of mice (10, 11). Met68BDNF 

polymorphism reduces the activity dependent release of BDNF leading to a deficit in TrkB 

signaling (20, 21). The ventromedial part of the PFC (vmPFC) is one of the major brain 

regions involved in compulsive drug and alcohol drinking and seeking (37–39). Therefore, if 

the deficit in BDNF function in the PFC of Met68BDNF mice is responsible for the 

development of quinine-resistant drinking, then overexpressing wild-type Val68BDNF in 

this brain region will decrease quinine-resistant drinking in the Met68BDNF KI mice. 

Adeno-associated virus (AAV) expressing the Val68BDNF protein and a green fluoresence 

reporter (GFP) (AAV-BDNF) infected vmPFC neurons of Met68BDNF mice (Fig. 6A), 

which produced high levels of BDNF expression as compared with animals infected with the 

GFP control virus (AAV-GFP; Fig. 6B). vmPFC of Met68BDNF mice was then infected 

with AAV-BDNF or AAV-GFP and consumption of quinine-adultarated 10% alcohol 

solution was measured (Supplementary Fig. S9A: Timeline). As shown in Fig.6C–D, 

compulsive alcohol intake despite quinine-adulteration was observed in Met68BDNF mice 

infected with the control AAV-GFP. In contrast, overexpression of the wild-type 

Val68BDNF in the vmPFC of Met68BDNF mice dramatically reduced intake of and 

preference for the quinine-adulterated alcohol solution (Fig. 6C; quinine-adulterated alcohol 

consumption: (two-way RM-ANOVA, main effect of BDNF overexpression [F(1,19) = 

10.75, P < 0.01], no main effect of session block [F(9,171) = 1.81, P = 0.07] and a significant 

interaction BDNF overexpression × session [F(9,171) = 1.93, P = 0.05]), Fig. 6D; quinine-

adulterated alcohol preference: two-way RM-ANOVA, main effect of BDNF 

overexpression [F(1,19) = 10.85, P < 0.01], no main effect of session block [F(9,171) = 1.99, P 

< 0.05] and no significant interaction BDNF overexpression × session [F(9,171) = 1.36, P = 

0.21], LSD post hoc, Ps <0.05), without affecting total fluid intake (Supplementary Fig. 

S10). As there are no compensatory alterations in TrkB levels in the mPFC and striatal 

regions of Met68BDNF mice (Supplementary Fig. S11), our findings strongly suggest that 

restoring BDNF function in the vmPFC of the Met68BDNF mice adjusts alcohol-drinking 

behaviors to non-compulsive, moderate levels.

Administration of a TrkB agonist, LM22A-4, reduces compulsive alcohol drinking in 
Met68BDNF mice

Since restoring BDNF function in the vmPFC of Met68BDNF mice successfully suppressed 

compulsive alcohol consumption, we sought to determine whether a translational tractable 

method to enhance BDNF signaling would also suppress compulsive drinking. We 

examined whether intake of quinine-adulterated alcohol solution can be reduced by systemic 

administration of the TrkB activator, LM22A-4 (40). In Met68BDNF and Val68BDNF mice 

undergoing intermittent access to 10% alcohol adulterated with 0.10 g/l quinine, LM22A-4 

(100 mg/kg) or saline were administered systemically, and intake was recorded at the end of 

a 24-hr drinking session (Supplementary Figs. S9B; S12A–B). As shown in Fig. 7A–B, and 
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similar to the results shown in Fig. 2A–B, saline-treated Val68BDNF mice consumed a low 

level of quinine-adulterated alcohol solution, whereas saline-treated Met68BDNF mice 

exhibited compulsive alcohol drinking behavior (Fig. 7A; alcohol consumption: two-way 

RM-ANOVA, main effect of genotype [F(1,14) = 30.0, P < 0.001], of LM22A-4 treatment 

[F(1,14) = 20.4, P < 0.001] and a significant interaction genotype × LM22A-4 treatment 

[F(1,14) = 12.6, P < 0.01]), Fig. 7B; alcohol preference: two-way RM-ANOVA, main effect 

of genotype [F(1,14) = 29.6, P < 0.001], of LM22A-4 treatment [F(1,14) = 15.7, P < 0.001] 

and a significant interaction genotype × LM22A-4 treatment [F(1,14) = 13.1, P < 0.01). 

Systemic administration of LM22A-4 significantly reduced both intake and preference of 

quinine-adulterated alcohol solution in Met68BDNF mice (Fig. 7A–B, LSD post hoc, Ps 

<0.05), without affecting total fluid intake (Supplementary Fig. S13A). Importantly, this 

effect was specific to alcohol, as LM22A-4 did not alter the consumption of saccharin/

quinine solution tested in an independent cohort of naive mice (Fig. 7C; two-way RM-

ANOVA, [F(1,12) = 0.001, P = 0.97]), Supplementary Fig. S9C, S12C–D and S13B). 

Together, our results demonstrate that activation of TrkB prevents compulsive drinking in 

Met68BDNF mice.

DISCUSSION

In this study we demonstrate that the mouse homolog of the human Met66BDNF 

polymorphism (Met68BDNF) is associated with the development of excessive 

“pathological” and compulsive alcohol drinking. Specifically, we show that compared to 

Val68BDNF wild-type mice, Met68BDNF mice consumed higher levels of alcohol in an 

intermittent access to 20% alcohol, a model of uncontrolled drinking. Furthermore, 

Met68BDNF mice consumed a solution of 10% and 20% alcohol even when the solution 

was adulterated with quinine, indicating the Met68BDNF carriers compulsively drink 

alcohol despite aversive consequences. We further demonstrate that overexpression of the 

wild-type Val68BDNF allele in the vmPFC or systemic administration of the TrkB agonist 

LM22A-4 reduced compulsive (quinine-adulterated) alcohol drinking in Met68BDNF mice.

Alcohol intake that persists despite adverse consequences in rats and mice is considered to 

model some key aspects of compulsive alcohol drinking in humans (31), and key finding 

from this study is that alcohol intake and preference of 10% alcohol in an intermittent access 

paradigm is maintained in the Met68BDNF mice even after the addition of aversive, bitter-

tasting quinine, which produces a strong aversive reaction in rodents (41). The aversion-

resistant alcohol consumption exhibited by the Met68BDNF mice was less evident when 

20% alcohol was adulterated with quinine. In particular, preference but not intake of 

quinine-adulterated 20% alcohol was higher in the Met68BDNF than the wild-type 

Val68BDNF mice. Nevertheless, the latter finding brings additional evidence supporting the 

association between Met68BDNF polymorphism and compulsive alcohol use (e.g. 

consumption despite negative consequences). In addition to the compulsive drinking aspect, 

it is possible that the increase in non-adulterated 20% alcohol consumption associated with 

Met68BDNF polymorphism may be due to an enhanced sensitivity to the rewarding 

properties of alcohol. Another hypothesis would be that Met68BDNF polymorphism reduces 

the sensitivity to the negative emotional-like state of alcohol withdrawal. Indeed, 

perpetuation of drug abuse is thought to be driven by positive and negative sources of 
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reinforcement, with the positive reinforcement being related to the rewarding properties of 

the drug it-self and the negative reinforcement referring to drug intake alleviating the 

negative emotional state of withdrawal (42). Additional experiments are needed to 

disentangle the involvement of the positive and negative reinforcements in the enhanced 

consumption of 20% alcohol displayed by the Met68BDNF mice.

Further studies are needed to address the mechanism(s) that underlie compulsive alcohol 

drinking in subjects carrying the Met66BDNF allele. An intriguing possibility is that a 

reduction in BDNF signaling in corticostriatal circuitries underlies the excessive 

uncontrolled drinking observed in the Met68BDNF mice. This possibility is supported by 

the current finding, showing that compulsive alcohol drinking phenotypes can be rescued by 

overexpression of the Val68BDNF allele in the vmPFC of the Met68BDNF mice. The 

vmPFC controls the transition from moderate to excessive, uncontrolled alcohol drinking 

(31, 38, 41, 43), and low neuronal activity in the vmPFC is also associated with compulsive 

craving and relapse to alcohol in humans (39). Importantly, the Met66/68BDNF 

polymorphism in both humans and mice is associated with abnormalities in the vmPFC, 

including morphological alterations (44–46) and reduced neuronal activity (46–48). The 

possibility that BDNF disregulation in the mPFC promotes the development of excessive 

alcohol drinking is also supported by recent data showing that prolonged alcohol intake in 

mice is associated with low cortical Bdnf expression (10) and including the mPFC (11), 

which is mediated by microRNA-206 and microRNA-30a-5p to promote excessive alcohol 

intake (11, 49).

Another intriguing possibility stems from a recent human study showing that the 

Met66BDNF carriers exhibit higher neural activity in the mesocorticolimbic pathway than 

Val66BDNF homozygotes in response to an anticipated reward (50). The authors further 

reported that the Met66BDNF carriers have a high D2/D3 dopamine receptor ratio dopamine 

release in the nucleus accumbens (50). Thus, it is plausible that the excessive and 

compulsive alcohol dinking observed in Met68BDNF mice could be the result of alterations 

in the dopaminergic mesocorticolimbic pathway.

Secreted ProBDNF (51) and BDNF may produce opposite biological functions by signaling 

through p75NTR and TrkB, respectively (52–55). BDNF/TrkB signaling mediates neuronal 

proliferation, differentiation and survival (52), and induces late long-term potentiation (L-

LTP) in the hippocampus (53), whereas proBDNF/p75NTR signaling induces neuronal 

death (54) and enhances hippocampal long-term depression (LTD) (55). Recently, Anastasia 

et al. demonstrated that the Met66proBDNF binds more effectively to the p75NTR/sortilin 

complex receptor than Val66proBDNF (56). Since BDNF/TrkB signaling reduces alcohol 

intake (12–14, 16–19, 34), it is tempting to speculate that activation of proBDNF/p75NTR 

pathway may have an opposite effect and could induce alcohol drinking, and that the 

Met68BDNF polymorphism may promote excessive and compulsive alcohol drinking 

through the activation of p75NTR signaling.

Our data showing that Met68BDNF mice continue to drink quinine-adulterated alcohol 

solution despite its bitter taste differs from previous studies indicating that Met68BDNF 

polymorphism promotes a deficit in extinction of aversive memories (45, 48). However, 
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compulsive alcohol drinking is likely to be driven by other processes such as the devaluation 

of an adverse consequence over the desire to consume alcohol (31) and/or to habitual 

learning (57, 58). Finally, it is important to note that the Met68BDNF mice used in Yu et al., 

and Soliman et al., (45, 48) and our mice were generated separately. More studies need to be 

conducted to confirm that all phenotypes can be observed in both lines of transgenic knock-

in mice.

The Met66BDNF allele is a common polymorphism in the human population (22). 

Therefore, a large group of individuals could be susceptible to developing harmful alcohol 

drinking. Other SNPs have previously been the vulnerability and severity of alcohol abuse 

disorder (59–64). Together, these data suggest that different SNPs in humans could lead to 

the development of different patterns of alcohol abuse disorders. This study, in conjunction 

with a recent study in mice carrying the respective human OPRM1 A118G alleles (65), 

demonstrates the potential of a mouse knock-in approach towards alcohol research.

We used a translational approach to restore BDNF signaling and adjust the level of alcohol 

intake in mice carrying the SNP by systemically administrating, LM22A-4, a new 

compound developed to mimic the action of BDNF. This compound selectively binds and 

activates the BDNF receptor, TrkB, and initiates its intracellular signaling pathways in vitro 

and in vivo (40, 66–68). Previous studies showed that LM22A-4 activates ERK signaling via 

TrkB (67, 69, 70) and that BDNF reduced alcohol drinking via the activation of ERK 

signaling (19). Thus, it is highly likely that the TrkB agonist, bypassing BDNF, restores 

BDNF signaling in the Met68BDNF mice. Our lab has previously showed that downstream 

effector genes of BDNF, prodynorphin (34) and dopamine D3 receptor (16) in the dorsal 

striatum contribute to mechanisms by which BDNF reduces alcohol drinking. Thus, it is 

plausible that LM22A-4 decreases compulsive alcohol drinking by promoting the expression 

of these and/or other yet unidentified downstream effectors.

LM22A-4 treatment reduces neuronal death (40) and promotes neurogenesis (71). 

Furthermore, LM22A-4 shows beneficial effects in rodent models of traumatic brain injury 

(40), stroke (71), Rett syndrome (69), and Huntington's disease (70). Importantly, from a 

therapeutic perspective, we demonstrated that LM22A-4 does not affect quinine-adulterated 

saccharin drinking, suggesting that LM22A-4 effects are specific to alcohol and do not 

produce a general effect on motivation. This contrasts with current FDA-approved drugs 

(Acamprosate, Naltrexone) used to treat alcohol addiction, which reduce water, food, and 

sucrose intake (72–74) resulting in compliance issues due to anhedonia associated with these 

drugs (75).

In summary, our results suggest that the Met68BDNF polymorphism is associated with 

increased propensity to develop excessive and compulsive alcohol drinking. Reduced BDNF 

function may represent a risk factor that may promote the development of severe alcohol 

abuse phenotypes, including compulsive drinking. Our results further demonstrate that 

overcoming the deficits in BDNF function via the administration of the TrkB agonist, 

LM22A-4, is a plausible therapeutic approach to treat the disease. Furthermore, our studies 

emphasize the crucial role for genetic predisposition in the mechanisms leading to harmful 
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excessive alcohol drinking, and highlight the importance of a patient’s genotype when 

developing strategies for the treatment and prevention of alcohol use and abuse disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Excessive, but not moderate, alcohol intake is exacerbated in Met68BDNF mice
Met68BDNF and Val68BDNF mice underwent intermittent access to 10% (A–B) or 20% 

(C–D) alcohol 2-bottle choice paradigm for 24 hrs starting at noon on Mondays, 

Wednesdays, and Fridays for 4 weeks. Intake (g/kg/24 hrs) of a 10% (A) or 20% (C) alcohol 

solution. Preference for a 10% (B) or 20% (D) alcohol solution. Alcohol preference was 

calculated as a ratio of alcohol consumed relative to total fluid intake (alcohol + water). 

Results are expressed as mean ± SEM; *P < 0.05, **P < 0.01 and ***P < 0.001 compared to 

Val68BDNF mice during the same session of alcohol access, LSD post hoc test; (A–B) n=19 

per genotype, (C–D) n=18–19 per genotype.
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Figure 2. Met68BDNF mice consume high levels of alcohol despite the addition of quinine
After 4 weeks of intermittent access to 10% (A–B) or 20% (C–D) alcohol, quinine was 

added to the alcohol solution in increasing concentrations (0.0–0.30 g/l; each concentration 

was maintained for 3 weeks before being increased). Intake (g/kg/24 hrs) of a 10% (A) or 

20% (C) alcohol solution in the absence and presence of quinine. Preference for a 10% (B) 

or 20% (D) alcohol solution in the absence or presence of quinine was calculated as 

described in Figure 1. See also Supplementary Figure S7. Results are expressed as mean ± 

SEM, #P < 0.05, ##P < 0.01 and ###P < 0.001 compared to 0.0 g/l quinine in the same 
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genotype; *P < 0.05 Met68BDNF mice compared to Val68BDNF at the same dose of 

quinine, method of contrasts; n=9–11 per genotype.
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Figure 3. The Met68BDNF polymorphism does not alter quinine or quinine-adulterated 
saccharin intake
(A–B) Met68BDNF and Val68BDNF mice underwent an intermittent access to quinine 

paradigm (0.10 and 0.15 g/kg, 2 bottle choice) for 24 hrs starting at 12:00 PM (Mondays, 

Wednesdays, and Fridays). Each quinine concentration was maintained for 2 weeks. Intake 

of (A) and preference for (B) for quinine. Results are expressed as mean ± SEM, ##P < 0.01 

compared to 0.10 g/l quinine, LSD post hoc test; n=7 per genotype. (C–D) Mice had 

intermittent access to 0.03% saccharin (2 bottle choice) for 24 hrs starting at 12:00 PM 
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(Mondays, Wednesdays, and Fridays). After 2 weeks, the saccharin solution was adulterated 

with quinine (0.10, 0.15, 0.20 and 0.30 g/l; concentrations were increased every 2 weeks). 

Intake of (A), and preference for (B) saccharin in the absence and presence of quinine. 

Results are expressed as mean ± SEM, ##P < 0.01 and ###P < 0.001 compared to 0.0 g/l 

quinine, LSD post hoc test; n=7 per genotype.
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Figure 4. The Met68BDNF polymorphism does not alter general compulsive-like behavior and 
anxiety levels in mice
To assess compulsive-like behavior, the inclination of mice to make an alternative arm-entry 

choice in a T-Maze was measured (32, 33). In this procedure, animals learn to associate each 

goal arm with access to a reward (chocolate milk solution). A persistent entry into the same 

arm across several consecutive trials reflects an inflexible strategy to obtain the reward and 

represents a behavioral demonstration of compulsivity. During the test, the alternation 

between the two goal arms and the latency to reach the reward for each trial were measured. 
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(A) Number of repeated arm entries before alternation designated as the first entry into the 

opposite goal arm). (B) Latency to reach the reward. (C–F) Anxiety-like behaviors were 

measured in the elevated plus maze (EPM). (C) Percentage of time spent in the open arms 

and (D) number of visits to the open arms. (E–F) Locomotor activity was measured by the 

number of entries to closed arm (E) and the total arm entries (F). Results are expressed as 

mean ± SEM; (A–B) n = 9 per genotype, (C–F) n=8–12 per genotype.
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Figure 5. Met68BDNF polymorphism does not affect the sensitivity to ataxic effects of alcohol
Mice were trained for 2 consecutive days to perform the rotarod task (Supplementary Figure 

S3C), and on the third day mice were given a systematic administration of 1.5 g/kg alcohol 

and placed on the rod every 15 minutes for 2 hrs. Arrow indicates the time point of the 

alcohol injection. (A) Latency to fall. (B) Number of trials necessary to reach the criterion of 

180 seconds on the rod without falling. Results are expressed as mean ± SEM; n = 11–17 

per genotype.
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Figure 6. Overexpression of Val68BDNF in the vmPFC reduces consumption of quinine-
adulterated alcohol by Met68BDNF mice
(A–B) Infection of vmPFC of the Met68BDNF mice with AAV overexpressing the wildtype 

Val68BDNF gene (AAV-BDNF). (A) AAV-BDNF infected neurons. AAV-BDNF (1 × 1012 

TU/ml) was bilaterally infused and the brains were fixed for the immunochemistry 3 weeks 

after the viral infusion. The left-hand panel depicts the specific, regionally constrained 

injection site. Slices were co-stained with anti-GFP (green) and anti-NeuN (red) antibodies. 

Scale bar: 500µm. Right-hand panels are representative images of GFP (green) co-stained 

with either GFAP (red; top panels) or NeuN (red; bottom panels), showing localization of 

viral infection within neurons but not GFAP-positive astrocytes. Scale bar: 50µm. (B) AAV-

BDNF increases BDNF expression in the vmPFC of Met68BDNF mice. Western blot 

analysis was conducted 3 weeks after the viral infusion. The levels of BDNF were assessed 

using anti-BDNF antibody. Actin immunoreactivity was used as an internal loading control. 

(C–D) Met68BDNF mice undergoing an intermittent access to 10% alcohol containing 0.10 

g/l quinine were bilaterally infused into the vmPFC with either AAV-BDNF or the AAV-

GFP control. After 5 days of recovery, access to the alcohol+quinine solution was resumed. 

Arrows indicates the time point of the intra-vmPFC infusion of the viruses. Alcohol intake 
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(g/kg/24 hrs) (C), and preference for the alcohol solution (D) were recorded for 6 weeks. 

Results are expressed as mean ± SEM; *P < 0.05, **P < 0.01 and ***P < 0.001 compared to 

AAV-GFP, LSD post hoc test; n=10–11 per group.
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Figure 7. Activating the TrkB signaling pathway reduces consumption of quinine-adulterated 
alcohol by Met68BDNF mice
Mice undergoing an intermittent access (2-bottle choice) to 10% alcohol/0.10 g/l quinine 

solution (see Supplementary Figure S12 A–B for basal level of alcohol drinking with or 

without quinine and Supplementary Fig. S12 C–D for basal level of saccharin drinking with 

our without quinine) received i.p. administration of 100 mg/kg LM22A-4 or saline 

immediately before the beginning of the drinking session. Intake of alcohol (g/kg/24 hrs) 

(A) or saccharin (ml/kg/24 hrs) (C). Preference for the alcohol+quinine (B) or saccharin

+quinine (D) solution. Results are expressed as mean ± SEM; ###P < 0.001 compared to 

Met68BDNF mice receiving saline, *P < 0.05 and ***P < 0.001; LSD post hoc test; (A–B) 

n=8 per genotype, (C) n=7 per genotype.
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