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Abstract 

Adenosine signaling is associated with ethanol-related behaviors. We previously found 

that adenosine A2A receptor (A2AR) activation dampens ethanol-drinking behaviors in 

equilibrative nucleoside transporter 1 (ENT1) knockout mice, and A2AR inhibition 

augments reward-seeking behavior in wild-type mice. The novel adenosine analog N6-

(4-hydroxybenzyl)-adenosine (NHBA) which is isolated from the rhizomes of Gastrodia 

elata activates A2AR and inhibits ENT1. Here, we examined the effects of NHBA on 

ethanol-drinking in the two-bottle choice test and operant ethanol-seeking behaviors. We 

selected mice exhibiting high ethanol-drinking behavior in the two-bottle choice test. 

NHBA (0.1 mg/kg, i.p.) reduced ethanol-drinking behavior in a limited access 3 h drinking 

session in high ethanol-drinking mice, and NHBA (0.1 mg/kg, i.p.) did not alter locomotor 

activity in the open-field test. Operant conditioning with 10% ethanol and 10% sucrose 

(10E10S) reward increased zone entries and time spent in the ethanol zone, while NHBA 

(0.1 mg/kg, i.p.) dampened ethanol zone preference in the Y-maze. Furthermore, NHBA 

(0.1 mg/kg, i.p.) devalued 10E10S and 10% ethanol (10E) reward after operant 

conditioning with 10E10S and 10E. Taken together, NHBA through A2AR activation and 

ENT1 modulation may dampen ethanol-drinking and –seeking behaviors, suggesting that 

NHBA is a potential therapeutic agent for treating alcohol use disorder. 

 

Significance Statement 

Our work highlights that adenosine A2AR receptor (A2AR) activation and equilibrative 

nucleoside transporter 1 (ENT1) inhibition by a novel adenosine analog isolated from 

Gastrodia elata, N6-(4-hydroxybenzyl)-adenosine, decreases ethanol-drinking and -
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seeking behaviors. Therefore, we suggest that NHBA is a potential therapeutic agent to 

treat alcohol use disorder.   

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 13, 2019 as DOI: 10.1124/jpet.119.261529

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 261529 
 

5 
 

Introduction 

The hazardous, harmful, and addictive misuse of alcohol is a highly prevalent psychiatric 

disease. Over 75 million people around the world have a diagnosable alcohol use disorder 

(AUD) (Jorgensen et al., 2011). Despite the prevalence of AUD, there are limited Food 

and Drug Administration (FDA)-approved pharmaceutical treatments, such as disulfiram, 

naltrexone, and acamprosate, available for those afflicted with this mental health 

disorder(Kranzler and Soyka, 2018). Additionally, alternative treatment strategies target 

the balance between excitatory and inhibitory neurotransmission to reduce ethanol-

drinking (De Witte et al., 2005; Wackernah et al., 2014). Considering the complex 

mechanisms underlying AUD and the limitations of the current FDA-approved 

medications, it has even been suggested that repurposing tetracycline or other 

medications might be effective in reducing alcohol consumption (Oliveros and Choi, 2017). 

Due to the sparsely efficacious FDA-approved medication to treat AUD, the pursuit to find 

novel targets to treat AUD is a high priority. 

 Evidence points to adenosine as a promising target and important inhibitory 

neurotransmitter strongly contributing to the pathophysiology of many psychiatric 

conditions including AUD (Choi et al., 2004; Ruby et al., 2010; Nam et al., 2013a). In the 

CNS, adenosine concentrations are highest in the striatum where it plays an important 

role in regulating neural activity and modulating the signaling of various other 

neurotransmitter systems (Ruby et al., 2010). Unlike classical neurotransmission in which 

vesicular release is mediated by electrical impulse, adenosine is released via bidirectional 

equilibrative nucleoside transporters (ENTs) (Sachdeva and Gupta, 2013). Among the 

four encoded ENT (ENT1-4) isoforms, ENT1 is highly expressed in the striatum and is 
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one of its main transporters for regulating adenosine levels (Nam et al., 2013a; Kao et al., 

2017). Interestingly, adenosine has been found to mediate various ethanol-related 

behaviors (Nagy et al., 1990; Choi et al., 2004; Nam et al., 2013b). In the striatum, 

adenosine exerts its activity primarily at the Gsa-coupled adenosine A2AR receptor (A2AR) 

which is expressed exclusively on striatopallidal neurons, thereby regulating inhibitory 

behavior control through the indirect pathway of basal ganglia circuitry in drug reward 

processes (Nam et al., 2013b; Li et al., 2016; Ferre et al., 2018). Accumulating evidence 

indicates a prominent role of striatal-A2AR receptors in mediating the cellular and 

behavioral responses underlying ethanol consumption and ethanol-seeking behaviors. 

 NHBA [N6-(4-hydroxybenzyl) adenosine] is an adenosine analogue isolated from 

the rhizomes of Gastrodia elata, a herb (Huang et al., 2011), which has been used 

medicinally for over 1500 years in Asia as a treatment for both neurological and 

neuropsychiatric diseases, such as neurodegenerative diseases, insomnia, anxiety, and 

depression (Jung et al., 2006; Zhang et al., 2012; Chen et al., 2016). Recently, it has 

been elucidated that NHBA dually and selectively binds to A2AR and ENT1 (Huang et al., 

2011). In addition, NHBA has been reported to have beneficial effects for neurological 

disorders, such as Huntington’s disease, ischemia, and sleep regulation (Huang et al., 

2007; Huang et al., 2011; Zhang et al., 2012). However, there is no report that NHBA 

affects some aspects of AUD.  

 We investigated whether this novel adenosine analog NHBA regulates ethanol-

seeking behaviors as a selective A2AR agonist and ENT1 modulator. In operant 

conditioning with either ethanol-containing or ethanol reward, we sought to identify 

whether NHBA regulates ethanol-seeking behaviors. Using the Y-maze, we examined 
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whether NHBA reduces operant training-potentiated ethanol preference. Furthermore, we 

investigated the effects of NHBA on ethanol-drinking among ethanol-preferring mice. Our 

study reveals the pharmacological effects of the novel adenosine analog NHBA on 

ethanol-seeking and -drinking behaviors. 
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Materials and Methods 

 Animals. Male C57BL/6J mice (n = 140) were purchased from Jackson Laboratory 

(Bar Harbor, ME). Mice were housed in standard Plexiglas cages. The colony room was 

maintained at a constant temperature (24 ± 1°C) and humidity (60% ± 2%) under a 12:12 

h light/dark cycle with lights on at 0600 and lights off at 1800. Mice between 8-10 weeks 

old were used for all experiments. For two-bottle choice and locomotor activity tests, mice 

were allowed ad libitum access to food and water. For the reward-seeking behavior and 

three-arm choice tests, mice were food restricted to 85% of their baseline weight, at which 

they were maintained for the duration of experimental procedures. All experimental 

procedures were approved by the Mayo Clinic Institutional Animal Care and Use 

Committee and performed in accordance with NIH guidelines. 

 

 Drugs. N6-(4-hydroxybenzyl) adenosine riboside (NHBA) was provided by Dr. 

Yijuang Chern (Institute of Biomedical Sciences, Academia Sinica, Taipei, Taiwan). 

NHBA was dissolved in the vehicle (VEH): 5% DMSO, 5% Tween-80 and 0.9% saline. 

Ethanol was mixed with tap water. 

 

 Two-Bottle Choice Test. Oral ethanol consumption and preference were 

examined using a two-bottle choice test in the mouse home cage. Mice were individually 

housed. Mice were given 24 h access to two bottles: water and ethanol. The concentration 

of ethanol was raised from 3, 6 to 10% ethanol (10E, v/v) on every fourth day to adapt 

ethanol intake. Every other day, we changed the bottle placement to avoid place 

preference. After increasing the ethanol concentration to 10E, mice had 18 days of 10E 
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access. During the last six days of 10E-drinking, the average ethanol consumption and 

preference in all mice were 10.55 ± 0.96 g/kg/24 h and 75.99 ± 4.17%, respectively. Then, 

we culled high drinkers (both ethanol consumption > 10g/kg/24 h and preference > 60% 

indicating high drinking behavior) (Juarez et al., 2017). For the excluded low drinkers, the 

average ethanol consumption was 6.24 ± 0.64 g/kg/24 h and ethanol preference 48.65 ± 

4.95%. One day after selecting mice displaying high ethanol-drinking behavior (23 of total 

38 mice), their cages were changed to the BioDAQ liquid choice monitoring system 

(BioDAQ, Research Diets Inc, New Brunswick, NJ) with water and ethanol bottles to 

minimize liquid spillage. For habituation to the BioDAQ cages, mice spent an additional 7 

days before any monitoring of ethanol consumption or preference was conducted. After 

the habituation period, we measured 10% ethanol consumption and preference in the 

BioDAQ cages to confirm whether mice showing high consumption and preference in 

standard home cages displayed the same ethanol-drinking phenotype in the BioDAQ 

liquid choice monitoring system. For the NHBA treatment experiment, we used a total of 

13 high ethanol-drinking mice by using the BioDAQ drinking cages. Beginning the 

following day, we measured drinking consumption and preference for 4 h after either 

vehicle or NHBA (0.1 mg/kg, i.p.) was administered at 1700h. Ethanol and water 

consumption were normalized for evaporation as follows (Nam et al., 2013b): the total 

volume of the liquid evaporated (water or ethanol) was calculated by averaging 2-day of 

evaporation from the 4 control cages without mice. Then, the volume of water or ethanol 

that evaporated was subtracted from the total consumption of water or ethanol of each 

mouse. Ethanol consumption (g/kg/24 h) was calculated to measure accurate ethanol 

amount consumed by each mouse. Ethanol preference (%) was calculated by dividing 
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the total ethanol solution consumption by the total fluid (ethanol plus water) consumption 

times 100 at each ethanol concentration. 

 

 Reward-Seeking Behavior Test. We used the same operant chambers as the 

apparatus in our previous study (Nam et al., 2013b). 

1) Operant conditioning with ethanol-containing reward. Mice were placed in operant 

chambers with two interactive nose holes (“active” and “inactive”) (Med-Associates, St 

Albans, VT) where they poke a single hole for an ethanol-containing reward (10 µl of 10% 

ethanol and 10% sucrose in tap water per reinforcer, 10E10S). We employed the same 

schedule for operant conditioning used in our previous research (Hong et al., 2019). 

Briefly, on the first day of magazine training (MT), mice were trained to approach the 

magazine on a random time schedule with a reward delivered for 30 min. Next, mice were 

trained on a fixed ratio 1 (FR1) for 1 h or until receiving 60 reward outcomes in 5 sessions 

to avoid excessive ethanol intake. After acquiring nose-poking behavior, mice were 

trained on one session of random interval 30 (RI30) schedule for 30 min. The next day, 

mice were trained with two sessions of RI60 schedule for 30 min. In the FR1 schedule, 

one reward followed one nose-poke. In RI30/60 schedule, there was a time-out interval 

averaging 30/60 sec between two active nose-pokes. Figure 2b illustrates the operant 

chamber schedule for magazine training (MT), FR1, and RI30/60 sessions. Inactive nose-

pokes were not reinforced as a control. 

2) Operant conditioning with ethanol reward. We employed the same schedule as 

magazine training to the second session of the FR1 schedule. From the third session of 

FR1, we used 10E as the reward. FR1 sessions with 10E were for 30 min or until mice 
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received 60 reward outcomes. After an additional two sessions of FR1 with 10E, mice 

were conditioned for four sessions of fixed ratio 2 (FR2) schedule for 30 min. FR2 

schedule resulted in a reward after 2 nose-pokes. Figure 4a illustrates the operant 

chamber schedule for FR2 sessions. Time spent in magazine indicates how long mice 

stayed in the magazine (the place presenting the reward) per session duration. 

3) Evaluation test. For the evaluation session, mice were given 1h of ad libitum access to 

tap water, 10E10S or 10E and then underwent the extinction test sessions using the same 

training schedule (RI60 or FR2). The order of the neutral and devalued conditions was 

counterbalanced across mice. Extinction tests were 10 min in duration. Immediately after 

the extinction test, we performed RI60 or FR2 with reinforcement on the same day. 

 

 Locomotor Activity Test. The open-field test was conducted in chambers with 

sound attenuating cubicle (Med Associates, St Albans, VT). Mice were placed in the 

center of the field 30 min after the treatment (VEH or NHBA 0.03, 0.1, 0.3 mg/kg, i.p.). 

Activity monitor (Med Associates) with infrared photo-beam recorded locomotor 

responses of mice for 30 min. 

 

 Three-Arm Choice Test Using the Y-Maze. To examine the preference between 

water and 10E, we employed the behavior test used in our previous research (Hong et 

al., 2019). Briefly, we put 7 ml of tap water and 10E at the end of the Y-maze arm. Mice 

were under body weight restriction during both pre- (one day before the magazine training) 

and post-tests (one day after the last evaluation test) as illustrated in Fig. 2a. The length 

of each arm was 34 cm and we assigned start (no liquid), water, and 10E zones at the 
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half-way point of each arm. Either vehicle or NHBA (0.1 mg/kg, i.p.) was administered 30 

min before the tests. The treatment schedule was counterbalanced. We put mice in the 

start zone facing the wall, which allowed mice to freely travel in the Y-maze. The video-

tracking system, EthoVision XT software (Noldus, Wageningen, Netherlands), recorded 

zone entries, time spent in each zone, and total distance traveled for 15 min. 

 

 Statistical Analysis. All data were represented as mean ± S.E.M. and were 

analyzed by unpaired/paired two-tailed Student’s t-tests, one-way analysis of variance 

(ANOVA)/repeated measures one-way ANOVA followed by Bonferroni’s multiple 

comparisons tests, and two-way ANOVA/repeated measures ANOVA followed by 

Bonferroni’s multiple comparisons tests using Prism 7.0 (GraphPad Software Inc., San 

Diego, CA, USA). Statistical significance was set at p < 0.05.  
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Results 

 NHBA Inhibits Ethanol-Drinking Behaviors in C57BL/6J mice. 

Previously, our group found that pharmacological activation of A2AR (CGS21680) reduces 

ethanol-drinking behaviors in ENT1 KO, but not WT mice (Nam et al., 2013b). Additionally, 

ENT1 KO mice tend to highly prefer alcohol compared to WT mice (Choi et al., 2004). 

Thus, we developed a high ethanol-drinking model to examine the effects of the novel 

adenosine analog N6-(4-hydroxybenzyl)-adenosine (NHBA), which activates A2AR, on 

ethanol-drinking (Fig. 1a). After 26 days of ethanol-drinking (3% for 4 days → 6% for 4 

days → 10% ethanol for 18 days), we found that around 60.5% of total mice (23 mice 

among total 38 mice) showed high ethanol-drinking behaviors (Fig. 1b). During the 10% 

ethanol (10E)-drinking, mice exhibiting high ethanol-drinking showed higher preference 

(Fig. 1c, F1,50 = 341.6, p < 0.001) and consumption (Fig. 1d, F1,50 = 157.1, p < 0.001) 

toward ethanol rather than water (n = 23/group).  

 Prior to examining NHBA effects on ethanol-drinking, we performed the locomotor 

activity test to select the NHBA dose which does not affect locomotor activity. Systemic 

injection (i.p.) of NHBA 0.03 (p = 0.956) and 0.1 mg/kg (p = 0.868) did not alter locomotion, 

whereas NHBA 0.3 mg/kg (p = 0.001) reduced locomotor activities in the open-field (Fig. 

1e, F3,18 = 8.01, p = 0.001; n = 7/VEH group, n = 5/NHBA groups); so we used NHBA 0.1 

mg/kg for the ethanol-drinking test. 

 Using ethanol-preferring mice, we investigated whether NHBA contributes to 

ethanol-drinking. Before the treatment, mice showed no differences in ethanol preference 

(Fig. 1f, t = 0.291, p = 0.776), consumption (Fig. 1g, t = 0.814, p = 0.433), nor total liquid 

consumption (Fig. 1h, t = 0.402, p = 0.695 between vehicle (VEH) and NHBA treatment 
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groups. NHBA (0.1 mg/kg, i.p.; treated at 1800h and collected data at 2100h; n = 7/VEH 

group, n = 6/NHBA group) dampened ethanol preference (Fig. 1f, t = 3.058, p = 0.011) 

and consumption (Fig. 1g, t = 2.492, p = 0.030), however, NHBA did not alter total liquid 

consumption (Fig. 1h, t = 0.990, p = 0.344). Therefore, NHBA may dampen ethanol 

consumption and preference in ethanol-preferring mice without altering locomotion. 

 

 NHBA Dampens Ethanol Preference after Operant Conditioning in C57BL/6J 

mice. 

We next asked whether NHBA decreases operant conditioning-induced ethanol 

preference (Fig. 2a). We employed an RI schedule which facilitates maintaining 

conditioned reward value after FR1 training in the operant chamber (Yin and Knowlton, 

2006; Gesiarz and Crockett, 2015). In a different cohort from the ethanol-drinking 

experiments, we examined the reinforcing effect of ethanol-containing reward (10% 

ethanol and 10% sucrose, 10E10S) after the acquisition of nose-poking behavior in FR1 

schedule (Fig. 2b). In operant conditioning, nose-poking behaviors were increased 

compared to the first FR1 session (Fig. 2c, F7,140 = 11.19, p < 0.001 between session 

variations; from 3rd FR1 to last training sessions, p < 0.001; n = 11), suggesting that mice 

were conditioned to seek an ethanol-containing reward. 

 Then, using the y-maze, we examined differences in ethanol preference between 

before and after operant conditioning. Heatmaps displayed mice tracking on the y-maze 

(Fig. 2d). Before conditioning with the ethanol-containing reward, neither VEH- nor NHBA 

(0.1 mg/kg, i.p.)-treated mice showed significant changes of zone entries (Fig. 2e; VEH 

group, t = 1.106, p = 0.311, n = 7; NHBA group, t = 0.937, p = 0.376, n = 9) or time spent 
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in each zone (Fig. 2f, VEH group, t = 1.818, p = 0.119, n = 7; NHBA group, t = 2.097, p = 

0.069, n = 9). Interestingly, after the operant conditioning, the VEH group exhibited higher 

zone entries (Fig. 2e, t = 4.317, p = 0.004) and time spent (Fig. 2f, t = 5.556, p = 0.001) 

in the 10E zone compared to those of the water zone. However, NHBA treatment resulted 

in no significant differences in zone entries (Fig. 2e, t = 1.047, p = 0.330) nor time spent 

(Fig. 2f, t = 2.190, p = 0.065) between the water and 10E zones (n = 8/group) without 

changing locomotor activity (Fig. 2g, t = 0.567, p = 0.579, n = 8/group). These results 

imply that operant conditioning with ethanol-containing reward may increase ethanol 

preference and NHBA may reduce this operant conditioning-induced ethanol preference 

without changing exploration activity. 

 

 NHBA Dampens Operant Conditioning-Induced Revaluation toward Ethanol-

Containing Reward in C57BL/6J mice. 

Next, we employed the evaluation test which is composed of an extinction test following 

presentation of unlimited water and 10E in home cage for 1 h to investigate whether 

NHBA contributes to reward evaluation (Fig. 3a, b). We presented water for the neutral 

state (as the control state) and 10E10S for the devalued state for one hour in mice home 

cages. As expected, NHBA (0.1 mg/kg, i.p.) significantly decreased nose-poking behavior 

compared to the VEH group in the neutral state (Fig. 3c, F2,12 = 0.027, p = 0.018, n = 

5/group). Additionally, dampening nose-poking behaviors by NHBA (0.1 mg/kg, i.p.) 

treatment displayed no significant difference of nose-pokes between water and 10E10S 

(Fig. 3d, t = 1.829, p = 0.141, n = 5), while VEH (Fig. 3d, t = 4.570, p = 0.010, n = 5/group) 

and NHBA (0.03 mg/kg, i.p.; Fig. 3d, t = 3.184, p = 0.033, n = 5) groups showed significant 
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changes of nose-poking between water and 10E10S presentation states. These results 

suggest that NHBA at 0.1 mg/kg dose decreases the value of the ethanol-containing 

reward outcome, similar to 10E10S presentation in the home cages. Based on the results 

for NHBA doses in ethanol-drinking and evaluation tests, we used NHBA dose (0.1 mg/kg, 

i.p.) for the next experiments. 

 We examined whether ethanol alone presentation decreases the value of the 

operant conditioned ethanol-containing reward and how NHBA contributes to 10E-

induced reward devaluation. Interestingly, ethanol presentation significantly reduced 

nose pokes to the ethanol-containing reward in VEH treatment group (Fig. 3e, t = 4.940, 

p = 0.002, n = 8) as well as NHBA treatment (0.1 mg/kg, i.p.) consistently devalued 

ethanol-containing reward as 10E presentation devalued it (Fig. 3e, t = 0.172, p = 0.870, 

n = 8). These results suggest that operant conditioning toward ethanol-containing reward 

increases the value of ethanol, whereas NHBA reduces the value of the ethanol-

containing conditioned reward. 

 

 NHBA Decreases the Value of Ethanol Reward in C57BL/6J mice. 

To further investigate whether NHBA alters the value of an ethanol reward outcome; we 

trained mice with 10E10S, and then 10E only (Fig. 4a, b). We utilized fixed ratio 2 (FR2) 

schedule to increase the reinforcing effect of ethanol reward and resilience to the 

extinction test after the stable acquisition of nose-poking behavior in FR1 schedule 

(Sangha et al., 2002; Wouda et al., 2010). After the transition to the 10E reward, mice still 

showed stable seeking behavior (Fig. 4c, d). In particular, nose-poking behavior was 

increased during the conditioning with the 10E compared to the first FR1 session with the 
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10E10S reward (Fig. 4c, F8,128 = 2.382, p = 0.020 between session variations; in 1st FR2 

session, p = 0.034; in 3rd FR2 session, p = 0.022; in 4th FR2 session, p < 0.001; n = 

11/group). On the evaluation test, we presented water for the neutral state and 10E for 

the devalued state. As expected, NHBA (0.1 mg/kg, i.p.) decreased nose pokes 

compared to VEH group in the water presentation state (Fig. 4e, t = 3.005, p = 0.008, n = 

11/group). NHBA (0.1 mg/kg, i.p.) also exhibited no significant difference between the 

water and 10E presentation states (Fig. 4f, t = 1.219, p = 0.258, n = 11) however, VEH 

group showed a significant difference between the two states (Fig. 4f, t = 2.403, p = 0.043, 

n = 11). Therefore, these results indicate that NHBA may dampen ethanol outcome’s 

value in mice. 
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Discussion 

Our study is the first to date examining the effects of the active compound NHBA 

in the rhizome of Gastrodia elata on ethanol-related behaviors. Our findings highlight the 

importance of purinergic adenosine tone to the modulation of ethanol-drinking and -

seeking behaviors. We found that dual ENT1 inhibition along with A2AR activation reduced 

ethanol-drinking behaviors in mice exhibiting high ethanol drinking-behavior. Moreover, 

operant conditioning with ethanol-containing reward increased the preference of the 

ethanol zone and the value of ethanol. However, the novel adenosine analog NHBA 

dampened ethanol-containing reward- and ethanol reward-seeking behaviors. 

Since initiating ethanol intake in operant conditioning paradigms is difficult in mice, 

chronic ethanol adaptation, sucrose fading or water/food restriction has been widely used 

to facilitate operant conditioning (Corbit et al., 2012; Ron and Barak, 2016; Blegen et al., 

2018). In this study, we found that mice under body weight restriction did not preferably 

approach and stay in the ethanol zone before the operant conditioning, whereas operant 

conditioning with ethanol-containing reward increased the preference toward ethanol 

zone in the Y-maze. This is consistent with our previous study which revealed that operant 

conditioning with an ethanol-containing reward increases the preference for an ethanol-

containing solution zone (Hong et al., 2019). Additionally, we found that a single treatment 

of NHBA reduced this increase in ethanol zone preference, which suggests that ENT1 

and A2AR are associated with the development of ethanol reward behaviors. 

We assessed the valence of the reward (ethanol-containing and ethanol rewards) 

in the evaluation test by presenting water (for the neutral state), ethanol-containing 

(10E10S) or ethanol solution itself (10E) (for the devalued state) before the extinction test. 
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This method was modified from the methods to examine both goal-directed and habitual 

seeking behaviors (Corbit et al., 2012; Gremel and Costa, 2013). Our findings suggest a 

rapid transition from ethanol-containing reward seeking to ethanol only-seeking behaviors 

during FR1 schedule. However, further study is needed to identify the role for NHBA in 

goal-directed and habitual ethanol-seeking behaviors.  

 The voluntary two-bottle choice assay used to evaluate ethanol consumption and 

general avidity to ethanol induces incremental escalation of consumption which is thought 

to reprise many clinical hallmarks of alcoholism (Leeman et al., 2010; Bosse et al., 2018). 

Ethanol exposure is associated with altered expression and activity of ENT1 and A2AR 

(Nagy et al., 1990; Choi et al., 2004). Mice without ENT1 display reduced hypnotic and 

ataxic behaviors to acute ethanol administration as well as increased voluntary ethanol 

consumption compared to WT mice (Choi et al., 2004). Since A2AR has the lowest binding 

affinity for adenosine, the reduction of adenosine levels by ENT1 ablation mainly affects 

the A2AR and its subsequent signaling cascade which may contribute to excessive ethanol 

consumption in ENT1 KO mice (Nam et al., 2011; Nam et al., 2013a). Interestingly, A2AR 

inhibition augments voluntary ethanol intake and preference in WT mice, whereas A2AR 

activation dampens ethanol-drinking behaviors only in ENT1 KO but not in WT mice (Nam 

et al., 2013b). The present study corroborated that NHBA, an ENT1 antagonist and A2AR 

agonist, would dampen ethanol-drinking behavior in WT mice displaying high ethanol 

consumption during voluntary drinking. This implies that the dual-function toward ENT1 

and A2AR may be a more promising therapeutic strategy to treat AUD rather than an 

isolated A2AR targeting ligand. 
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 The limited number of therapeutic options available for the treatment of AUD is 

troubling. Unfortunately, dangerous alcohol consumption is increasing in the United 

States (Kranzler and Soyka, 2018). Modulation of adenosine signaling by NHBA 

represents a promising alternative to suppress ethanol consumption and preference. 

Interestingly, our findings suggest that NHBA might be useful in reducing the valuation of 

rewarding substances, suggesting that this compound may help reduce drug-seeking or 

relapse to drug-seeking behavior. 
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Legends for Figures 

 

Fig. 1. Effects of NHBA on 10% ethanol-drinking in C57BL/6J mice. (a) Experimental 

scheme. (b) The ratio of mice showing high ethanol-drinking behavior. (c) Ethanol 

preference and (d) ethanol consumption during 10% ethanol drinking (n = 23/group). (e) 

Total distance traveled for 30 min in NHBA (0.03, 0.1, 0.3 mg/kg; i.p.)-treated mice (n = 

7/VEH group, n = 5/NHBA groups). (f) Ethanol preference, (g) consumption, and (h) total 

liquid consumption in NHBA 0.1 mg/kg (i.p.)-treated mice for 3 h drinking (n = 7/VEH 

group, n = 6/NHBA group). Data represented as mean ± SEM. *p < 0.05, (c, d) comparing 

water group, (e-h) comparing vehicle treatment group. (c, d) Two-way repeated 

measures analysis of variance (ANOVA) followed by Bonferroni's multiple comparisons 

test, (e) one-way ANOVA followed by Bonferroni's multiple comparisons test, (f-h) 

unpaired Student’s t-test. 

 

Fig. 2. Effects of NHBA on ethanol preference before and after training with ethanol-

containing reward. (a, b) Experimental scheme. (c) Nose-poking behavior (n = 11/group). 

(d) Heat map depicts mice tracking patterns for 15-min on the y-maze. (e) Zone entries 

and (f) time spent in each zone of the y-maze (n = 7/VEH+Pre, n = 9/NHBA+Pre, n = 

8/post groups). (g) Total distance traveled for 15 min among groups (n = 8/groups). Data 

represented as mean ± SEM. *p < 0.05, (c) comparing the first FR1 session, (e, f) 

comparing the water zone of the same treatment group. (c) Two-way repeated measures 

analysis of variance (ANOVA) followed by Bonferroni's multiple comparisons test, (e, f) 
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one-way repeated measures ANOVA followed by Bonferroni's multiple comparisons test, 

(g) unpaired Student’s t-test. 

 

Fig. 3. Effects of NHBA on ethanol-containing reward-seeking in C57BL/6J mice. (a, b) 

Experimental scheme. (c) Effects of NHBA (0.03 and 0.1 mg/kg, i.p.) on nose-poking 

behavior in water (W) presentation state. (d) Nose-poking changes between water (W) 

and 10% ethanol and 10% sucrose (10E10S) presentation states (n = 5/group). (e) Effects 

of NHBA (0.1 mg/kg, i.p.) on nose-poking behavior in either water (W) or 10% ethanol 

(10E) presentation state (n = 8/group). Data represented as mean ± SEM. *p < 0.05, (c) 

comparing vehicle treatment group, (d, e) comparing each different state. (c) one-way 

ANOVA followed by Bonferroni's multiple comparisons test; (d, e) paired Student’s t-test. 

 

Fig. 4. Effects of NHBA on ethanol reward-seeking in C57BL/6J mice. (a, b) Experimental 

scheme. (c) Nose-poking behavior and (d) time spent in the magazine. (e) Effects of 

NHBA (0.1 mg/kg, i.p.) on nose-poking behavior in water (W) presentation state. (f) Nose-

poking changes between water (W) and 10% ethanol (10E) presentation states. Data 

represented as mean ± SEM, n = 11/groups. *p < 0.05, (c) comparing the first FR1 

session, (e) comparing vehicle treatment group, (f) comparing each different state. (c) 

Two-way repeated measures analysis of variance (ANOVA) by Bonferroni's multiple 

comparisons test, (e) unpaired Student’s t-test, (f) paired Student's t-test. 
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Fig. 1. 
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Fig. 2. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 13, 2019 as DOI: 10.1124/jpet.119.261529

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 261529 
 

31 
 

Fig. 3. 
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Fig. 4. 
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