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Abstract 

Dopamine has been implicated in smoking, but there remains a need for a better understanding of the 

effects of dopamine D1-like receptor agonists on nicotine intake and the role of sex in the effects of 

dopaminergic drugs on nicotine intake. This work studied the effects of D1-like receptor stimulation and 

blockade on operant responding for nicotine and food and locomotor activity in male and female rats. 

The effects of the D1-like receptor antagonist SCH 23390 (0.003, 0.01, 0.03 mg/kg) and the D1-like 

receptor agonist A77636 (0.1, 0.3, 1 mg/kg) on responding for nicotine and food, and locomotor activity 

were investigated. The effects of SCH 23390 were investigated 15 min and 24 h after treatment, and the 

effects of the long-acting drug A77636 were investigated 15 min, 24 h, and 48 h later. Operant 

responding for nicotine and food was decreased 15 min, but not 24 h, after treatment with SCH 23390. 

Operant responding for nicotine was decreased 15 min, 24 h, and 48 h after treatment with A77636, and 

food responding was decreased 15 min and 24 h later. Locomotor activity was decreased 15 min, but 

not 24 h, after treatment with SCH 23390. A77636 only decreased locomotor activity 48 h after 

treatment. There were no sex differences in the effects of SCH 23390 or A77636. In conclusions, the D1-

like receptor antagonist SCH 23390 reduces nicotine intake and causes sedation in rats. Stimulation of 

D1-like receptors with A77636 decreases nicotine intake at time points that the drug is not sedative.  
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INTRODUCTION 

The use of tobacco products has severe adverse effects on human health. People who use tobacco 

products are at high risk for various types of cancer and heart disease (Huxley and Woodward 2011; 

Sasco et al. 2004). Tobacco products and nicotine, which is the main psychoactive compound, induce 

mild euphoria and improves cognition (Benowitz 2009; Rezvani and Levin 2001). Nicotine addiction is 

characterized by the compulsive use of tobacco products and negative affective withdrawal signs upon 

cessation of nicotine use (American Psychiatric Association 2013; Bruijnzeel 2012). Despite a gradual 

decline in tobacco use, smoking remains a significant worldwide health burden (WHO 2018). In the US, 

there are about 40 million people who use tobacco products, and worldwide there are 1.3 billion 

tobacco users (CDC 2014; WHO 2021). Although the use of tobacco cigarettes is on the decline, there 

has been a substantial increase in the use of electronic cigarettes (e-cigarettes). E-cigarette use among 

high schoolers doubled from 2017 to 2019 (Miech et al. 2019). In the US, about 36 percent of 10th 

graders (12–13 years of age) and 40% of 12th graders (17–18 years of age) have used e-cigarettes. 

Furthermore, the COVID-19 pandemic has led to an increase in the use of e-cigarettes (Clendennen et al. 

2021). 

Dopamine plays a critical role in reward learning, motivated behavior, and positive reinforcing effects of 

drugs of abuse (Heymann et al. 2020; Pierce and Kumaresan 2006). Studies with humans and animals 

show that dopamine plays a role in the acute rewarding properties of nicotine (Benowitz 2010; 

Bruijnzeel 2012). Dopamine mediates its effect in the brain via D1-like subfamily (D1 and D5 receptors) 

and D2-like subfamily (D2, D3, and D4 receptors) receptors (Bourne 2001). Genetic studies point to a 

role for D1-like and D2-like receptors in smoking (Comings et al. 1996; Huang et al. 2008). Studies with 

rats indicate that D1-like and D2-like receptor activation contributes to the rewarding effects of nicotine 

(Corrigall and Coen 1991; Hall et al. 2015; Ivanova and Greenshaw 1997; O'Neill et al. 1991). 

Furthermore, exposure to nicotine induces adaptations in D1-like receptor function, which contribute to 

the anhedonia associated with nicotine withdrawal (Bruijnzeel and Markou 2004). Dopamine D1-like 

receptor levels are decreased in smokers, and their levels increase upon smoking cessation (Dagher et 

al. 2001; Yasuno et al. 2007). Systemic administration of nicotine induces dopamine release in the 

striatum (Nisell et al. 1994), and striatal dopamine release has widespread effects throughout the brain 

and plays a critical role in reward-related behaviors (Li and Jasanoff 2020).  

Human studies indicate that there is a sex differences in smoking behavior. Nicotine might be more 

reinforcing in men than women, and smoking cues might play a greater role in smoking in women than 
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men (Perkins et al. 2001; Perkins et al. 2002). A positron emission tomography (PET) study also showed 

that smoking differently affects the dopamine system of male and female smokers (Cosgrove et al. 

2014). The dopaminergic response to smoking is greater in the ventral striatum of males and in the 

dorsal putamen of females. Some, but not all, animal studies suggest that there are sex differences in 

the reinforcing properties of nicotine. Female rats acquire nicotine intake faster, have a higher level of 

nicotine intake when the response requirements are low and are more motivated to self-administer 

nicotine under a progressive ratio schedule (Chellian et al. 2020a; Donny et al. 2000; Lynch 2009). In 

contrast, there is no evidence for sex differences in the effects of noncontingent nicotine administration 

or nicotine self-administration on reward thresholds in the intracranial self-stimulation procedure 

(Chellian et al. 2021a; Xue et al. 2018). 

Despite that sex differences in the rewarding properties of nicotine have been explored, it is unknown if 

dopamine agonists and antagonists affect nicotine intake differently in males and females. Furthermore, 

it is not known if a selective D1-like receptor agonist affects operant responding for nicotine in rats. In 

the present studies, we investigated the role of dopamine signaling in the reinforcing properties of 

nicotine in male and female rats. The rats were treated with the D1-like receptor antagonist SCH 23390 

or the D1-like receptor agonist A77636. We evaluated the acute and delayed effects of these drugs on 

nicotine intake. It was also determined if SCH 23390 and A77636 affect operant responding for food and 

locomotor activity.  

MATERIALS AND METHODS 

Animals 

Adult male and female Wistar rats (males 200–250 g, females 175–225 g, 8-9 weeks of age) were 

purchased from Charles River (Raleigh, NC). Rats were housed with a rat of the same sex in a climate-

controlled vivarium on a reversed 12 h light-dark cycle (light off at 7 AM). Food and water were available 

ad libitum in the home cage except for when the rats were allowed to respond for nicotine or food when 

they were fed 90-95 percent of their ad lib home cage intake. The experimental protocols were 

approved by the University of Florida Institutional Animal Care and Use Committee. 

Drugs 

(-)-Nicotine hydrogen tartrate (Sigma-Aldrich), SCH 23390 hydrochloride (Tocris bioscience), and A77636 

hydrochloride (Tocris bioscience) were dissolved in sterile saline (0.9 % sodium chloride). SCH 23390 and 

A77636 were administered subcutaneously (SC) in a volume of 1 ml/kg body weight. Nicotine was 
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dissolved in sterile saline, and the rats self-administered 0.03 or 0.06 mg/kg/inf of nicotine in a volume 

of 0.1 ml/inf. Nicotine doses are expressed as base, and SCH 23390 and A77636 doses are expressed as 

salt.  

Experimental design 

In the first experiment, the effects of SCH 23390 (Expt. 1A; males n=7, females n=9) and A77636 (Expt. 

1B; males n=9, females n=9) on nicotine self-administration was investigated. In the second experiment, 

the effects of SCH 23390 (Expt. 2A; males n=8, females n=8) and A77636 (Expt. 2B; males n=8, females 

n=8) on operant responding for food was investigated, and in the third experiment, the effects of SCH 

23390 (Expt. 3A; males n=8, females n=8) and A77636 (Expt. 3B; males n=8, females n=8) on locomotor 

activity was investigated. The treatment schedule was the same in experiments 1-3. Both SCH 23390 and 

A77636 were administered (SC) 15 min before nicotine self-administration, food responding, or the 

small open field test. It was also determined if SCH 23390 affected nicotine and food intake and 

locomotor activity 24 h after treatment and if A77636 affected these parameters 24 and 48 h after 

treatment. SCH 23390 (0, 0.003, 0.01, and 0.03 mg/kg), and A77636 (0, 0.1, and 0.3 mg/kg) were 

administered according to a Latin square design. The highest dose of A77636, 1mg/kg, was not included 

in the Latin square design and was administered at last. There was at least 48 h between injections with 

SCH 23390 and 72 h between injections with A77636.  

Experiment 1: effects of SCH 23390 and A77636 on nicotine self-administration 

The rats were trained to respond for food pellets (45 mg, F0299, Bio-Serv, Frenchtown, NJ) in operant 

chambers (Med Associates, St. Albans, VT) under a fixed-ratio 1, time-out 10s (FR1-TO10s) schedule. 

After the food training sessions were completed, the rats were implanted with a catheter in the jugular 

vein. The rats were allowed to self-administer nicotine for nine daily 1-h sessions. The rats self-

administered 0.03 mg/kg/infusion (inf) of nicotine under a FR1-TO10s schedule on days 1-3. The rats 

self-administered 0.06 mg/kg/inf of nicotine under a FR1-TO60s schedule on days 4-9. The effects of SCH 

23390 (0, 0.003, 0.01, and 0.03 mg/kg, SC), and A77636 (0, 0.1, 0.3, and 1 mg/kg, SC) on nicotine intake 

were investigated in daily 1 h sessions (0.06 mg/kg/inf). The rats were fed 90-95 percent of their 

baseline food intake after the nicotine self-administration sessions. 

Experiment 2 and 3: effects of SCH 23390 and A77636  on food responding and motor activity 

Adult male and female rats were trained to respond for food pellets (45 mg, F0299, Bio-Serv, 

Frenchtown, NJ) in operant chambers (Med Associates, St. Albans, VT) under an FR1-TO10s schedule. 
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After the food training, the effects of SCH 23390 (0, 0.003, 0.01, and 0.03 mg/kg, SC) and A77636 (0, 0.1, 

0.3, and 1 mg/kg, SC) on the operant responding for food pellets was studied in daily 20-min sessions 

under an FR1-TO10s schedule (Expt. 2). The rats were fed 90-95 percent of their baseline food intake in 

the home cage after operant responding for food. After the food study, the rats were fed ad-lib, and the 

effects SCH 23390 and A77636 on locomotor activity were investigated (Expt. 3). The rats were 

habituated to the small open field on three consecutive days (20-min sessions) and then the effects of 

SCH 23390 (0, 0.003, 0.01, and 0.03 mg/kg, SC) and A77636 (0, 0.1, 0.3, and 1 mg/kg, SC) on locomotor 

activity were investigated in 20-min sessions.   

Food training 

Food training was conducted in the operant chambers. Responding on the right lever (RL, active lever) 

resulted in the delivery of a food pellet. Responding on the left lever (LL, inactive lever) was recorded 

but did not have scheduled consequences. The food training sessions were conducted for 10 days.  

Instrumental training started under an FR1-TO1s reinforcement schedule for 5 days (30 min session per 

day). After the fifth food training session, the rats singly housed and remained singly housed for the rest 

of the study.  On day 6, the time-out period was increased to 10 s. The rats were allowed to respond for 

food pellets under the FR1-TO10s schedule (20 min sessions) for 5 days. Both levers were retracted 

during the 10 s time-out period. During the food training period, the rats were fed 90-95 percent of their 

baseline food intake in the home cage.  

Intravenous catheter implantation and operant responding for nicotine  

The catheters were implanted as described before (Chellian et al. 2021a; Chellian et al. 2021b). The rats 

were anesthetized with an isoflurane-oxygen vapor mixture (1-3%) and prepared with a catheter in the 

right jugular vein. The catheters consisted of polyurethane tubing (length 10 cm, inner diameter 0.64 

mm, outer diameter 1.0 mm, model 3Fr, Instech Laboratories, Plymouth Meeting, PA). The right jugular 

vein was isolated, and the catheter was inserted to a depth of 3 cm for males and 2.5 cm for females. 

The tubing was then tunneled subcutaneously and connected to a vascular access button (Instech 

Laboratories, Plymouth Meeting, PA). The button was exteriorized through a small, 1-cm incision 

between the scapulae.  After the surgery, the rats were given at least seven days to recover. The rats 

received daily IV infusions of the antibiotic Gentamycin (4 mg/kg, Sigma-Aldrich, St. Louis, MO) for seven 

days. A sterile heparin solution (0.1 ml, 50 U/ml) was flushed into the catheter before and after 

administering the antibiotic or nicotine self-administration. Then 0.05 ml of a sterile heparin/glycerol 

lock solution (500 U/ml) was infused into the catheter. The animals received carprofen (5 mg/kg, SC) 
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daily for 48 hours after the surgery. The rats were allowed to self-administer nicotine for nine daily 1 h 

sessions. During the first three sessions, the rats self-administered 0.03 mg/kg/inf of nicotine under an 

FR1-TO10s schedule. For the following six sessions the rats self-administered 0.06 mg/kg/inf of nicotine 

under an FR1-TO60s schedule. The 0.06 mg/kg/inf dose of nicotine is a relatively high dose and leads to 

high levels of nicotine intake (Chaudhri et al. 2005; Shoaib and Stolerman 1999).  

During the first day of each dose the amount of nicotine that the rats could self-administer was limited 

to prevent aversive effects. The maximum number of infusion was set to 20 for the first day that the rats 

received the 0.03 mg/kg/inf dose and to 10 for the first day that the rats received the 0.06 mg/kg/inf 

dose. Active lever (right lever, RL) responding resulted in the delivery of a nicotine infusion (0.1 ml 

infused over a 5.6-s period). The initiation of the delivery of an infusion was paired with a cue light, 

which remained illuminated throughout the time-out period. Inactive lever (left lever, LL) responses 

were recorded but did not have scheduled consequences. Both levers were retracted during the time-

out period. During the self-administration period, the rats received about 90-95 percent of their normal 

ad lib food intake in the home cage. The rats were fed immediately after the operant sessions.  

Small open field test 

The small open field test was conducted as described before (Bruijnzeel et al. 2021; Chellian et al. 

2021b; Chellian et al. 2020b). The small open field test was conducted to assess locomotor activity, 

rearing, and stereotypies. These motor behaviors were measured using an automated animal activity 

cage system (VersaMax Animal Activity Monitoring System, AccuScan Instruments, Columbus, OH, USA). 

Horizontal beam breaks and total distance traveled reflect locomotor activity, and vertical beam breaks 

reflect rearing. The distance traveled is dependent on the path of the animal in the open field and is 

therefore considered a better indicator of locomotor activity than horizontal beam breaks. Repeated 

interruptions of the same beam are a measure of stereotypies. The setup consisted of four animal 

activity cages made of clear acrylic (40 cm × 40 cm × 30 cm; L x W x H), with 16 equally spaced (2.5 cm) 

infrared beams across the length and width of the cage. The beams were located 2 cm above the cage 

floor (horizontal activity beams). An additional set of 16 infrared beams were located 14 cm above the 

cage floor (vertical activity beams). All beams were connected to a VersaMax analyzer, which sent 

information to a computer that displayed beam data through Windows-based software (VersaDat 

software). The small open field test was conducted in a dark room, and the cages were cleaned with a 

Nolvasan solution (chlorhexidine diacetate) between animals. Each rat was placed in the center of the 

small open field, and activity was measured for 20 min.  
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RESULTS 

Experiment 1A: Effect of the D1-like receptor antagonist SCH 23390 on operant responding for 

nicotine 

During the first three nicotine self-administration sessions (0.03 mg/kg/inf) nicotine intake and 

responding on the active lever decreased (Fig. S1A, Nicotine intake, Time F2,28 =11.943, P<0.001; Fig. 

S1B, RL, Time F2,28 =11.872, P<0.001). The sex of the rats did not affect nicotine intake or responding 

on the active lever (Nicotine intake, Sex F1,14=1.748, NS; Time x Sex 2,28=0.454, NS; RL, Sex 

F1,14=2.048, NS; Time x Sex 2,28=0.556, NS). Responding on the inactive lever did not change over time 

and was not affected by the sex of the rats (Fig. S1B, Time F2,28 =0.354, NS; Sex F1,14=0.011, NS; Time x 

Sex 2,28=1.449, NS). During the following six sessions (0.06 mg/kg/inf of nicotine), nicotine intake 

increased and was not affected by the sex of the rats (Fig. 1A, Time F5,70 =4.256, P<0.01; Sex 

F1,14=0.95, NS; Time x Sex F5,70=1.4, NS). Responding on the active lever (RL) increased over time and 

there was no effect of sex (Fig. S2A, Time F5,70 =4.435, P<0.01; Sex F1,14=1.06, NS; Time x Sex 

F5,70=1.427, NS). Responding on the inactive lever decreased and there was no effect of sex (Fig. S2A 

,Time F5,70 =2.604, P<0.05; Sex F1,14=0.156, NS; Time x Sex F5,70=1.456, NS). 

15-min post SCH 23390 treatment: Nicotine intake was decreased 15-min after treatment with the D1-

like receptor antagonist SCH 23390 and there was no effect of sex on nicotine intake (Fig. 2A, Treatment 

F3,42=16.932, P<0.001; Sex F1,14=3.947, NS; Treatment x Sex F3,42=1.084, NS). Responding on the 

active lever (RL) was decreased after treatment with SCH 23390 and the females had more active lever 

presses than the males (Fig. S3A, Treatment F3,42=19.312, P<0.001; Sex F1,14=5.676, P<0.05; Treatment 

x Sex F3,42=0.694, NS). Responding on the inactive lever (LL) was decreased after treatment with SCH 

23390 and there was no effect of sex (Fig. S3C, Treatment F3,42=4.352, P<0.01; Sex F1,14=0.554, NS; 

Treatment x Sex F3,42=0.614, NS).  

24-h post SCH 23390 treatment: Treatment with SCH 23390 did not affect nicotine intake 24 h later and 

there was no effect of sex (Fig. 2B, Treatment F3,42=2.145, NS; Sex F1,14=3.908, NS; Treatment x Sex 

F3,42=2.206, NS). Responding on the active lever (RL) was not affected 24-h after treatment and there 

was no effect of sex (Fig. S3B, Treatment F3,42=1.614, NS; Sex F1,14=3.685, NS; Treatment x Sex 

F3,42=1.614, NS). Responding on the inactive lever (LL) was not affected after treatment and there was 
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no sex effect (Fig. S3D, Treatment F3,42=1.183, NS; Sex F1,14=1.431, NS; Treatment x Sex F3,42=1.323, 

NS). 

Experiment 1B: Effect of the D1-like receptor agonist A77636 on operant responding for nicotine 

During the first three nicotine self-administration sessions (0.03 mg/kg/inf) nicotine intake and 

responding on the active lever decreased (Fig. S1C, Nicotine intake, Time F2,32 =10.617, P<0.001; Fig. 

S1D, RL, Time F2,32 =8.986, P<0.001). The sex of the rats did not affect nicotine intake or responding on 

the active lever (Nicotine intake: Sex F1,16=1.81, NS; Time x Sex 2,32=1.427, NS; RL: Sex F1,16=1.982, 

NS; Time x Sex 2,32=1.415, NS). Responding on the inactive lever did not change over time, and the 

females responded more on the inactive lever than the males (Fig. S1D, Time F2,32=2.524, NS; Sex 

F1,16=7.014, P<0.05; Time x Sex 2,32=1.661, NS). During the following six sessions (0.06 mg/kg/inf) 

nicotine intake increased and this was not affected by the sex of the rats (Fig. 1B, Time F5,80 =3.748, 

P<0.01; Sex F1,16=1.871, NS; Time x Sex F5,80=0.859, NS). Responding on the active lever (RL) also 

increased over time, and there was no sex effect (Fig. S2B, Time F5,80 =4.607, P<0.01; Sex F1,16=1.9, 

NS; Time x Sex F5,80=1.041, NS). Responding on the inactive lever increased over time (Time F5,80 

=3.69, P<0.01), and the females responded more on the inactive lever than the males (Sex F1,16=6.934, 

P<0.05; Time x Sex F5,80=1.085, NS). 

It was also determined if there was a sex difference in nicotine intake when the baseline data from the 

first (SCH 23390) and second experiment (A77636) were combined (prior to testing the D1-like receptor 

agonist and antagonist). There was a no sex difference in nicotine intake during the first three sessions 

when the rats self-administered 0.03 mg/kg/inf of nicotine (Fig. S4, Sex F1,32=2.934, NS; Time x 

Sex=F2,64=0.199, NS). There was also no sex difference in nicotine intake during the following six days 

when the rats had access to 0.06 mg/kg/inf of nicotine (Fig. S4, Sex F1,32=2.854, NS; Time x 

Sex=F5,160=0.294, NS). Nicotine intake decreased during the first three sessions (0.03 mg/kg/inf; Time 

F2,64=17.221, P<0.001) and increased during the following six sessions (0.06 mg/kg/inf; Time 

F5,160=7.513, P<0.001). When days 1-9 were analyzed, there was a trend towards a higher level of 

nicotine intake in the females (Time F8,256=8.183, P<0.001; Sex F1,32=3.567, P=0.068; Time x 

Sex=F8,256=0.238, NS). 

15-min post A77636 treatment: Nicotine intake was decreased 15-min after treatment with A77636 and 

there was no effect of sex on nicotine intake (Fig. 3A; Treatment F3,48=3.631, P<0.05; Sex F1,16=1.799, 
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NS; Treatment x Sex F3,48=1.444, NS). Responding on the active lever was also decreased after 

treatment with A77636 and there was no effect of sex (Fig. S5A, Treatment F3,48=3.244, P<0.05; Sex 

F1,16=1.787, NS; Treatment x Sex F3,48=1.4, NS). Treatment with A77636 or sex did not affect 

responding on the inactive lever (Fig. S5D, Treatment F3,48=1.472, NS; Sex F1,16=0.361, NS; Treatment 

x Sex F3,48=2.711, NS). 

24-h post A77636 treatment: Nicotine intake was decreased 24 h after treatment with A77636 and 

nicotine intake was not affected by the sex of the rats (Fig. 3B, Treatment F3,48=5.857, P<0.05; Sex 

F1,16=3.137, NS; Treatment x Sex F3,48=2.204, NS). Responding on the active lever was decreased after 

treatment with A77636 and there was no sex effect (Fig. S5B, Treatment F3,48=5.341, P<0.01; Sex 

F1,16=3.302, NS; Treatment x Sex F3,48=2.516, NS). Treatment with A77636 or sex did not affect 

responding on the inactive lever (Fig. S5E, Treatment F3,48=1.557, NS; Sex F1,16=0.758, NS; Treatment x 

Sex F3,48=1.018, NS). 

48-h post A77636 treatment: Nicotine intake was decreased 48 h after treatment with A77636 and 

there was no effect of sex on nicotine intake (Fig. 3C, Treatment F3,48=3.527, P<0.05; Sex F1,16=1.639, 

NS; Treatment x Sex F3,48=0.942, NS). Responding on the active lever was also decreased after 

treatment with A77636 and there was no sex effect (Fig. S5C, Treatment F3,48=2.883, P<0.05; Sex 

F1,16=1.855, NS; Treatment x Sex F3,48=0.476, NS). Treatment with A77636 or sex did not affect 

responding on the inactive lever (Fig. S5F, Treatment F3,48=0.125, NS; Sex F1,16=0.006, NS; Treatment x 

Sex F3,48=2.287, NS). 

Experiment 2A: Effect of the D1-like receptor antagonist SCH 23390 on operant responding for food 

15-min post SCH 23390 treatment: The number of food pellets received was decreased 15 min after 

treatment with SCH 23390 and the number of food pellets received was not affected by the sex of the 

rats (Fig. 2C, Treatment F3,42=68.047, p<0.001; Sex F1,14=1.23, NS; Treatment x Sex F3,42=0.812, NS). 

Responding on the active lever was also decreased after treatment with SCH 23390 and not affected by 

the sex of the rats (Fig. S6A, Treatment F3,42=68.002, P<0.001; Sex F1,14=0.821, NS; Treatment x Sex 

F3,42=0.887, NS). Treatment with SCH 23390 or the sex of the rats did not affect responding on the 

inactive lever (Fig. S6C, Treatment F3,42=2.232, NS; Sex F1,14=3.515, NS; Treatment x Sex F3,42=1.6, 

NS).   
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24-h post SCH 23390 treatment: There was no effect of SCH 23390 or sex on the number of food pellets 

received (Fig. 2D, Treatment F3,42=0.849, NS; Treatment x Sex F3,42=0.082, NS; Sex F1,14=2.611, NS), 

or active lever responding (Fig. S6B, Treatment F3,42=0.866, NS; Sex F1,14=2.168, NS; Treatment x Sex 

F3,42=0.083, NS). Treatment with SCH 23390 did not affect inactive lever responding but the females 

had more inactive lever responses than the males (Fig. S6D, Treatment F3,42=1.939, NS; Sex F1,14=6.63, 

P<0.05; Treatment x Sex F3,42=0.083, NS).    

Experiment 2B: Effect of the D1-like receptor agonist A77636 on operant responding for food 

15-min post A77636 treatment: The number of food pellets received was decreased 15 min after 

treatment with A77636 and not affected by the sex of the rats (Fig. 3D, Treatment F3,42=3.271, p<0.05; 

Treatment x Sex F3,42=1.199, NS; Sex F1,14=0.655, NS). Responding on the active lever was decreased 

after treatment with A77636 and not affected by the sex of the rats (Fig. S7A, Treatment F3,42=3.054, 

P<0.05)(Sex F1,14=0.633, NS; Treatment x Sex F3,42=1.18, NS). Treatment with A77636 or the sex of the 

rats did not affect responding on the inactive lever (Fig. 7D, Treatment F3,42=2.633, NS; Sex 

F1,14=1.151, NS; Treatment x Sex F3,42=1.049, NS). 

24-h post A77636 treatment: The number of food pellets received was decreased 24 h after treatment 

with A77636 and there was no effect of sex on the number of food pellets received  (Fig. 3E, Treatment 

F3,42=4.701, P<0.01; Treatment x Sex F3,42=0.584, NS; Sex F1,14=0.181, NS). Responding on the active 

lever was also decreased after treatment with A77636 and not affected by the sex of the rats (Fig. S7B, 

Treatment F3,42=4.697, P<0.01; Sex F1,14=0.16, NS; Treatment x Sex F3,42=0.564, NS). Treatment with 

A77636 or the sex of the rats did not affect responding on the inactive lever (Fig. S7E, Treatment 

F3,42=1.528, NS; Sex F1,14=0.001, NS; Treatment x Sex F3,42=0.331, NS). 

48-h post A77636 treatment: The number of food pellets received was not affected by treatment with 

A77636 or the sex of the rats (Fig 3F, Treatment F3,42=1.403, NS; Treatment x Sex F3,42=1.525, NS; Sex 

F1,14=0.119, NS). Responding on the active lever was not affected by treatment with A77636 or sex (Fig. 

S7C, Treatment F3,42=1.355, NS; Sex F1,14=0.16, NS; Treatment x Sex F3,42=1.52, NS). Treatment with 

A77636 or the sex of the rats did not affect responding on the inactive lever (Fig. S7F, Treatment 

F3,42=0.424, NS; Sex F1,14=2.157, NS; Treatment x Sex F3,42=1.075, NS). 

Experiment 3A: Effect of the D1-like receptor antagonist SCH 23390 on locomotor activity  
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15-min post SCH 23390 treatment: Treatment with SCH 23390 decreased the total distance traveled and 

the females traveled a greater distance than the males (Fig. 2E, Treatment F3,42 = 107.826, P<0.001; Sex 

F1,14=0.767, 8.418, P<0.05; Sex × Treatment F3, 42 = 1.098, NS). Treatment with SCH 23390 also 

decreased horizontal beam breaks and the females had the same number of horizontal beam breaks as 

the males (Fig. S8A, Treatment F3,42 = 117.259, P<0.001; Sex F1,14=0.767, NS; Sex × Treatment F3, 42 = 

1.772, NS). SCH 23390 decreased vertical beam breaks and the females had more vertical beam breaks 

than the males (Fig. S8C, Treatment F3,42 = 70.615, P<0.001; Sex F1,14=18.216, P<0.001; Sex × 

Treatment F3,42 = 2.358, NS). SCH 23390 decreased stereotypies and the number of stereotypies was 

not affected by the sex of the rats (Fig. S8E, Treatment F3,42 = 64.603, P<0.001; Sex F1,14=1.165, NS; 

Sex × Treatment F3, 42 = 3.929, P<0.05).  

24-h post SCH 23390 treatment: Treatment with SCH 23390 did not affect the total distance traveled 24 

h later, and the females traveled a greater distance than the males (Fig. 2F, Treatment F3,42 = 1.196, NS; 

Sex F1,14=10.476, P<0.01; Sex × Treatment F3,42 = 0.049, NS). Treatment with SCH 23390 and the sex of 

the rats did not affect horizontal beam breaks (Fig. S8B, Treatment F3,42 = 0.527, NS; Sex F1,14=0.566, 

NS; Sex × Treatment F3,42= 0.168, NS). Treatment with SCH 23390 did not affect vertical beam breaks 

and the females had more vertical beam breaks than the males (Fig. S8D, Treatment F3,42 = 1.108, NS; 

Sex F1,14=15.032, P<0.01; Sex × Treatment F3,42 = 0.058, NS). SCH 23390 and the sex of the rats did not 

affect stereotypies (Fig. S8F, Treatment F3,42 = 0.43, NS; Sex F1,14=0.924, NS; Sex × Treatment F3,42 = 

0.279, NS). 

Experiment 3B: Effect of the D1-like receptor agonist A77636 on locomotor activity 

15-min post A77636 treatment: Treatment with A77636 did not affect the total distance traveled and 

the females traveled a greater distance than the males (Fig. 3G, Treatment F3,42 = 0.583, NS; Sex 

F1,14=35.041, P<0.001; Sex × Treatment F3, 42 = 2.106, NS). A77636 did not affect the horizontal beam 

breaks but the females had more horizontal beam breaks than the males (Fig. S9A, Treatment F3,42 = 

2.121, NS; Sex F1,14=6.118, P<0.05; Sex × Treatment F3, 42 = 2.387, NS). A77636 did not affect vertical 

beam breaks but the females had more vertical beam breaks than the males (Fig. S9D, Treatment F3,42 

= 3.536, P<0.05; Sex F1,14=21.205, P<0.001; Sex × Treatment F3,42 = 1.451, NS). A77636 decreased the 

number of stereotypies and stereotypies were not affected by the sex of the rats (Fig. S9G, Treatment 

F3,42 = 3.983, P<0.05; Sex F1,14=1.376, NS; Sex × Treatment F3, 42 = 2.686, NS). 
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24-h post A77636 treatment: A77636 did not affect the total distance traveled and the females traveled 

a greater distance than the males (Fig. 3H, Treatment F3,42 = 0.571, NS; Sex F1,14=13.994, P<0.01; Sex × 

Treatment F3, 42 = 2.763, NS). A77636 and the sex of the rats did not affect horizontal beam breaks (Fig. 

S9B, Treatment F3,42 = 0.285, NS; Sex F1,14=2.314, NS;). There was also a drug treatment x sex 

interaction but the post hoc test did not reveal significant effects (Sex × Treatment F3,42 = 3.386, 

P<0.05).  A77636 decreased vertical beam breaks and the females had more vertical beam breaks than 

the males ((Fig. S9E, Treatment F3,42 = 5.752, P<0.01; Sex F1,14=7.33, P<0.05; Sex × Treatment F3, 42 = 

0.186, NS). A77636 did not affect stereotypies and stereotypies were not affected by the sex of the rats 

(Fig. S9H, Treatment F3,42 = 0.691, NS; Sex F1,14=0.155, NS;).  There was also a drug treatment x sex 

interaction but the post hoc test did not reveal significant effects (Sex × Treatment F3, 42 = 5.382, 

P<0.01). 

48-h post A77636 treatment: A77636 decreased the total distance traveled and the females traveled a 

greater distance than the males (Fig. 3I, Treatment F3,42 = 4.645, P<0.01; Sex F1,14=12.376, P<0.01; Sex 

× Treatment F3, 42 = 0.299, NS). Treatment with A77636 decreased horizontal beam breaks and the sex 

of the rats did not affect the horizontal beam breaks (Fig. S9C, Treatment F3,42 = 8.955, P<0.001; Sex 

F1,14=1.498, NS; Sex × Treatment F3, 42 = 0.211, NS). A77636 decreased vertical beam breaks and the 

females had more vertical beam breaks than the males (Fig. S9F, Treatment F3,42 = 5.51, P<0.01; Sex 

F1,14=7.506, P<0.05; Sex × Treatment F3, 42 = 1.052, NS). A77636 did not affect stereotypies and 

stereotypies were not affected by the sex of the rats (Fig. S9I, Treatment F3,42 = 2.677, NS; Sex 

F1,14=0.002, NS; Sex × Treatment F3, 42 = 0.71, NS). 

DISCUSSION 

In the present study, we investigated the effects of the dopamine D1-like receptor antagonist SCH 23390 

and the dopamine D1-like receptor agonist A77636 on operant responding for nicotine and food and 

locomotor activity in adult male and female rats.  Nicotine intake was decreased 15 min, but not 24 h, 

after the administration of the D1-like receptor antagonist SCH 23390. Nicotine intake was also 

decreased 15 min, 24 h, and 48h after the administration of the D1-like receptor agonist A77636.  

Operant responding for food was decreased 15 min after the administration of SCH 23390, but not 24 h 

later. Food intake was also decreased 15 min and 24 h, but not 48 h, after the administration of A77636. 

Locomotor activity was decreased 15 min after the administration of SCH 23390 but not 24 h later. 

Treatment with A77636 only affected locomotor activity at the 48 h time point. The females traveled a 
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greater distance than the males in the small open field test. The sex of the rats did not affect the effects 

of SCH 23390 or A77636 on nicotine and food intake and locomotor activity. The present findings show 

that the D1-like receptor antagonist SCH 23390 induces a brief decrease in nicotine and food intake and 

that the D1-like receptor agonist A77636 induces a prolonged decreased in nicotine and food intake. The 

D1-like receptor agonist A77636 decreased nicotine and food intake at time points (15 min and 24-h 

post treatment) that did not affect locomotor activity.     

We investigated the effects of the D1-like receptor agonist A77636 on nicotine and food intake and 

locomotor activity. The D1-like receptor agonist A77636 had a long-term effect on nicotine intake. 

A77636 decreased nicotine intake 15 min, 24 h and 48 h after treatment. We are not aware of other 

studies that investigated the effects of A77636 or other D1-like receptor agonists on nicotine self-

administration in rats. However, studies have investigated the effects of other D1-like receptor agonists 

on cocaine self-administration in rats. It has been shown that the D1-like receptor agonists SKF 77434 

and SKF 82958 decrease cocaine self-administration in male Wistar rats (Caine and Koob 1994). 

Furthermore, low doses of A77636 that do not affect locomotor activity and decrease the cocaine-

induced locomotor response in male Swiss Webster mice (Chausmer and Katz 2002). These findings 

suggest that D1-like receptor agonists decrease the reinforcing properties of at least some addictive 

psychostimulants. Several studies have investigated the effects of D1-like receptor agonists on brain 

reward function. The dopamine D1-like receptor agonists A77636 and SKF82958 facilitate intracranial 

self-stimulation (ICSS), which suggests that these compounds have rewarding properties (Carr et al. 

2001; Lazenka et al. 2016). In addition, dopamine D1-like receptor agonists SKF81297, SKF82958, ABT-

431 produced conditioned place preference in rats (Graham et al. 2007). However, rhesus monkeys do 

not self-administer the D1-like receptor agonist SKF 38393 (Woolverton et al. 1984). Furthermore, the 

D1-like receptor agonists SKF 82958 and SKF 77434 do not maintain IV self-administration in rats with a 

history of cocaine intake (Caine and Koob 1994). These findings indicate that D1-like receptor agonists 

decrease drug intake and have some rewarding properties. However, because the D1-like receptor 

agonists do not maintain self-administration they might have low abuse potential.  

In the present study, we investigated the effects of SCH 23390 on the self-administration of a high dose 

of nicotine (0.06 mg/kg/inf) in male and female rats. Treatment with the D1-like receptor antagonist led 

to a large decrease in nicotine intake in the male and the female rats. The present finding is in line with a 

previous study that investigated the effects SCH 23390 on the self-administration of a lower dose of 

nicotine (0.03 mg/kg/inf) in adult male Long-Evans rats (Corrigall and Coen 1991). Furthermore, it has 
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also been shown that  SCH 23390 decreases IV nicotine self-administration in adult female Sprague-

Dawley rats (Willette et al. 2019). Our work shows that SCH 23390 has a similar effect on nicotine intake 

in male and female rats. In the present study, we also investigated if SCH 23390 affects operant 

responding for food and activity in the small open field. We found that SCH 23390 decreases operant 

responding for food and also decreases activity in the small open field in the males and the females. The 

highest dose of SCH 23390 decreased nicotine intake by 50 percent but also caused a large decrease in 

operant responding for food and locomotor activity. The observation that SCH 23390 induces a large 

decrease in open field activity suggests that blockade of D1-like receptors has sedative effects or impairs 

motor function. Indeed, it has been reported that blockade of D1-like receptors in humans  and 

monkeys can cause sedation (Gilbert et al. 2014; Lublin et al. 1993). Overall, the present findings 

indicate that blockade of D1-like receptors decreases nicotine intake but also causes a large decrease in 

food intake and locomotor activity. The sedative effects of SCH 23390 might mitigate its effectiveness as 

a smoking cessation treatment.  

In the present study, we also determined sex differences in nicotine intake, food intake, and open-field 

behavior. There was no significant sex differences in baseline nicotine intake and there was no sex 

difference in nicotine intake during the experiment. In our previous work with adult Wistar rats, we 

observed a higher level of nicotine intake in female than male rats (Chellian et al. 2021a; Chellian et al. 

2021b). However, in rats that were trained to respond on the active lever for food pellets before the 

nicotine self-administration sessions sex differences were only observed after the acquisition phase (10 

days of nicotine self-administration)(Chellian et al. 2021a). Food training leads to a high level of nicotine 

intake during the acquisition phase, which may mask sex differences in nicotine intake. Other studies 

reported that there are no sex differences in nicotine intake when nicotine intake has been established, 

and the rats are tested under FR schedules with low response requirements (Chaudhri et al. 2005; 

Donny et al. 2000; Feltenstein et al. 2012; Grebenstein et al. 2013). Female rats may self-administer 

more nicotine than males during the acquisition phase in studies without prior food training (Donny et 

al. 2000; Park et al. 2007; Wang et al. 2018). These studies suggest that females tend to self-administer 

more nicotine than males and these sex differences are most likely to be observed during the acquisition 

phase and when the response requirements are high. A recent meta-analysis that was based on 20 

studies concluded that female rats self-administer more nicotine than male rats (Flores et al. 2019). This 

suggests that large numbers of animals are needed to detect sex difference in nicotine intake in rats. In 

this study we also compared sex differences in activity in the small open field test. Compared to the 
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males, the females traveled a greater distance and displayed more rearing. This is in line with previous 

studies that have shown that females rats are more active in the small open field and other behavioral 

tests (Bruijnzeel et al. 2021; Chellian et al. 2021b; Knight et al. 2021). We did not observe sex difference 

in operant responding for food pellets. This is in line with previous work in which we showed that there 

are no sex difference in operant responding for food pellets in adult Wistar rats when the response 

requirements are low (Chellian et al. 2020c). Sex difference in operant responding for food are observed 

when the response requirement are gradually increased using a  behavioral economics procedure 

(Chellian et al. 2020c). 

It is interesting to note that treatment with the D1-like receptor agonist A77636 had a long-term effect 

on nicotine and food intake. This observation is in line with other studies that showed that A77636 has 

long-term effects. A study with 6-hydroxydopamine (6-OHDA) lesioned animals showed that treatment 

with the D1-like receptor agonist A68930 causes a robust rotation response (Britton et al. 1991). 

However, on the second treatment day, the response was decreased by 95 percent, and on the third 

treatment day, the response was absent (Britton et al. 1991). This indicates that treatment with A68930 

dramatically decreases the sensitivity to D1-like receptor activation. A study with SK-N-MC 

(neuroblastoma) cells showed that pretreatment with A68930 abolished the cAMP response to 

subsequent treatment with this drug (Lin et al. 1996). Furthermore, pre-incubation of rat striatal 

membranes with A-77636 greatly (76 percent) decreased D1-like receptor binding (Lin et al. 1996). A 

recent study with HEK293 cells showed that A77636 dose-dependently increases cAMP levels and 

decreases D1-like receptor levels by almost 50 percent (Nilson et al. 2020). Importantly, clinical studies 

indicate that there is a positive relationship between D1-like receptor levels and the subjective effects of 

drugs, and preclinical studies also show a positive association between D1 receptor levels and the 

behavioral responses to stimulants (Caine et al. 2007; Xu et al. 2000; Zhang et al. 2000; Zhang et al. 

2021). Taken together, these studies suggest that treatment with A77636 leads to prolonged D1-like 

receptor desensitization and may thereby decrease the reinforcing properties of nicotine and food. 

In the present study, we found that the D1-like receptor antagonist SCH 23390 and the D1-like agonist 

A77636 decreased operant responding for food in the male and the female rats. The D1-like agonist and 

antagonist had the same effect on food intake in males and females. Prior studies have reported that 

SCH 23390 and A77636 decrease food intake in male rats. The D1-like antagonist SCH 23390 decreases 

operant responding for food in male Wistar and Long Evans rats (Beninger et al. 1987; Corrigall and 

Coen 1991). A study with male Sprague Dawley rats found that the administration of SCH 23390 into the 
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ventral tegmental area decreases responding for food pellets under a progressive ratio schedule  (Sharf 

et al. 2005). Thus these studies with SCH 23390 indicate that D1-like receptors in the mesolimbic 

dopaminergic system plays a critical role in the reinforcing properties of food. We also found that the 

D1-like receptor agonist A77636 decreases food intake in male and female rats. A study with male 

hooded rats showed that A77636 decreased food intake by reducing the meal size and duration (Cooper 

et al. 2006). The effect of A77636 on food intake is most likely due to the fact that this drug causes 

prolonged dopamine D1-like receptor desensitization (Lin et al. 1996; Nilson et al. 2020). 

In conclusion, the present findings indicate that the D1-like receptor antagonist SCH 23390 induces a 

brief decrease in nicotine and food intake, and the D1-like receptor agonist A77636 induces a prolonged 

decrease in nicotine and food intake. However, SCH 23390 doses that decreased nicotine and food 

intake also caused sedative effects, which may hamper the use of this drug as a smoking cessation aid. 

The D1-like receptor agonist A77636 decreased nicotine and food intake at doses that did not induce 

sedative effects. The D1-like receptor agonist A77636 could potentially be used as a smoking cessation 

aid or appetite suppressant.   
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LEGENDS 

Figure 1. Baseline nicotine intake in male and female rats. The rats self-administered 0.06 mg/kg/inf of 

nicotine in 1 h sessions for six days prior to the onset of the injections with the D1 antagonist SHC 23390 

(A) or the D1 agonist A77636 (B). Nicotine intake was not affected by the sex of the rats. SCH 23390 

baseline group (males n=7, females, n=9), A77636 baseline group (males n=9, females n=9). Data are 

expressed as means ± SEM. 

Figure 2. Effects of the D1-like receptor antagonist SCH 23390 on nicotine and food intake and 

locomotor activity in male and female rats. The effects of SCH 23390 on nicotine (A, 15 min; B, 24 h) 

and food intake (C, 15 min; D, 24 h) and locomotor activity (E, 15 min; F, 24 h) was investigated. 

Treatment with SCH 23390 decreased nicotine and food intake and locomotor activity 15 min, but not 

24 h, later. Nicotine self-administration (males n=7, females, n=9), operant responding for food and 

small open field test (males n=8, females, n=8). Data are expressed as means ± SEM. 

Figure 3. Effects of the D1-like receptor agonist A77636 on nicotine and food intake and locomotor 

activity in male and female rats. The effects of A77636 on nicotine (A, 15 min; B, 24 h; C, 48 h) and food 

intake (D, 15 min; E, 24 h; F, 48 h) and locomotor activity (G, 15 min; H, 24 h; I, 48 h) was investigated. 

Treatment with A77636 decreased nicotine intake 15 min, 24 h, and 48 h later. A77636 decreased food 

intake at the 15 min and 24 h time point and locomotor activity at the 48 h time point. Nicotine self-

administration (males n=9, females, n=9), operant responding for food and small open field test (males 

n=8, females, n=8). Data are expressed as means ± SEM. 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 27, 2022. ; https://doi.org/10.1101/2022.01.24.477590doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.24.477590


 19

REFERENCES 

American Psychiatric Association (2013) Diagnostic and statistical manual of mental health disorders, 

fifth edition (DSM-5). American Psychiatric Publishing, Washington, DC 

Beninger RJ, Cheng M, Hahn B, Hoffman D, Mazurski E, Morency M, Ramm P, Stewart R (1987) Effects of 

extinction, pimozide, SCH 23390, and metoclopramide on food-rewarded operant responding of 

rats. Psychopharmacology 92: 343-349. 

Benowitz NL (2009) Pharmacology of nicotine: addiction, smoking-induced disease, and therapeutics. 

Annual review of pharmacology and toxicology 49: 57-71. 

Benowitz NL (2010) Nicotine addiction. The New England journal of medicine 362: 2295-303. 

Bourne JA (2001) SCH 23390: the first selective dopamine D1-like receptor antagonist. CNS drug reviews 

7: 399-414. 

Britton D, Kebabian J, Curzon P (1991) Rapid reversal of denervation supersenssitivity of dopamine D1 

receptors by 1-dopa or a novel dopamamine D1 receptor agonist, A68930. European journal of 

pharmacology 200: 89-93. 

Bruijnzeel AW (2012) Tobacco addiction and the dysregulation of brain stress systems. 

NeurosciBiobehavRev 36: 1418-1441. 

Bruijnzeel AW, Behnood-Rod A, Malphurs W, Chellian R, Caudle RM, Febo M, Setlow B, Neubert JK 

(2021) Oxycodone decreases anxiety-like behavior in the elevated plus-maze test in male and 

female rats. bioRxiv: 2021.12.02.470973. 

Bruijnzeel AW, Markou A (2004) Adaptations in cholinergic transmission in the ventral tegmental area 

associated with the affective signs of nicotine withdrawal in rats. Neuropharmacology 47: 572-

579. 

Caine SB, Koob GF (1994) Effects of dopamine D-1 and D-2 antagonists on cocaine self-administration 

under different schedules of reinforcement in the rat. JPharmacolExpTher 270: 209-218. 

Caine SB, Thomsen M, Gabriel KI, Berkowitz JS, Gold LH, Koob GF, Tonegawa S, Zhang J, Xu M (2007) 

Lack of self-administration of cocaine in dopamine D1 receptor knock-out mice. Journal of 

Neuroscience 27: 13140-13150. 

Carr KD, Kim G-Y, de Vaca SC (2001) Rewarding and locomotor-activating effects of direct dopamine 

receptor agonists are augmented by chronic food restriction in rats. Psychopharmacology 154: 

420-428. 

CDC (2014) Current Cigarette Smoking Among Adults-United States, 2005-2013. Morbidity and Mortality 

Weekly Report 63: 1108-1112. 

Chaudhri N, Caggiula AR, Donny EC, Booth S, Gharib MA, Craven LA, Allen SS, Sved AF, Perkins KA (2005) 

Sex differences in the contribution of nicotine and nonpharmacological stimuli to nicotine self-

administration in rats. Psychopharmacology 180: 258-266. 

Chausmer AL, Katz JL (2002) Comparison of interactions of D 1-like agonists, SKF 81297, SKF 82958 and 

A-77636, with cocaine: Locomotor activity and drug discrimination studies in rodents. 

Psychopharmacology 159: 145-153. 

Chellian R, Behnood-Rod A, Wilson R, Bruijnzeel AW (2021a) Rewarding effects of nicotine self-

administration increase over time in male and female rats. Nicotine & Tobacco Research. 

Chellian R, Behnood-Rod A, Wilson R, Febo M, Bruijnzeel AW (2021b) Adolescent nicotine treatment 

causes robust locomotor sensitization during adolescence but impedes the spontaneous 

acquisition of nicotine intake in adult female Wistar rats. Pharmacology Biochemistry and 

Behavior 207: 173224. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 27, 2022. ; https://doi.org/10.1101/2022.01.24.477590doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.24.477590


 20

Chellian R, Behnood-Rod A, Wilson R, Kamble SH, Sharma A, McCurdy CR, Bruijnzeel AW (2020a) 

Adolescent nicotine and tobacco smoke exposure enhances nicotine self-administration in 

female rats. Neuropharmacology 176: 108243. 

Chellian R, Behnood-Rod A, Wilson R, Wilks I, Knight P, Febo M, Bruijnzeel AW (2020b) Exposure to 

smoke from high-but not low-nicotine cigarettes leads to signs of dependence in male rats and 

potentiates the effects of nicotine in female rats. Pharmacology Biochemistry and Behavior: 

172998. 

Chellian R, Wilson R, Polmann M, Knight P, Behnood-Rod A, Bruijnzeel AW (2020c) Evaluation of sex 

differences in the elasticity of demand for nicotine and food in rats. Nicotine & Tobacco 

Research 22: 925-934. 

Clendennen SL, Case KR, Sumbe A, Mantey DS, Mason EJ, Harrell MB (2021) Stress, Dependence, and 

COVID-19–related Changes in Past 30-day Marijuana, Electronic Cigarette, and Cigarette Use 

among Youth and Young Adults. Tobacco Use Insights 14: 1179173X211067439. 

Comings DE, Ferry L, Bradshaw-Robinson S, Burchette R, Chiu C, Muhleman D (1996) The dopamine D2 

receptor (DRD2) gene: a genetic risk factor in smoking. Pharmacogenetics and Genomics 6: 73-

79. 

Cooper SJ, Al-Naser HA, Clifton PG (2006) The anorectic effect of the selective dopamine D1-receptor 

agonist A-77636 determined by meal pattern analysis in free-feeding rats. European journal of 

pharmacology 532: 253-257. 

Corrigall WA, Coen KM (1991) Selective dopamine antagonists reduce nicotine self-administration. 

Psychopharmacology (Berl) 104: 171-176. 

Cosgrove KP, Wang S, Kim SJ, McGovern E, Nabulsi N, Gao H, Labaree D, Tagare HD, Sullivan JM, Morris 

ED (2014) Sex differences in the brain's dopamine signature of cigarette smoking. J Neurosci 34: 

16851-5. 

Dagher A, Bleicher C, Aston JA, Gunn RN, Clarke PB, Cumming P (2001) Reduced dopamine D1 receptor 

binding in the ventral striatum of cigarette smokers. Synapse 42: 48-53. 

Donny EC, Caggiula AR, Rowell PP, Gharib MA, Maldovan V, Booth S, Mielke MM, Hoffman A, McCallum 

S (2000) Nicotine self-administration in rats: estrous cycle effects, sex differences and nicotinic 

receptor binding. Psychopharmacology (Berl) 151: 392-405. 

Feltenstein MW, Ghee SM, See RE (2012) Nicotine self-administration and reinstatement of nicotine-

seeking in male and female rats. Drug & Alcohol Dependence 121: 240-246. 

Flores RJ, Uribe KP, Swalve N, O'Dell LE (2019) Sex differences in nicotine intravenous self-

administration: A meta-analytic review. Physiology & behavior 203: 42-50. 

Gilbert DL, Budman CL, Singer HS, Kurlan R, Chipkin RE (2014) A D1 receptor antagonist, ecopipam, for 

treatment of tics in Tourette syndrome. Clinical neuropharmacology 37: 26-30. 

Graham DL, Hoppenot R, Hendryx A, Self DW (2007) Differential ability of D1 and D2 dopamine receptor 

agonists to induce and modulate expression and reinstatement of cocaine place preference in 

rats. Psychopharmacology 191: 719-730. 

Grebenstein P, Burroughs D, Zhang Y, LeSage MG (2013) Sex differences in nicotine self-administration 

in rats during progressive unit dose reduction: implications for nicotine regulation policy. 

Pharmacology, biochemistry, and behavior 114-115: 70-81. 

Hall BJ, Slade S, Allenby C, Kutlu MG, Levin ED (2015) Neuro-anatomic mapping of dopamine D 1 

receptor involvement in nicotine self-administration in rats. Neuropharmacology 99: 689-695. 

Heymann G, Jo YS, Reichard KL, McFarland N, Chavkin C, Palmiter RD, Soden ME, Zweifel LS (2020) 

Synergy of distinct dopamine projection populations in behavioral reinforcement. Neuron 105: 

909-920. e5. 

Huang W, Ma JZ, Payne TJ, Beuten J, Dupont RT, Li MD (2008) Significant association of DRD1 with 

nicotine dependence. Human genetics 123: 133-140. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 27, 2022. ; https://doi.org/10.1101/2022.01.24.477590doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.24.477590


 21

Huxley RR, Woodward M (2011) Cigarette smoking as a risk factor for coronary heart disease in women 

compared with men: a systematic review and meta-analysis of prospective cohort studies. The 

Lancet 378: 1297-1305. 

Ivanova S, Greenshaw AJ (1997) Nicotine-induced decreases in VTA electrical self-stimulation thresholds: 

blockade by haloperidol and mecamylamine but not scopolamine or ondansetron. 

Psychopharmacology (Berl) 134: 187-192. 

Knight P, Chellian R, Wilson R, Behnood-Rod A, Panunzio S, Bruijnzeel AW (2021) Sex differences in the 

elevated plus-maze test and large open field test in adult Wistar rats. Pharmacology 

Biochemistry and Behavior 204: 173168. 

Lazenka MF, Legakis LP, Negus SS (2016) Opposing effects of dopamine D1-and D2-like agonists on 

intracranial self-stimulation in male rats. Experimental and clinical psychopharmacology 24: 193. 

Li N, Jasanoff A (2020) Local and global consequences of reward-evoked striatal dopamine release. 

Nature 580: 239-244. 

Lin CW, Bianchi BR, Miller TR, Stashko MA, Wang SS, Curzon P, Bednarz L, Asin KE, Britton DR (1996) 

Persistent activation of the dopamine D1 receptor contributes to prolonged receptor 

desensitization: studies with A-77636. Journal of Pharmacology and Experimental Therapeutics 

276: 1022-1029. 

Lublin H, Gerlach J, Peacock L (1993) Chronic treatment with the D 1 receptor antagonist, SCH 23390, 

and the D 2 receptor antagonist, raclopride, in cebus monkeys withdrawn from previous 

haloperidol treatment. Psychopharmacology 112: 389-397. 

Lynch WJ (2009) Sex and ovarian hormones influence vulnerability and motivation for nicotine during 

adolescence in rats. Pharmacology Biochemistry and Behavior 94: 43-50. 

Miech R, Johnston L, O’Malley PM, Bachman JG, Patrick ME (2019) Trends in Adolescent Vaping, 2017–

2019. New England Journal of Medicine 381: 1490-1491. 

Nilson AN, Wang P, Jain MK, Zhou J, Allen JA (2020) G Protein Biased Signaling by Non-catechol 

Dopamine D1 Receptor Agonists. The FASEB Journal 34: 1-1. 

Nisell M, Nomikos GG, Svensson TH (1994) Systemic nicotine-induced dopamine release in the rat 

nucleus accumbens is regulated by nicotinic receptors in the ventral tegmental area. Synapse 

16: 36-44. 

O'Neill M, Dourish C, Iversen S (1991) Evidence for an involvement of D1 and D2 dopamine receptors in 

mediating nicotine-induced hyperactivity in rats. Psychopharmacology 104: 343-350. 

Park MK, Belluzzi JD, Han S-H, Cao J, Leslie FM (2007) Age, sex and early environment contribute to 

individual differences in nicotine/acetaldehyde-induced behavioral and endocrine responses in 

rats. Pharmacology Biochemistry and Behavior 86: 297-305. 

Perkins KA, Gerlach D, Vender J, Meeker J, Hutchison S, Grobe J (2001) Sex differences in the subjective 

and reinforcing effects of visual and olfactory cigarette smoke stimuli. Nicotine & tobacco 

research 3: 141-150. 

Perkins KA, Jacobs L, Sanders M, Caggiula AR (2002) Sex differences in the subjective and reinforcing 

effects of cigarette nicotine dose. Psychopharmacology 163: 194-201. 

Pierce RC, Kumaresan V (2006) The mesolimbic dopamine system: the final common pathway for the 

reinforcing effect of drugs of abuse? Neuroscience & biobehavioral reviews 30: 215-238. 

Rezvani AH, Levin ED (2001) Cognitive effects of nicotine. BiolPsychiatry 49: 258-267. 

Sasco A, Secretan M, Straif K (2004) Tobacco smoking and cancer: a brief review of recent 

epidemiological evidence. Lung cancer 45: S3-S9. 

Sharf R, Lee DY, Ranaldi R (2005) Microinjections of SCH 23390 in the ventral tegmental area reduce 

operant responding under a progressive ratio schedule of food reinforcement in rats. Brain Res 

1033: 179-185. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 27, 2022. ; https://doi.org/10.1101/2022.01.24.477590doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.24.477590


 22

Shoaib M, Stolerman IP (1999) Plasma nicotine and cotinine levels following intravenous nicotine self-

administration in rats. Psychopharmacology (Berl) 143: 318-321. 

Wang T, Han W, Chitre AS, Polesskaya O, Woods LCS, Palmer AA, Chen H (2018) Social and anxiety-like 

behaviors contribute to nicotine self-administration in adolescent outbred rats. Scientific reports 

8: 18069. 

WHO (2018) WHO global report on trends in prevalence of tobacco smoking 2000-2025. World Health 

Organization 

WHO (2021) WHO global report on trends in prevalence of tobacco use 2000-2025, fourth edition. 

Geneva: World Health Organization; 2021. Licence: CC BY-NC-SA 3.0 IGO. 

Willette BK, Nangia A, Howard S, DiPalma D, McMillan C, Tharwani S, Evans J, Wells C, Slade S, Hall BJ 

(2019) Acute and chronic interactive treatments of serotonin 5HT2C and dopamine D1 receptor 

systems for decreasing nicotine self-administration in female rats. Pharmacology Biochemistry 

and Behavior 186: 172766. 

Woolverton WL, Goldberg LI, Ginos JZ (1984) Intravenous self-administration of dopamine receptor 

agonists by rhesus monkeys. Journal of Pharmacology and Experimental Therapeutics 230: 678-

683. 

Xu M, Guo Y, Vorhees CV, Zhang J (2000) Behavioral responses to cocaine and amphetamine 

administration in mice lacking the dopamine D1 receptor. Brain research 852: 198-207. 

Xue S, Behnood-Rod A, Wilson R, Wilks I, Tan S, Bruijnzeel AW (2018) Rewarding Effects of Nicotine in 

Adolescent and Adult Male and Female Rats as Measured Using Intracranial Self-stimulation. 

Nicotine & Tobacco Research 22: 172–179. 

Yasuno F, Ota M, Ando K, Ando T, Maeda J, Ichimiya T, Takano A, Doronbekov TK, Fujimura Y, Nozaki S 

(2007) Role of ventral striatal dopamine D1 receptor in cigarette craving. Biological psychiatry 

61: 1252-1259. 

Zhang J, Walsh RR, Xu M (2000) Probing the role of the dopamine D1 receptor in psychostimulant 

addiction. Annals of the New York Academy of Sciences 914: 13-21. 

Zhang R, Manza P, Tomasi D, Kim SW, Shokri-Kojori E, Demiral SB, Kroll DS, Feldman DE, McPherson KL, 

Biesecker CL (2021) Dopamine D1 and D2 receptors are distinctly associated with rest-activity 

rhythms and drug reward. The Journal of clinical investigation 131. 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 27, 2022. ; https://doi.org/10.1101/2022.01.24.477590doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.24.477590


(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 27, 2022. ; https://doi.org/10.1101/2022.01.24.477590doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.24.477590


(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 27, 2022. ; https://doi.org/10.1101/2022.01.24.477590doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.24.477590


(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 27, 2022. ; https://doi.org/10.1101/2022.01.24.477590doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.24.477590

