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Abstract

INTRODUCTION: Binge drinking is a deadly pattern of alcohol abuse. Evidence suggests 

that genetic variation in clock genes is strongly associated with alcohol abuse, however, the 

neuroanatomical basis for such a relationship is unknown. The shell region of nucleus accumbens 

(NAcSh) is well-known for its role in binge drinking. Hence, we ask if clock genes in the NAcSh 

regulate binge drinking.

METHODS: To address this question, two experiments were performed on male C57BL/6J 

mice. In the first experiment, mice, exposed to alcohol or sucrose under the 4-day drinking-in­

the-dark (DID) paradigm, were euthanized at two different time-points on Day 4 [7 hours after 

light (pre-binge drinking) or dark (post-binge drinking) onset]. The brains were processed for 

RT-PCR to examine the expression of circadian clock genes (Clock, Per1, and Per2) in the 

NAcSh and suprachiasmatic nucleus (SCN). In the second experiment, mice were exposed to 

alcohol, sucrose or water as described above. On Day 4, one hour prior to the onset of alcohol 

exposure, mice were bilaterally infused with either a mixture of circadian clock genes antisense 

oligodeoxynucleotides (AS-ODNs; Antisense group) or nonsense/random ODNs (R-ODNs; 

Control group) through surgically implanted cannulas above the NAcSh. Alcohol/sucrose/water 

consumption was measured for 4 hours. Blood alcohol concentration was measured to confirm 

binge drinking. Microinfusion sites were histologically verified using cresyl violet staining.

RESULTS: As compared to sucrose, mice euthanized post-binge drinking (not pre-binge 

drinking) on Day 4 displayed an increased expression of circadian genes in the NAcSh but not in 

the SCN. Knockdown of clock genes in the NAcSh caused a significant reduction in the amount 

of alcohol consumed on Day 4 as compared to the control treatment. No differences were found in 

sucrose and water consumption.

CONCLUSIONS: Our results suggest that clock genes in the NAcSh play a crucial role in binge 

drinking.
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INTRODUCTION

Binge drinking, a highly prevalent and harmful pattern of alcohol consumption, has serious 

health and economic consequences. According to NIAAA, binge drinking is a pattern of 

drinking that brings blood alcohol concentration (BAC) levels to 0.08 g/dl (Gowin et al., 

2017). It is responsible for more than 50% of alcohol-related deaths with an economic 

burden of $191 billion in the United States (Sacks et al., 2015, Esser et al., 2014).

Clinical and preclinical studies suggest that genetic variation in clock genes is strongly 

associated with alcohol abuse (Logan et al., 2014). For example, single nucleotide 

polymorphism in clock genes [such as circadian locomotor output cycles kaput (Clock), 

period genes (Per1, Per2 and Per3)] is associated with alcohol use disorder (AUD) in 

humans (Spanagel et al., 2005b, Dong et al., 2011). In addition, shift workers and travelers 

moving across multiple time zones are at high risk for alcohol abuse (Trinkoff and Storr, 

1998, Rogers and Reilly, 2002). Similarly, humans with an evening circadian preference or 

eveningness [preference for evening activities and for late bedtime (Preckel et al., 2020)] 

report greater alcohol consumption, especially binge drinking (Hasler and Clark, 2013, Prat 

and Adan, 2011). Higher amounts of alcohol consumption are observed in both men and 

women during the early evening (Gibson and Shirreffs, 2013).

Preclinical studies also suggest a role of circadian rhythm in alcohol consumption. For 

example, in rodents, circadian active (dark) period or experimental shift work is associated 

with increased alcohol consumption and/or increased Per1 expression in the brain (Gauvin 

et al., 1997, Gamsby and Gulick, 2015, Colombo et al., 2014, Resendiz-Flores and Escobar, 

2019). Transgenic animals that display high alcohol consumption exhibit a disruption 

in Per2 expression in the nucleus accumbens (NAc) (Ruby et al., 2014, Gamsby and 

Gulick, 2015). Mice and rats selectively bred for high alcohol or binge-like alcohol 

consumption have altered circadian phenotypes (Hofstetter et al., 2003, McCulley et al., 

2013, Rosenwasser et al., 2005). Overall, the above clinical and preclinical studies strongly 

suggest that circadian clock disruption increases alcohol drinking, however, very little is 

known about the neuroanatomical substrates mediating the effects of circadian clock genes 

on alcohol consumption.

There is strong and convincing evidence implicating the nucleus accumbens shell region 

(NAcSh) in binge alcohol consumption (Lei et al., 2019, Kasten and Boehm, 2014, 

Gimenez-Gomez et al., 2018, Cozzoli et al., 2012, Balla et al., 2018). Hence, we sought 

to determine if circadian genes in the NAcSh play a role in the regulation of binge 

drinking. We hypothesized that a) binge alcohol consumption is associated with an increase 

in the expression of major circadian genes (Clock, Per1 and Per2) in the NAcSh, and b) 

antisense-induced downregulation of these genes (Clock, Per1 and Per2) in the NAcSh 

will reduce binge drinking. To test our hypothesis, C57BL/6J mice were exposed to binge 

alcohol drinking under Drinking-in-the-Dark (DID) paradigm and the effect of binge alcohol 
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consumption on the expression of circadian genes (Per1, Per2, and Clock) in the SCN and 

NAcSh was examined. Next, we determined the effect of antisense-induced downregulation 

of circadian genes in the NAcSh on binge drinking.

MATERIALS AND METHODS

Animals:

Male C57BL/6J mice (7 to 8 weeks old; RRID:IMSR_JAX:000664) were kept four per 

cage at the Harry S. Truman Memorial Veterans Hospital’s vivarium with an ambient room 

temperature (25 ± 2°C), reverse 12:12 hour light/dark cycle (lights on at 10:00 PM) and 

ad libitum access to food and water. Animals were allowed to recover from transportation 

stress and habituate to the new environment (including dark-light cycle) for at least two 

weeks before any experimental procedure. All experiments were in accordance with the 

Association for Assessment and Accreditation of Laboratory Animal Care policies and the 

Guide for the Care and Use of Laboratory Animals. All protocols were approved by local 

committees (Subcommittee for Animals Safety Protocol #163).

Chemicals and Drugs:

A 20% alcohol solution (v/v) was prepared by mixing ethanol (EtOH; 200 proof; Fisher 

Scientific, Pittsburgh, PA) in tap water. A 10% solution (w/v) of sucrose (D-sucrose; Fisher 

Scientific) was prepared in tap water. The sequences for Clock, Per1 and Per2 antisense 

(Table 1) were obtained from previous studies (Sellix et al., 2006, Poletini et al., 2007). 

Phosphorothioate antisense (AS-ODNs) specific for 5’ transcription initiation site (5’INI) 

and 3’ cap site of Per1, Per2 and Clock mRNA and random sequence (RS-ODNs) were 

synthesized by Integrated DNA Technologies (Coralville, IA, USA). Once received, each of 

the AS or RS-ODNs were reconstituted to obtain a stock concentration (10X). All working 

solutions were prepared fresh before administration.

Binge Drinking:

To facilitate binge drinking in non-stressful (home cage) environment, a well-established 

four-day drinking-in-the-dark (DID) procedure was used (Sharma et al., 2014a, Rhodes et 

al., 2005, Thiele and Navarro, 2014). In brief, starting 2.5 hours after dark onset, water 

bottles were removed from each mouse cage. 30 min later, 20% (v/v) alcohol or 10% (w/v) 

sucrose was dispensed in a pre-weighed bottle (identical to water-bottle) to each mouse in 

place of water-bottle. Sucrose was used as a control for the taste. Mice were allowed to 

consume alcohol (or sucrose/water) for 2 hours. On completion, alcohol/sucrose bottles were 

removed and weighed, followed by weighing the animals to calculate the amount of alcohol/

sucrose consumed (g/kg or ml/kg of the bodyweight). Subsequently, mice were re-provided 

with the original water bottle and left undisturbed. The same procedure was repeated on 

Days 2, and 3.

On day 4, binge alcohol (or sucrose/water) consumption was performed as described above 

except the alcohol (or sucrose/water) exposure was continued for 4 hours.
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Experimental Design:

All experiments were performed during the dark period between ZT14 (2 hours after dark 

onset) and ZT19 (7 hours after dark onset). To achieve rigor and reproducibility, all groups 

(controls and experimental) were run in parallel and repeated at least twice. Random group 

assignments were performed as follows: The animals were first numbered using ear tags and 

were randomly assigned to each group using the Online GraphPad randomization calculator 

(weblink: https://www.graphpad.com/quickcalcs/randomselect1/), just before beginning the 

experiment. In addition, the experimenters who examined binge drinking were blinded for 

antisense treatment. The data obtained from preliminary studies (N=3/group) was used to 

perform a priori power analysis [α =0.05; power ≥ 0.9; G*Power (Faul et al., 2007)] to 

calculate effect of and sample size.

Experiment 1: Effect of binge drinking on the expression of the circadian genes in the 

NAcSh and suprachiasmatic nucleus (SCN). In this experiment, animals (N = 20) were 

divided in two groups: Alcohol (N = 10) and Sucrose (N = 10). Using DID procedure 

(described above), animals were exposed to either alcohol (Alcohol group) or sucrose 

(Sucrose group) for three days. On Day 4, animals were euthanized by decapitation at two 

different time points: A) After 7 hours of light onset (8 hours prior to 4 hours of alcohol 

consumption; N = 5 mice/group; Figure 1A). B) After 7 hours of dark onset (immediately 

after 4 hours of alcohol consumption; N = 5 mice/group; Figure 3A). The brains were 

rapidly removed and placed into cryogenic vials containing embedding matrix (O.C.T. 

compound, Fisher Scientific) and snap-frozen in super-cooled isopentane, maintained on dry 

ice. Once frozen, the brains were stored at −80 °C until sectioning. The cryostat (Thermo 

Fisher Scientific, Kalamazoo, MI) was used to obtain the brain sections (0.5 mm thickness). 

Sections containing NAcSh and SCN were separated, mounted on a slide (SuperFrost Plus, 

Fisher Scientific). The NAcSh and SCN regions were punched (~500 μm) out using stainless 

steel metal tubes (23 G; Small Parts, Miami Lakes, FL) and placed into 100 μl RNALater™ 
(Sigma, St. Louis, MO), frozen on dry ice, and stored at −80 C. RNA isolation followed 

by RT-PCR was performed to examine the gene expression of Clock, Per1 and Per2 as 

previously described (Sharma et al., 2010, Sharma et al., 2018).

Experiment 2: Effect of circadian genes knockdown in the NAcSh on binge alcohol 

drinking

Surgery:  Bilateral guide cannula were implanted as previously described (Thakkar et al., 

2010, Sharma et al., 2014a, Sharma et al., 2015). Maintaining sterile conditions and under 

inhalation anesthesia (2% isoflurane), mice were stereotaxically implanted with bilateral 

stainless-steel guide cannulas (27 G), 2.0 mm above the NAcSh. The coordinates for the 

NAcSh were: Anteroposterior = +1.4 mm; Mediolateral = ±0.5 mm and dorsoventral = −4.8 

mm, with reference to the bregma and the skull surface (Franklin and Paxinos, 2008). The 

guide cannulas were anchored to the skull via implantation of two stainless steel screws 

followed by covering the entire assembly with dental cement. A stylet (31-gauge stainless 

steel) was inserted in the guide cannulas to maintain patency. After surgery, mice were 

removed from stereotaxic frame and administered with flunixin (2.5 mg/kg/12 h for 1 day) 

to alleviate pain. The animals were then monitored until fully ambulatory (30–60 min). Each 
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individual mouse was then housed singly in the experimental cage (similar to normal mouse 

cage with one grommeted hole on the shorter side for dispensing water/alcohol) and allowed 

to recover for 5 to 7 days.

Microinfusions:  The microinfusions were performed as described previously (Thakkar 

et al., 2010, Sharma et al., 2014a, Sharma et al., 2015). Briefly, each mouse was gently 

removed from the cage, held carefully and the stylus was removed. The injector cannula 

[connected to a 0.5 μl Hamilton syringe (Hamilton, Reno, NV) via FEP connector (Eicom, 

San Diego, CA)] was bilaterally inserted into the guide cannulas. Once the injector was 

in place, 300 nL of RS-ODNs or AS-ODNs was microinjected at a rate of 100 nL/min 

using an infusion pump (Pump 11 Pico Plus Elite; Harvard Apparatus, Holliston, MA). 

On completion, the injector cannulas were left in place for two more minutes before 

retracting. The entire microinfusion procedure was completed in approximately 5 minutes. 

On completion, the animal was returned to its cage.

Habituation to restrain, handling and microinfusions:  Binge drinking was performed 

as described above. To reduce handling stress caused due to microinfusions, mice were 

habituated to the bilateral microinfusions procedure by performing sham microinfusions on 

drinking days 1, 2, and 3. The sham microinfusions procedure was identical to the ODN 

microinfusions (described below) and performed at the same time (one hour before alcohol 

exposure) except that the sham-injector was shorter (remained 1.5 mm above the target site; 

to avoid damaging target sites) and no fluid was infused. On completion, the animal was 

returned to its cage.

On day 4, one hour prior to initiating binge drinking, mice (N = 14) were randomly divided 

into two groups: Control (N = 7) and Antisense (N = 7). Mice in the Control group were 

bilaterally microinjected with RS-ODNs [300nl; 100nl (6 nmoles) each of Clock, Per1 and 

Per2], whereas mice in the Antisense group were bilaterally infused with a mixture of 

AS-ODNs [300nl; 100nl (6 nmoles) of Clock, Per1 and Per2 AS] into the NAcSh (details 

described below). Binge drinking was performed for 4 hours as described above.

Blood Alcohol Concentration:  Blood alcohol concentration (BAC) was measured 

immediately after 4 hours of alcohol consumption on Day 4 as described previously (Sharma 

et al., 2014b). Briefly, the mice were removed from their cages and a small amount (25 

μl) of blood was collected from the tail vein and centrifuged to separate plasma. The BAC 

was measured from the plasma using an alcohol measurement kit as per the manufacturer’s 

instructions (Sekisui, Burlington, MA, USA).

In separate group of animals, the effects of circadian gene knock down was determined on 

sucrose (as a control for calorie and taste; N = 10; 5 mice/group) or water (as a control for 

general consummatory behavior; N = 10; 5 mice/group) consumption using the same DID 

paradigm as described above.

Localization of microinfusion sites:  After completion of the experiments, mice were 

deeply anesthetized using CO2 and then perfused transcardially with ice-cold normal saline 

followed by 10% buffered formalin (fixative; Fisher Scientific). The brains were removed, 
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post-fixed with the same fixative overnight, immersed in 20% sucrose (w/v) in 0.1 M 

phosphate-buffered saline; pH 7.4) until equilibrated and serially sectioned (30 μm; three 

series) with a freezing microtome. One series was used for cresyl violet staining to localize 

the injection site in the NAcSh (Sharma et al., 2010, Sharma et al., 2014c).

Next, we verified the downregulation of circadian clock genes expression in the NAcSh of 

animals administered with either RS-ODNs (Control; N = 5) or AS-ODNs (N = 5) in a 

separate group of animals. The animals (N = 10) were divided in two groups: Control (N 

= 5) and Antisense (N = 5). The experimental design is described in Figure 9A. Mice in 

the Control group were bilaterally microinjected with RS-ODNs [300nl; 100nl (6 nmoles) 

each of Clock, Per1 and Per2], whereas mice in the Antisense group were bilaterally 

infused with a mixture of AS-ODNs [300nl; 100nl (6 nmoles) of Clock, Per1 and Per2 AS] 

into the NAcSh as described above. After the completion of the injections in all animals, 

the animals were left undisturbed for one hour. Subsequently, mice were euthanized by 

decapitation, brains were processed to determine the gene expression of Clock, Per1 and 

Per2 as described above.

Statistics:  All statistical analysis were performed by GraphPad Prism Software (La Jolla, 

CA). The possible outlier was determined using the online Graphpad’s Outlier calculator 

(Grubb’s). Mann-Whitney U-test was performed to determine a) the effect of antisense­

induced knockdown of clock genes on alcohol, water and sucrose consumption, b) antisense­

induced downregulation of circadian genes in the NAcSh and c) binge drinking induced 

changes in the expression of circadian genes in the NAcSh and SCN. Kruskal-Wallis test 

with Dunn’s post hoc test was performed to determine the changes in alcohol/sucrose 

consumption during days 1 to 3 of DID paradigm. Friedman test with Dunn’s post hoc test 

was performed to determine differences in alcohol/sucrose/water consumption during days 1 

to 3. The level of significance (α) was maintained at 0.05.

RESULTS

Experiment 1: Binge drinking is associated with an increase in the expression of major 
circadian genes in the NAcSh but not in the SCN.

Pre-drinking Day 4 (Light Period)

Alcohol/sucrose consumption:  No significant change was observed in alcohol 

consumption during Days 1 to 3 (p > 0.05; Figure 1B). No significant change was observed 

in sucrose consumption during three days (p > 0.05; Figure 1C).

NAcSh:  No significant change was observed in the expression of Per1 (U = 7.5; p > 0.05; 

Figure 2A), Per2 (U = 11.0; p > 0.05; Figure 2B) and Clock (U = 5.0; p > 0.05; Figure 2C) 

genes in the NAcSh of mice in the alcohol group (N = 5) as compared to mice in the Sucrose 

group (N = 5) during the light period prior to Day 4 alcohol consumption.

SCN:  No significant change was observed in the expression of Per1 (U = 8.5; p > 0.05; 

Figure 2D), Per2 (U = 8.0; p > 0.05; Figure 2E) and Clock (U = 5.0; p > 0.05; Figure 2F) 
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genes in the NAcSh of mice in the alcohol group (N = 5) as compared to mice in the Sucrose 

group (N = 5) during the light period prior to Day 4 alcohol consumption.

Post-drinking Day 4 (Dark Period)

Alcohol/sucrose consumption:  No significant change was observed in alcohol 

consumption during 2 hours on Days 1 to 3 (p > 0.05; Figure 3B). No significant change was 

observed in sucrose consumption during 2 hours on Days 1 to 3 (p > 0.05; Figure 3C). The 

BAC level at the end of alcohol drinking session (4 hours) on Day 4 was 108.8 ± 7.84 mg/dl 

(N = 5) in mice exposed to alcohol suggesting binge drinking in this group of mice.

NAcSh:  Mice in the alcohol group (N = 5) showed a significant increase in the expression 

of Per1 (U = 0.0; p < 0.01; Figure 4A), Per2 (U = 0.0; p < 0.01; Figure 4B) and clock (U = 

0.0; p < 0.01; Figure 4C) genes in the NAcSh as compared to mice in the Sucrose group (N 

= 5).

SCN:  No significant difference was observed in the expression of Per1 (U = 11.0; p > 0.05; 

Figure 4D), Per2 (U = 9.0; p > 0.05; Figure 4E) and clock (U = 8.0; p > 0.05; Figure 4F) 

genes in the SCN of mice exposed to binge alcohol consumption (N = 5) as compared to 

mice in the Sucrose group (N = 5).

Experiment 2:

Knockdown of major circadian genes in the NAcSh reduces binge drinking in mice.

A. Statistical power and Sample Size.—G*Power analysis (t-test; α = 0.05; power = 

0.95) conducted after preliminary experiments suggested a total of 10 mice (5/Group) with 

an effect size of 2.7. The experimental design is described in Figure 5.

B. Knockdown of clock genes in the NAcSh reduced binge alcohol 
consumption.

Localization of injection sites:  A total of 14 mice were used in this study. All bilateral 

microinfusion sites (N = 14) are described in a single coronal schematic (AP = 1.2) in 

Figure 6A [adapted from figure 21; see Franklin and Paxinos (2008)]. Histological analysis 

revealed that while microinfusion sites in 11 animals (5 in Antisense group denoted by red 

circles; 6 in Control group denoted by black circles) were on target and localized in the 

medial NAcSh region [between AP = 1.5 and 1.1], injection sites in three mice (two in 

Antisense group, denoted by the red star; one in Control group, denoted by the black star) 

were off-target. The data from these three “off-target animals” were excluded from analysis 

but described in Table 2. A representative photomicrograph depicting the bilateral injection 

sites in the NAcSh in Figure 6B.

Alcohol consumption:  Alcohol consumption, during 2 hours of exposure, on days 1, 2 and 

3, was comparable between Control and Antisense groups as there was no significant (p > 

0.05) main effect of treatment observed. The mean ± SEM alcohol consumption on Days 

1, 2 and 3 was 2.50 ± 0.23, 2.61 ± 0.13 and 2.81 ± 0.13 g/Kg in mice in the Antisense 

group whereas 2.71 ± 0.14, 2.49 ± 0.23 and 2.99 ± 0.08 g/Kg in mice in the Control group. 
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However, on day 4, during 4 hours of alcohol exposure, as compared to mice in the Control 

group (4.42 ± 0.16 g/Kg; N = 6), mice in the Antisense group (3.41 ± 0.18 g/Kg; N = 5) 

displayed a significant (U = 0.0; p < 0.01) reduction in the amount of alcohol consumed 

(Figure 6C).

BAC:  As compared to the Control group (102.5 ± 4.9 mg/dl; N = 6), BAC was significantly 

(U = 1.0; p < 0.05) reduced in Antisense group (71.2 ± 7.8 mg/dl; N = 5) suggesting that 

the reduced binge drinking due to clock genes knockdown in the NAcSh is not due to altered 

alcohol metabolism (Figure 6D). The BAC levels were significantly (Pearson r = 0.90; p < 

0.001) correlated with the amount of alcohol consumption on day 4 (Figure 6E).

C. Knockdown of major clock genes in the NAcSh had no effect on sucrose 
consumption

Localization of injection sites:  All bilateral microinfusion sites [N = 10 (5/group); 

indicated as black (Control) and red (Antisense) circles] are described in a single coronal 

schematic (AP = 1.2) in Figure 7A [adapted from figure 21; Franklin and Paxinos (2008)]. A 

representative photomicrograph depicting bilateral injection sites in the NAcSh is shown in 

Figure 7B.

Sucrose consumption:  No significant main effect of treatment (p > 0.05) was observed on 

sucrose consumption on Days 1, 2 and 3 (Data not shown). Also, on Day 4, there was no 

significant (U = 11.0; p > 0.05) difference in the sucrose consumption between Antisense 

(117.3 ± 3.0 ml/Kg; N = 5) and Control (121.9 ± 6.3 ml/Kg; N = 5) groups (Figure 7C).

D. Knockdown of major clock genes in the NAcSh had no effect on water 
consumption

Localization of injection sites:  All bilateral microinfusion sites (N = 10 (5 mice/

group); indicated as circles) are described in a single coronal schematic (AP = 1.2) in 

Figure 8A [adapted from figure 21; see Franklin and Paxinos (2008)]. A representative 

photomicrograph depicting the bilateral injection sites in the NAcSh is shown in Figure 8B.

Water consumption:  No significant main effect of treatment (p > 0.05) was observed on 

water consumption on Days 1, 2 and 3 (Data not shown). Also, on Day 4, no significant (U = 

9.5; p > 0.05) difference in the water consumption between Antisense (34.2 ± 1.1 ml/Kg; N 

= 5) and Control (33.8 ± 0.9 ml/Kg; N = 5) groups was observed (Figure 8C).

E. Infusion of major clock gene antisense downregulates clock genes 
expression in the NAcSh.

Gene expression:  Mice in the Antisense group (N = 5) showed a significant 

downregulation of Per1 (U = 0.0; p < 0.01; Figure 9B), Per2 (U = 2.0; p < 0.05; Figure 

9C) and clock (U = 0.0; p < 0.01; Figure 9D) genes as compared to mice in the Control 

group (N = 5).
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DISCUSSION

This is the first study to show that a) mice exposed to 4-Day DID protocol displayed a 

significant increase in the expression of circadian clock genes (Clock. Per1 and Per2) in the 

NAcSh on Day 4 after four hours of alcohol consumption while no changes were observed 

in the SCN and b) antisense-induced downregulation of clock genes in the NAcSh caused a 

significant reduction in the binge alcohol administration in C57BL/6J mice without affecting 

sucrose (intake of calorie or tastant) and water (general consummatory behavior) intake.

A ‘binge’ is defined as a risky pattern of alcohol consumption in humans that produces 

BAC greater than 0.08% (80 mg/dL) within a few hours (NIAAA, 2004). To investigate the 

role of circadian genes in the NAcSh in the regulation of binge drinking, we used the DID 

paradigm in C57BL/6J mice, a very well-known model with a high face validity in terms of 

mimicking human binge drinking. This method involves daily access to 20% alcohol, for a 

limited duration and selectively during the dark (active) phase of the circadian light cycle. 

In this paradigm, C57BL/6J mice consume large amounts of alcohol voluntarily, without 

any prior training, resulting in a pharmacologically relevant BAC within a short period of 

time. Moreover, the DID method is an ideal tool for studying the neurobiology underlying 

binge drinking (Rhodes et al., 2005, Rhodes et al., 2007, Sprow and Thiele, 2012, Thiele and 

Navarro, 2014).

The NAc is a terminal reward center of mesolimbic dopaminergic reward circuitry which 

originates from the ventral tegmental area (VTA) (Blum et al., 2012). Anatomically, the 

NAc consists of the central core (NAcC) and the NAcSh regions. The NAcSh is considered 

a part of the extended amygdala. It has a major role in motivation for rewarding stimuli 

and facilitates reinforcement of rewards, whereas the NAcC resembles the dorsal striatum 

and has a critical role in cognitive processing of motor function (McBride et al., 1999, 

Clarke and Adermark, 2015, Di Chiara, 2002). Within the NAcSh, the medial NAcSh plays a 

crucial role in binge drinking (Lei et al., 2019, Kasten and Boehm, 2014, Gimenez-Gomez et 

al., 2018, Cozzoli et al., 2012, Balla et al., 2018). In addition, neuronal activation along with 

the expression of clock genes and markers of dopaminergic activity (tyrosine hydroxylase 

and dopamine transporters) display diurnal rhythm in the NAcSh with peaks during the 

active (dark) period (Baltazar et al., 2013, Sleipness et al., 2007, Webb et al., 2009, Li et al., 

2009, Falcon et al., 2013).

As described in the introduction, strong evidence from clinical studies clearly suggests 

that circadian genes are associated with hazardous or binge drinking. However, the causal 

relationship is not well understood. We hypothesized that the downregulation of major clock 

genes (Clock, Per1 and Per2) expression in the NAcSh will reduce binge alcohol drinking 

in mice. Our hypothesis was based on previous observations suggesting that C57BL/6J 

mice exhibit an association between increased clock genes expression in the NAc and binge 

drinking during the dark (active) period (Thiele and Navarro, 2014, Rhodes et al., 2005, 

Falcon et al., 2013, Li et al., 2009).

Although the suprachiasmatic nucleus is the master clock, the rhythmicity of circadian 

oscillations and its association with clock genes (Clock, Per1 and Per2) expression is present 
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in every cell, including in the neurons of the NAcSh (Parekh et al., 2015). Thus, to test 

our hypothesis, we used the antisense technology to downregulate clock genes in the medial 

NAcSh. Previous studies have demonstrated that infusion of AS ODNs against Clock, 

Per1 and Per2 genes in the suprachiasmatic nucleus or lateral ventricles attenuated their 

expression and disrupted the associated circadian functions within a relatively short time 

(Akiyama et al., 1999, Poletini et al., 2007, Sellix et al., 2006).

The result of our study suggests that binge drinking was significantly reduced in animals 

following antisense-induced downregulation of clock genes in the NAcSh suggesting that 

a causal relationship exist between circadian genes in the NAcSh and binge drinking in 

C57BL/6J mice. Supporting our results, previous study has demonstrated that knockdown 

of Per2 gene selectively in the dorsal and ventral striatum reduced alcohol consumption 

(Zavalia et al., 2020). Additionally, the involvement of these circadian genes was also 

investigated in regards to other substance of abuse. For example, the Clock (in the VTA, 

but not in the NAc) and NPAS2, functionally similar to clock (in the NAc), have been 

shown to mediate the rewarding effects of drugs such as cocaine (Parekh et al., 2015). It 

is becoming increasingly evident that alcohol consumption, both in humans and laboratory 

rodents may be regulated by clock genes (Clock, Bmal1/Arntl, Per1 or Per2) (Kovanen 

et al., 2010, Dong et al., 2011, Spanagel et al., 2005a, Ozburn et al., 2013). While 

the majority of rodent studies have used constitutive global knockouts, we have used a 

restricted approach “antisense-induced selectively knockdown of clock genes in the medial 

NAcSh region”. Thus, while constitutive knockout may affect central circadian functioning 

(altered sleep-wake regulation, glutamatergic levels and/or stress-induced cortisol levels), 

our approach selectively attenuated the expression of clock genes in the medial region of 

the NAcSh (Shiromani et al., 2004, Spanagel et al., 2005a). Interestingly, we also found 

that the expression of circadian genes (Clock, Per1 and Per2) was upregulated after binge 

drinking in the NAcSh, but not in the SCN, on Day 4. Additionally, we did not find any 

significant change in the expression of any of the circadian gene in either NAcSh or SCN 

of mice (exposed to 4-day DID protocol) euthanized in the light period (ZT = 7), 8 hours 

prior to Day 4 of binge drinking which further supports our hypothesis that these circadian 

genes are crucial for binge drinking in mice exposed to DID paradigm. Similarly, majority of 

rodent studies investigating the role of circadian genes in alcohol consumption have used the 

circadian neutral, 24 hours, continuous access, alcohol consumption paradigm. In contrast, 

the current study examined the effects of acute knockdown of Clock, Per1, and Per2 genes 

in the NAcSh on binge drinking during the dark period, the circadian active period, when 

mice are known to consume a high amount of alcohol (Resendiz-Flores and Escobar, 2019). 

The data obtained from animals with missed target sites (localized in the core region with 

small Ns) suggest that the effects of clock genes knockdown on binge drinking are specific 

for NAcSh region.

One limitation of the study is that we did not monitor locomotor activity because previous 

studies have shown that knock-down of clock genes in the NAc did not produce any effect 

on locomotor activity (Ozburn et al., 2015). Furthermore, it is unlikely that reduction in 

alcohol consumption after antisense injection in the NAcSh is due to reduced activity since 

antisense treatment did not reduce water and sucrose consumption. In addition, since Clock 
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is a positive regulator of the circadian molecular loop while Per is a negative regulator, their 

individual involvement in the regulation of binge drinking warrants further investigations.

In summary, our study is the first to show that acute knockdown of clock genes in the 

NAcSh, significantly reduced binge alcohol administration in C57BL/6J mice suggesting a 

positive influence of these clock genes in the NAcSh on binge drinking.
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Figure 1: 
The graphical timeline of the experimental procedure is described (Panel A). The amount 

of alcohol (Panel B; N = 5) and sucrose (Panel C; N = 5) consumption during 2 hours 

duration on Days 1 to 3 is described. AS-ODNs = Antisense oligodeoxynucleotides; R­

ODNs = random oligodeoxynucleotides; NAcSh = Shell region of nucleus accumbens; SCN 

= Suprachiasmatic nucleus.
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Figure 2: 
The circadian genes expression was normal during the light period on Day 4 of DID 

paradigm. Mice exposed to three days of binge alcohol consumption (N = 5; euthanized 7 

hours after the light onset on Day 4 of binge drinking) displayed no significant changes in 

the expression of Per1 (Panel A & D), Per2 (Panel B & E) and Clock (Panel C & F) genes 

into the shell region of nucleus accumbens (NAcSh) and suprachiasmatic nucleus (SCN) as 

compared to the mice exposed to two hours of sucrose consumption on Days 1 to 3 (N = 5).
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Figure 3: 
The graphical timeline of the experimental procedure is described (Panel A). The amount 

of alcohol (Panel B; N = 5) and sucrose (Panel C; N = 5) consumption during 2 hours 

duration on Days 1 to 3 and 4 hours on Day 4 is described. AS-ODNs = Antisense 

oligodeoxynucleotides; R-ODNs = random oligodeoxynucleotides; NAcSh = Shell region 

of nucleus accumbens; SCN = Suprachiasmatic nucleus.
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Figure 4: 
Alcohol consumption on Day 4 was associated with an increase in the expression of 

circadian genes in the NAcSh. Mice exposed to four days of binge alcohol consumption 

(N = 5) displayed a significant increase in the expression of Per1 (Panel A & D), Per2 

(Panel B & E) and Clock (Panel C & F) genes into the nucleus accumbens (NAcSh) and 

suprachiasmatic nucleus (SCN) as compared to the mice exposed to sucrose (N = 5). **p < 

0.01 and ***p<0.001 vs Sucrose.
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Figure 5: 
Effects of circadian clock genes antisense into the shell region of nucleus accumbens 

on alcohol consumption. The graphical timeline is described. AS-ODNs = Antisense 

oligodeoxynucleotides; R-ODNs = random oligodeoxynucleotides; NAcSh = Shell region 

of nucleus accumbens; SCN = Suprachiasmatic nucleus.
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Figure 6: 
Bilateral infusion of a mixture of clock genes antisense into the shell region of nucleus 

accumbens (NAcSh) attenuates binge drinking.

Panel A: Bilateral localization of the target sites in the NAcSh (localized between 

AP levels 1.5 and 1.1) of the mice infused with a mixture of clock genes 

antisense oligodeoxynucleotides (Antisense Group; N = 5; Red circles) and random­

oligodeoxynucleotides (Control Group; N = 6; black circles) is shown in one coronal 

schematic (Figure 21, AP = 1.2 mm, adapted from Franklin and Paxinos, (2008). Missed 

target sites are described as red (Antisense Group) and black (Control Group) stars. ac = 

anterior commissure, LV = lateral ventricles, AP = anteroposterior.

Panel B: A representative photomicrograph illustrating bilateral lesions (black arrows) 

caused by microinjector cannula in the shell region of nucleus accumbens. ac = anterior 

commissure, LV = lateral ventricles. Scale bar = 100 μm.

Panel C: A graphical representation showing that as compared to the Controls (N = 6), mice 

infused with a mixture of clock genes antisense oligodeoxynucleotide (Antisense group; N = 

5), bilaterally in the NAcSh, displayed a significant reduction in alcohol consumption during 

four hours of binge drinking period on day 4 of drinking-in-the-dark paradigm. **P < 0.01.

Panel D: A graph showing that as compared to the Controls (N = 6), mice infused with a 

mixture of clock genes antisense oligodeoxynucleotide (Antisense group; N = 5) bilaterally 

in the NAcSh displayed a significant reduction in blood alcohol concentration measured at 

the end of four hours of alcohol consumption on day 4 of drinking-in-the-dark paradigm. 

**P < 0.01 vs Control.
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Panel E: A significant correlation (R2 = 0.68; p < 0.01) was observed between the amount 

of alcohol consumption (g/kg) and the blood alcohol concentration (mg/dl) during 4 hours of 

DID paradigm on Day 4.
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Figure 7: 
Bilateral infusion of a mixture of clock genes antisense oligodeoxynucleotide into the shell 

region of nucleus accumbens (NAcSh) did not produce any significant effect on sucrose 

consumption.

Panel A: A Coronal schematic [Figure 21, AP = 1.2 mm, adapted from Franklin and 

Paxinos, (2008)] showing target sites of the bilateral microinjector cannulas localized in 

the NAcSh (localized between anteroposterior levels 1.5 and 1.1) of the mice infused 

with antisense oligodeoxynucleotides (Antisense Group; N = 5; Red circles) and random 

oligodeoxynucleotides (Control Group; N = 5; black circles). ac = anterior commissure, LV 

= lateral ventricles, AP = antero-posterior.

Panel B: A representative photomicrograph showing lesions caused by bilateral 

microinfusions (black arrows) in the NAcSh. ac = anterior commissure, LV = lateral 

ventricles. Scale bar = 100 μm.

Panel C: A graphical representation depicting no significant change in sucrose consumption 

during four hours on Day 4 of drinking-in-the-dark paradigm in mice infused with a mixture 

of clock genes antisense oligodeoxynucleotide into the NAcSh (Antisense group; N = 5) as 

compared to the Controls (N = 5).
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Figure 8: 
Bilateral administration of a mixture of clock genes antisense into the shell region of nucleus 

accumbens (NAcSh) did not produce any significant change on water consumption.

Panel A: The target sites of the bilateral microinjector cannulas localized in the NAcSh 

(localized between anteroposterior levels 1.5 and 1.1) of the mice infused with antisense 

oligodeoxynucleotide (Antisense Group; N = 5; Red circles) and random-ODNs (Control 

Group; N = 5; black circles) is shown in one coronal schematic [Figure 21, AP = 1.2 

mm, adapted from Franklin and Paxinos, (2008)]. ac = anterior commissure, LV = lateral 

ventricles, AP = anteroposterior.

Panel B: A representative photomicrograph showing lesions caused by bilateral 

microinfusion (black arrows) in the NAcSh. ac = anterior commissure, LV = lateral 

ventricles. Scale bar = 100 μm.

Panel C: A graphical representation suggesting no significant change in water consumption 

in mice infused with a mixture of clock genes antisense oligodeoxynucleotide into the 

NAcSh (Antisense group; N = 5) as compared to the controls (N = 5).
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Figure 9: 
Bilateral administration of a mixture of clock genes antisense (Antisense group; N = 5) 

significantly downregulated the expression of Per1 (Panel A), Per2 (Panel B) and Clock 

(Panel C) genes into the shell region of nucleus accumbens (NAcSh) as compared to the 

controls (N = 5). *P < 0.05 vs Control.
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Table 1:

Antisense and random oligodeoxynucleotide (ODN) sequences

Gene Accession #

Antisense Sequence

Per1 – 5’INI CCT
*
TCTAGGGGACCACT

*
CAT

NM 011065

Per1 – 3’CAP GGT
*
GCTGTTTTCTTCTG

*
CAG

Per2 – 5’INI TAT
*
CCATTCATGTCGGG

*
CTC

NM 011066

Per2 – 3’CAP GAC
*
ACAAGCAGTCAAC

*
AAA

Clock – 5’INI CAG
*
CTTTACGGTAAACAA

*
CAT

NM 007715

Clock – 3’CAP AAG
*
GGTCAGTCAGGCT

*
GTC

Random Sequence

Per1 – RS GCT
*
CTGGTCTAGTACC

*
CTA

Per2 – RS ATC
*
TGCTACTAGGTTC

*
GTC

Clock – RS ACC
*
GTACTACTTCGGCT

*
GTC

*
Indicates phosphorothioate linkage within the oligonucleotide sequence. Per, Period gene; Clock, circadian locomotor output cycles kaput gene; 

INI, transcription start site.
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Table 2:

Alcohol consumption during four days of Drinking-in-the-Dark procedure in each animal with off-target 

microinfusion sites.

Group Day 1 Day 2 Day 3 Day 4

Control (N =1) 2.81 2.63 2.81 4.56

Antisense (N = 2)
2.67 2.15 2.84 4.74

2.39 2.65 2.74 4.36

The microinfusions (targeted towards shell region of nucleus accumbens) were performed on Day 4, one hour prior to alcohol exposure. Control = 
Random oligodeoxynucleotides were infused; Antisense = Antisense oligodeoxynucleotides were infused.
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