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Abstract

Rationale—While it is known that tobacco use varies across the 24-hour day, the time-of-day 

effects are poorly understood. Findings from several previous studies indicate a potential role for 

melatonin in these time-of-day effects; however the specific underlying mechanisms have not 

been well characterized. Understanding of these mechanisms may lead to potential novel smoking 

cessation treatments.

Objective—Examine the role of melatonin and melatonin receptors in nicotine free choice 

consumption

Methods—A two-bottle oral nicotine choice paradigm was utilized with melatonin 

supplementation in melatonin deficient mice (C57BL/6J) or without melatonin supplementation in 

mice proficient at melatonin synthesis (C3H/Ibg) compared to melatonin proficient mice lacking 

both or one of the high affinity melatonin receptors (MT1 and MT2; double null mutant DM, or 

MT1 or MT2). Preference for bitter and sweet tastants also was assessed in wild type and MT1 and 

MT2 DM mice. Finally, home cage locomotor monitoring was performed to determine the effect 

of melatonin administration on activity patterns.

Results—Supplemental melatonin in drinking water significantly reduced free-choice nicotine 

consumption in C57BL/6J mice, which do not produce endogenous melatonin, while not altering 

activity patterns. Independently, genetic deletion of both MT1 and MT2 receptors in a melatonin 

proficient mouse strain (C3H) resulted in significantly more nicotine consumption than controls. 

However single genetic deletion of either the MT1 or MT2 receptor alone did not result in 

increased nicotine consumption. Deletion of MT1 and MT2 did not impact taste preference.

Conclusions—This study demonstrates that nicotine consumption can be affected by exogenous 

or endogenous melatonin and requires at least one of the high-affinity melatonin receptors. The 

fact that expression of either the MT1 or MT2 melatonin receptor is sufficient to maintain lower 
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nicotine consumption suggests functional overlap and potential mechanistic explanations. 

Keywords: Melatonin, Nicotine, Mice, Preference Drinking

Introduction

Strong associations are seen between being a late chronotype or a shift worker with drug 

abuse (Prat and Adan, 2011). For nicotine in particular, there are time-of-day differences on 

subjective effects, consumption and smoking intensity (Grainge et al., 2009; Benowitz et al., 

1982; Mooney et al., 2006). Interestingly, smoking decreases prior to sleep onset (Mooney 

et al., 2006) at a time point which coincides with the rise in plasma melatonin (Wright, Jr. et 

al., 2005; Wright, Jr. et al., 2013). Findings from the rodent literature suggest a potential role 

for melatonin in modulating drug sensitivity. For example, the psychomotor stimulant and 

reinforcing properties of cocaine varies with time-of-day; being greater during the light 

versus dark phase of the light-dark cycle (Akhisaroglu et al., 2004; Uz et al., 2002; Kurtuncu 

et al., 2004; Abarca et al., 2002). However, in mouse strains that do not synthesize 

melatonin, this time-of-day effect on cocaine sensitivity is absent (Uz et al. 2002; 

Akhisaroglu et al., 2004). Furthermore, day-night differences in cocaine-induced 

conditioned place preference and locomotor sensitization are abolished if the pineal gland 

(the major source of circulating melatonin) is ablated (Uz et al., 2003; Kurtuncu et al., 

2004). Time-of-day differences in sensitivity to the hypothermic effects of several drugs 

including nicotine, ethanol and apomorphine have also been shown (Morley and Garner, 

1990; Russell, 1993; Mexal et al., 2012). Moreover, recent reports demonstrate that the daily 

variation in sensitivity to the hypothermic effects of nicotine (Mexal et al., 2012) and the 

sensitizing effect of methamphetamine (Hutchinson et al., 2014) are dependent upon 

melatonin signaling. In addition, melatonin can modulate the function of neuronal nicotinic 

receptors (Markus et al., 2003; Lax, 2008). Taken together, these results suggest that 

melatonin is sufficient to alter sensitivity and response to drugs of abuse, including nicotine. 

The importance of understanding the potential role of melatonin in modulating the effects of 

nicotine is highlighted by the finding that melatonin treatment reduces withdrawal-induced 

craving in abstinent smokers (Zhdanova and Piotrovskaya, 2000).

Findings from the alcohol field have demonstrated that initial drug sensitivity is correlated 

with future addiction outcomes (Schuckit, 1994). Similar hypotheses have been put forward 

for initial sensitivity to nicotine and nicotine addiction liability (Pomerleau et al., 1993). 

Despite these observations, and the findings described above showing that melatonin 

modulates initial drug sensitivity, little is known regarding the impact of melatonin on 

chronic measures of drug seeking. Therefore, the goal of this study was to determine the 

effect of melatonin and the high affinity melatonin receptors MT1 and MT2 on nicotine 

intake. Specifically, the experiments described in this study examined the ability of 

melatonin to modulate nicotine consumption in a two-bottle choice task and the impact of 

MT1 and/or MT2 receptor deletion on nicotine intake in the same task. Finally, several 

control experiments were performed including 24-hour home cage locomotor activity 

measurements to determine the effect of melatonin supplementation on the amplitude of the 

activity rhythm and the timing of peaks and nadirs of locomotor activity. In addition tastant 

drinking was performed to see if genetic deletion of MT1 and MT2 melatonin receptors 

altered bitter or sweet taste sensitivity.
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Methods

Animals

Male C3H/Ibg (C3H), C3H MT1 and MT2 double null mutant (MT1/MT2 DM), C3H MT1 

alone (MT1), C3H MT2 alone (MT2) and C57BL/6J (C57) mice were maintained on a 

normal 12h/12h light-dark cycle (lights on at 0700 and off at 1900). C57 is a commonly 

used strain for studies of drug abuse, but is deficient in melatonin production. Therefore, this 

strain was used to assess the effect of exogenous melatonin on nicotine intake. In contrast, 

C3H is one of the few commonly used inbred mouse strains able to produce endogenous 

melatonin (Goto et al., 1989; Vivien-Roels et al., 1998) and is thus well suited for studies of 

the effects of endogenous melatonin on nicotine intake. For the endogenous melatonin 

studies, C3H mice or C3H mice lacking one or both G-protein coupled melatonin receptors 

(MT1 and MT2) were utilized. C3H MT1/MT2 double null mutant (DM) mice were 

generously provided by Dr. David Weaver (University of Massachusetts) and were 

maintained as double homozygous breeders. The MT1/MT2 DM was originally bred onto a 

C3H/He genetic background for 10 generations as described elsewhere (Jin et al. 2003; Liu 

et al. 1997). These double mutants were used to generate the MT1 and MT2 single receptor 

null mutant strains by crossing to C3H/Ibg mice. After the initial cross, MT1 and MT2 single 

mutants were maintained with a heterozygous x heterozygous breeding scheme so that 

homozygous mutant animals were matched with wild-type littermate controls for testing.

Importantly, C57 mice were only used in exogenous melatonin supplementation studies 

while C3H background mice were only used to study endogenous melatonin. No 

comparisons were made between the exogenous and endogenous melatonin experiments due 

to the different strains utilized for the experiments. Animals had ad libitum access to food 

(Teklad 22/5 rodent diet, Harlan, Madison, WI) and water. All animals were tested between 

60–120 days of age. All procedures were carried out in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the 

University of Colorado’s Institutional Animal Care and Use Committee. All efforts were 

made to minimize pain and suffering of animals and to minimize the number of animals 

used.

Drugs

Nicotine free base was purchased from Sigma (St. Louis, MO, USA) and diluted to the 

appropriate concentration in tap water for drinking studies. Melatonin was purchased from 

Tocris (St. Louis, MO, USA) and dissolved in 100% ethanol to a concentration of 400 

μg/mL, which was further diluted to 400 ng/mL in tap water (for a final ethanol 

concentration of 0.1% in drinking solutions). To avoid potential confounds, control groups 

were also supplemented to 0.1% ethanol in drinking solutions. Quinine and saccharin were 

obtained from Sigma (St. Louis, MO, USA) and were resuspended in tap water at two 

different concentrations based on previously published results (Kamens et al., 2010; Kamens 

et al., 2005). The high concentration for quinine was 0.03 mM, the low was 0.015 mM. For 

saccharin, the high concentration was 0.066%, and low was 0.033%.
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Preference drinking

The 2-bottle choice paradigm has been extensively used by our lab as a measure of drug 

intake (Stitzel et al., 2000; Wilking et al., 2010; Li et al., 2007; Li et al., 2005). In order to 

investigate the effect of melatonin on nicotine 2-bottle preference drinking, C57 mice were 

utilized. Furthermore, to examine the effect of melatonin signaling, MT1/MT2, MT1 and 

MT2 null mutant animals on a C3H background were used. Briefly, on day 0 animals were 

weighed, singly housed and provided with 2 water filled tubes fitted with sipper tops. Food 

was available ad libitum for the entirety of the study. For 4 subsequent days, each tube was 

weighed to determine consumption and the position was reversed. After 4 days of water, a 

nicotine solution was substituted for one of the water bottles and the procedure was repeated 

for 4 more days. This pattern repeated with increasing concentrations of nicotine. Control 

cages with sipper tubes that did not house an animal, but were otherwise treated identically 

with experimental cages were included to account for handling-induced spillage and 

evaporative loss. This correction was extremely consistent across all experiments and 

averaged between 0.1 – 0.2 mL per bottle per day. The concentrations varied depending on 

the background strain because of known differences in nicotine intake (Robinson et al., 

1996; Li et al., 2005; Li et al., 2007). For C57 animals, the concentrations were 0, 25, 50, 

100, 150 and 200 μg/mL and for C3H and melatonin DM animals the concentrations were 0, 

10, 20, 35, 50, 75 and 100 μg/mL, while an abbreviated range of 0, 25, 50, 75 and 100 

μg/mL was used for single melatonin receptor null mutant studies. In addition, the C57 

animals in the melatonin supplement groups had 400 ng/mL melatonin in 0.1% ethanol 

vehicle added to both the water and nicotine drinking bottles, while melatonin control group 

had 0.1% ethanol without melatonin added to both drinking solutions. The dependent 

variables measured in these studies were nicotine consumption both for each nicotine 

concentration and in total across the entire study, preference ratio (percent of total fluid 

consumption occurring from the nicotine bottle), and total fluid intake.

Home cage locomotor activity

Locomotion assessments were done in the home cage using infrared sensors mounted on one 

side of the cage top (Mini Mitter, Bend, OR, USA). To mimic the conditions from the 2-

bottle nicotine preference studies, animals were singly housed on day 0 and provided with 

drinking bottles containing either plain tap water plus vehicle or tap water supplemented 

with 400 ng/mL melatonin in vehicle. Every 4 days, a new solution was prepared with fresh 

melatonin. Food was available ad libitum throughout the study. Water bottles were weighed 

each day between 1300 and 1400, and the amount of fluid consumed was recorded. Bottles 

were weighed during this restricted time window to control for potential increases in 

locomotor activity from the slight disturbance of the bottle weighing procedure. Locomotor 

activity was assessed as number of beam breaks recorded in 10 minute bins across a 24 hour 

period for 28 days. Non-orthogonal spectral analysis (Czeisler et al., 1999) was used to 

estimate the activity rhythm amplitude, time of the peak and nadir of activity, along with the 

standard deviation for each (a measure of consistency of the rhythm). These measures were 

separately calculated across all 28 days of the experiment, as well as in 4 day bins 

corresponding to the 4 days blocks in the preference studies.
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Tastant drinking

A similar procedure to the 2-bottle nicotine preference paradigm was used to test saccharin 

and quinine preference of the MT1/MT2 DM animals. Two bottles were provided; one 

contained pure tap water while the other contained the low concentration of either saccharin 

or quinine. The order of the tastant presentation was randomized and counterbalanced. Each 

day the water bottles were weighed to determine consumption and the position on the cage 

top was switched. At the end of the 4th day, the tastant was switched to the higher 

concentration. After 8 days with the initial tastant, the procedure was repeated for 8 more 

days with the alternate tastant. From daily consumption data, the preference for each 

solution was calculated.

Statistics

Dependent variables in the preference drinking studies (both for nicotine and for tastants) 

were analyzed with a repeated measures 2-way ANOVA (genotype or melatonin treatment x 

day) and included nicotine dose consumed (mg/kg/day), preference for nicotine-containing 

bottle (% preference) and total fluid consumed (mL). Melatonin’s effect on locomotor 

activity patterns was assessed with a t-test between melatonin and control groups for all 28 

days of the study. In addition, to test for any tolerance development, data was analyzed in 

sets of 4 days to mirror the preference drinking studies. This data was analyzed using a 2-

way ANOVA with time and treatment as the factors. Post-hoc tests included analysis by the 

Tukey method. Significant results were considered to have an α-level of 0.05 or less. All 

statistical analyses were performed in SPSS 21.0 (IBM Corp. Armonk, NY) and figures 

were constructed in Prism 5.0 (GraphPad Software Inc, La Jolla, CA).

Results

Melatonin effects on nicotine preference drinking in C57BL6/J mice

C57 mice were tested in a two-bottle choice nicotine intake paradigm in which the drinking 

water was either tap water plus vehicle or 400 ng/mL melatonin in vehicle added to tap 

water. This melatonin dose was arrived at after a dose-response experiment was performed 

with melatonin concentrations ranging from 100 ng/mL to 2 μg/mL (data not shown) 

indicated that the 400 ng/mL dose was the most effective at reducing nicotine intake. As 

seen in figure 1, when C57 animals received supplemental melatonin in their drinking water, 

they significantly decreased their nicotine intake without altering total fluid consumption. In 

panel A, main effects of melatonin treatment (p < 0.005) and nicotine concentration (p = 

0.0001) were observed for nicotine dose consumed. There was also a significant effect of 

total dose consumed over the course of the study (p < 0.05, panel B). Importantly, these 

reductions in nicotine consumption were independent of total fluid consumption, where 

there was no main effect of melatonin treatment (p = 0.73, panel C). For nicotine preference, 

seen in panel D, there were again significant main effects of melatonin supplementation (p < 

0.0005) and nicotine concentration (p < 0.0001). This measure also shows that melatonin 

supplementation reduced preference for the nicotine bottle.
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The effect of melatonin supplementation on circadian parameters

To test if the 400 ug/mL melatonin supplementation that resulted in lowered nicotine 

preference drinking also affected circadian parameters, home cage locomotor activity was 

examined. When data were analyzed for all 28 days in aggregate (see figure 2, panel A), 

there was no significant effect of melatonin supplementation on the rhythm parameters. As 

shown in table 1, the amplitude of the calculated activity rhythm (p = 0.69) and its standard 

deviation (p = 0.81) were unchanged between melatonin supplemented groups compared to 

controls. The timing for the peak (p = 0.75) and nadir (p = 0.32) of the activity rhythm also 

remained unchanged when animals consumed the 400 ng/mL supplemental melatonin 

compared to control (table 1). The standard deviation for the nadir of activity (a measure of 

how stable the timing of the nadir of activity is) showed a trend toward significance (p = 

0.06) while the standard deviation for the peak in activity was not significant (p = 0.96). 

Finally, when data was analyzed in 4 day bins that would correspond to nicotine 

concentrations in the 2-bottle preference drinking studies described above (see figure 2, 

panels B–H), no significant effects of melatonin supplementation were observed. Table 2 

shows calculated amplitude of the activity rhythm along with standard deviation across the 

study. There was a significant main effect of 4-day bin (p < 0.005 for amplitude, p < 0.0005 

for standard deviation of amplitude), but not of melatonin supplementation (p = 0.72 for 

amplitude and p = 0.80 for standard deviation of amplitude). Similarly, table 2 also shows 

that there were significant effects of 4-day bin on measures of the peak and nadir of activity. 

For the nadir of activity, there was a non-significant trend for a main effect of day (p = 0.07) 

and there was a significant effect on standard deviation of the nadir (p < 0.01), however 

there was no effect of melatonin supplementation (p = 0.89 and p = 0.13, respectively). 

There was also a significant main effect of day on peak activity (p < 0.001) and standard 

deviation of peak activity (p < 0.05), but no effect of melatonin supplementation on these 

measures (p = 0.19 and p = 0.78, respectively).

Melatonin effects on nicotine preference drinking in C3H inbred mice and MT1/MT2 DM 
mice

To more specifically examine the effect of melatonin signaling on nicotine preference 

drinking, animals harboring genetic deletions of both high-affinity melatonin receptors 

(MT1 and MT2) on a C3H background (animals which do produce endogenous melatonin) 

were tested in the two-bottle choice paradigm. As seen in figure 3, animals that lack 

melatonin receptors consumed significantly more nicotine than did controls. A main effect 

of genotype was observed for nicotine dose consumed (p > 0.0001, panel A), and 

approached significance for preference for the nicotine bottle (p = 0.063, panel D). There 

was also a main effect of nicotine concentration for measures of both nicotine dose (p < 

0.0001) and preference rating (p < 0.0001), but no interaction of genotype x day. No main 

effect of genotype on total fluid consumption (p = 0.21) was found, however there was a 

main effect of nicotine concentration (p < 0.0001), where mutants drank slightly more over 

the course of the study. This could be confounding, so post-hoc tests were performed, 

demonstrating no effect of genotype at any of the concentrations measured.
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Tastant drinking C3H inbred mice and MT1/MT2 dKO mice

Genetic differences that impact taste perception may impact oral nicotine preference (Gyekis 

et al., 2012). Because we were unable to find data in the literature for the tastant preference 

in the MT1/MT2 double-null mutant animals, we tested their preference for the bitter quinine 

solution and the sweet tastant saccharin. As seen in figure 4, there were no significant 

differences between genotypes on preference for high or low concentrations of quinine (p = 

0.22 and p = 0.77 respectively) or preference for high or low saccharin concentrations (p = 

0.86 and p = 0.70).

Dissection of MT1 and/or MT2 receptor effects on preference drinking

To further examine the contributions of the MT1 and MT2 melatonin receptors for nicotine 

intake, animals with deletions of either the MT1 or MT2 melatonin receptor genes were 

tested. As seen in figure 5, when the MT1 null mutant line was tested, a significant main 

effect of nicotine concentration on nicotine consumption (p < 0.0001) was observed, but not 

a main effect of MT1 genotype (p = 0.67). We also did not see an effect of MT1 genotype 

effect on total nicotine consumption throughout the study (p = 0.67). While not significant, 

there was a trend for a main effect of nicotine concentration on total fluid consumption (p = 

0.06), but not MT1 genotype (p = 0.37). Finally, the expected reduction in preference for the 

nicotine containing bottle as nicotine concentrations increase was observed (p < 0.0001), but 

there was no main effect of MT1 genotype (p = 1.0). Results were nearly identical for the 

MT2 line as seen in figure 6. A significant main effect of nicotine concentration on nicotine 

consumption (p < 0.0001) emerged, but no main effect of MT2 genotype (p = 0.86) was 

observed. We did not see a MT2 genotype effect on total nicotine consumption throughout 

the study (p = 0.86). Neither nicotine concentration (p = 0.45) nor MT2 genotype (p = 0.65) 

resulted in a significant effect on total fluid consumption. Finally, there was again a 

significant main effect of nicotine concentration on preference for the nicotine containing 

bottle (p < 0.0001), but not a main effect of the MT2 genotype (p = 0.70).

Discussion

The experiments in this study demonstrate that both exogenous and endogenous melatonin 

are sufficient to reduce free-choice nicotine consumption. Importantly, this is found from 

two independent, but complimentary approaches; 1) melatonin supplementation in an inbred 

strain that does not produce endogenous melatonin (C57BL/6) reduces nicotine preference 

drinking, and 2) genetic deletion of both MT1 and MT2 in an inbred strain that does have 

endogenous melatonin production (C3H) increases nicotine consumption. Deletion of 

individual MT1 or MT2 receptors alone did not lead to increased nicotine consumption 

indicating that either receptor is sufficient to maintain reduced nicotine consumption in a 

melatonin producing animal. The effect of melatonin on nicotine intake is independent of 

alterations in total fluid intake. Importantly, melatonin supplementation at the doses 

sufficient to reduce nicotine intake does not alter gross daily patterns in activity. Previous 

literature has suggested a role for melatonin in drug-related behavior by comparing 

melatonin producing vs non-melatonin producing mouse strains (Akhisaroglu et al., 2004; 

Mexal et al., 2012; Uz et al., 2002), or by ablating the source of melatonin, the pineal gland 

(Kurtuncu et al., 2004; Uz et al., 2003). However, these methods have confounds and are 
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only suggestive of a role of melatonin in drug-related behaviors. For example, making 

comparisons between different strains of mice suffers from the possibility that behavioral 

differences are due to genetic background effects rather than the ability or inability to 

synthesize melatonin. Also, pineal ablation does not account for other functions of the 

pineal. Therefore data presented here that directly examine the effect of melatonin on 

nicotine consumption in two independent models, extend previous findings and are the first 

demonstration that melatonin, and/or melatonin receptor activation, is able to reduce 

nicotine drug-seeking behavior.

The observation that 400 ng/mL melatonin supplementation in drinking water reduces 

nicotine consumption in the absence of gross alterations in locomotor activity is significant. 

This is consistent with, and extends results from a recent publication that showed that a 20 

ng/mL melatonin supplementation in drinking water did not affect locomotor activity 

(Adamah-Biassi et al., 2013). Previous work in both humans and in rodents has shown that 

melatonin and melatonin agonists are able to shift the circadian clock and promote sleep 

when administered during the biological daytime (Benloucif and Dubocovich, 1996; Arendt 

and Skene, 2005; Markwald et al., 2010; Burke et al., 2013). One could speculate that this 

lack of effect could be because mice lacking endogenous melatonin (C57) do not have 

normal melatonin receptor expression. There is little direct evidence to support this 

possibility. On the contrary, there is a large body of literature showing that administration of 

physiologically relevant concentrations of melatonin to C57 mice produces the expected 

phase shifts, and that this effect is through the typical G-protein coupling (for a general 

review, see Dubocovich and Markowska, 2005). Given that the overall goal of work such as 

this is to not only understand how melatonin interacts with nicotine administration, but also 

to develop drugs to alleviate nicotine dependence, any novel therapeutics must be free from 

significant side effects. To date, there has only been a single paper on the potential for 

melatonin as a smoking cessation aid. Zhdanova and Piotrovskaya et al. (2000) found that 

when melatonin supplements are given to abstinent heavy smokers, self-reported measures 

of craving are reduced. Importantly, this is found in the absence of any alterations in self-

reported measures of sleepiness (Zhdanova and Piotrovskaya, 2000). Given these data, 

combined with the findings presented here, further investigation of low dose melatonin or 

other melatonin agonists as novel therapeutics for smoking cessation should be considered.

It is also important to note that increases in nicotine consumption in the C3H background 

when both high affinity receptors are genetically deleted occur in the absence of changes to 

sweet or bitter taste preference. Previous work has shown that differences in nicotine 

preference drinking between inbred mouse strains are at least partially due to differences in 

taste preferences (Dahl et al., 1997). Furthermore, Gyekis et al. showed that mice that have 

been conditioned to avoid a bitter tasting quinine solution will also transfer this conditioning 

to nicotine solutions, and vice versa (Gyekis et al., 2012). This suggests that some portion of 

the sensory experience of nicotine is bitter tasting, and it could be possible that melatonin 

receptors play some role in bitter taste, but not in the rewarding properties of nicotine itself. 

This can be ruled out by the tastant drinking data, which shows that mice that have had both 

MT1 and MT2 melatonin receptors do not have alterations in tastant drinking as compared to 

wildtype littermates.
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One potential limitation of the MT1/MT2 double mutant experiments is background strain. 

The double mutant mice were initially generated on a C3H/He background but have been 

maintained by double-homozygous breeding for minimally 30–40 generations following 

their initial development. As a result, a true control strain no longer exists for these animals. 

In the experiments in this study, C3H/Ibg mice were used as the control strain. This C3H 

substrain was chosen because it, like C3H/He, is a substrain of C3H with a functional Tlr4 

gene. In contrast, the C3H/HeJ substrain has a known loss of function mutation in the toll-

like receptor 4 (Tlr4). Having the same Tlr4 allele between controls and the MT1/MT2 

double mutant mice is critical since it has been demonstrated that some actions of melatonin 

are dependent on Tlr4 (Xia et al., 2012). Nonetheless, even with a Tlr4-matched C3H strain 

some care must be taken with interpretation of these data. Given the potential control strain 

concern, it is especially important that the completely independent data from C57 mice with 

supplemental melatonin is consistent with the findings of the MT1/MT2 double mutant data.

One of the most interesting findings from this report is that expression of either MT1 or MT2 

receptors alone is sufficient to maintain a reduced nicotine preference drinking in C3H mice. 

When both receptors are genetically deleted, there is a significant increase in nicotine 

consumption, however when MT1 alone or MT2 alone are removed, nicotine intake remains 

comparable to wildtype littermates. Melatonin receptors are G-protein coupled, and 

expressed throughout the body, though MT1 and MT2 have somewhat distinct patterns of 

expression (Reppert et al., 1994; Liu et al., 1997; Dubocovich et al., 1998; Reppert et al., 

1995). Depending on tissue type, MT1 and MT2 can be coupled to different G-proteins (for 

review, see Hardeland, 2009), however if either melatonin receptor is sufficient to keep 

nicotine intake low, or if the high-affinity melatonin receptors are able to compensate for 

each other, this suggests a parallel signaling pathway. This also suggests a likely place to 

begin looking for the effect is in brain regions that express both receptors. There are a 

number of places of overlap, such as the hippocampus or hypothalamus (Liu et al., 1997; 

Reppert et al., 1995; Dubocovich et al., 1998), both of which have previously been 

implicated in reward and drug abuse pathways (Koob and Volkow, 2010).

Finally, because melatonin and/or melatonin signaling reduces nicotine preference drinking, 

and nicotine acts on nicotinic acetylcholine receptors (nAChRs), one of the next questions to 

answer is which nicotinic receptor subtypes are modulated by melatonin in a way that leads 

to decreased nicotine intake. Some preliminary evidence comes from a study by Lax who 

demonstrated that physiological levels of melatonin are able to alter function of nicotine 

induced currents in cultured cerebellar granular neurons, primarily through α4β2 nAChRs 

(Lax, 2008). Consistent with the possibility that melatonin modulates nicotine intake though 

modulating α4β2 nAChRs, previous studies have demonstrated that α4β2 receptors are 

involved in nicotine preference drinking (Butt et al., 2005; Wilking et al., 2010). 

Alternatively, there is also evidence that melatonin is able to alter function of α7 nAChRs, 

which have also been shown to affect rewarding properties of nicotine (Brunzell and 

McIntosh, 2012). Markus et al. used a combination of specific agonists and antagonists and 

found that melatonin is able to modulate nicotine-induced glutamate release in cerebellar 

slices through α7 nAChRs (Markus et al., 2003). Together these studies suggest a possible 

mechanistic explanation; that melatonin affects function of α4β2 and/or α7 nAChRs, which 

leads to reduction in nicotine preference drinking. Further research is needed to determine 
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specifically which receptors are affected by melatonin, as well as the molecular mechanism 

by which these changes occur.

In summary, we found that melatonin signaling is able to reduce nicotine preference 

drinking in two independent mouse strains. Furthermore, the optimal dosage of melatonin 

used for this reduction in nicotine preference does not alter circadian patterns in locomotor 

activity. We also found that genetic deletion of MT1 and MT2 does not affect preference for 

sweet or bitter solutions, suggesting that alterations in nicotine preference are not due to 

changes in gustatory response. While there is still much work to be done to determine the 

exact mechanism by which melatonin effects nicotine preference, these studies may provide 

a foundation for novel smoking cessation therapies.
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Figure 1. Effect of melatonin supplementation on nicotine 2-bottle preference drinking in C57 
mice
When C57BL/6J mice have supplemental melatonin, they drink significantly less nicotine 

than the controls. Panel (A) shows nicotine dose consumed per day. There was a significant 

main effect of nicotine concentration (F3, 132 = 32.00, p < 0.0001), and melatonin 

supplementation (F1, 132 = 9.68, p < 0.005). Panel (B) shows total nicotine intake over the 

course of the study, where a significant effect of melatonin supplementation (t = 2.335, df = 

34, p < 0.05) was observed. Panel (C) shows total fluid intake where there are no differences 

by melatonin supplementation (F1, 132 = 0.12, p = 0.73) or nicotine concentration (F3, 132 = 

0.30, p = 0.82). Panel (D) shows nicotine preference, which demonstrated main effects of 

melatonin treatment (F1, 132 = 14.45, p < 0.0005) and nicotine concentration (F3, 132 = 9.827, 

p < 0.0001). Data is displayed as mean ± SEM and n=17 control, 19 melatonin 

supplemented animals. *denotes main effect differences between melatonin and control 

conditions.
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Figure 2. Effect of melatonin supplementation on locomotor activity in C57 mice
Supplemental melatonin administration in drinking water does not affect circadian patterns 

of locomotor activity. Panel (A) shows overall locomotor activity across the entire 28-day 

study period. For clarity, in the remaining panels (B–H) data was collapsed into 2-hour bins 

and plotted for 4-day periods that mimic the conditions in the presented preference drinking 

studies. Data was analyzed for time of minimum and maximum activity as well as amplitude 

of the rhythm, and no significant main effects of melatonin supplementation were seen (see 

tables 1&2). For this study n=15 control and 16 melatonin supplemented mice.
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Figure 3. Effect of melatonin signaling on nicotine 2-bottle preference drinking in C3H mice
Panel (A) shows nicotine dose consumed. There was a significant main effect of nicotine 

concentration (F5, 180 = 19.18, p > 0.0001), and genotype (F1, 180 = 18.84, p > 0.0001) with 

MT1/MT2 DM animals drinking more nicotine. Panel (B) shows total nicotine intake over 

the course of the study where a significant effect of genotype (t = 2.78, df = 32, p < 0.01) 

was observed. Panel (C) shows total fluid intake which demonstrated a significant main 

effect of nicotine concentration (F6, 180 = 13.20, p < 0.0001) and genotype (F1, 180 = 3.46, p 

= 0.21), which resulted in slightly increased fluid intake in null mutant animals. Post-hoc 

tests revealed no significant difference at any nicotine concentration for genotype, though 

the 10 and 20 μg/mL concentrations approached significance. Panel (D) shows nicotine 

preference, which displayed a main effect of nicotine concentration (F6, 180 = 72.10, p < 

0.0001) and a trend towards significance for genotype (F1, 180 = 1.02, p = 0.063). Data is 

represented as mean ± SEM and n=16 wildtype and 16 DM mice. MT1/MT2 DM = MT1 and 

MT2 double melatonin receptor null mutant animals. *denotes main effect differences 

between wildtype and MT1/MT2 DM animals.
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Figure 4. Effect of MT1/MT2 genetic deletion on saccharine and quinine 2-bottle preference 
drinking
Panels (A & B) show preference data for the sweet tasting saccharin solution at low and 

high concentrations respectively. No significant differences were seen at either saccharin 

concentration (t = 0.38, df = 30, p = 0.70) and (t = 0.18, df = 30, p = 0.86 for low and high 

respectively). Panels (C & D) show preference ratios for the bitter quinine consumption at 

high and low concentrations respectively. There were no significant differences seen in 

preference for the low concentration of quinine (t = 0.30, df = 30, p = 0.77) or the high 

concentration (t = 1.24, df = 30, p = 0.22). Data is represented as mean ± SEM and n=16 

wildtype and 16 DM mice. MT1/MT2 DM = MT1 and MT2 double melatonin receptor null 

mutant animals
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Figure 5. Effect of genetic deletion of only the MT1 melatonin receptor on nicotine preference 
drinking
Panel (A) shows nicotine consumption by nicotine concentration. No significant main effect 

of genotype was observed (F1, 100 = 0.19, p = 0.67), but there was a main effect of nicotine 

concentration (F4, 100 = 22.55, p < 0.0001). Panel (B) shows total nicotine consumption 

across the entire study, where no significant effect of genotype was observed (t = 0.44, df = 

25, p = 0.67). As seen in panel (C) there were no significant main effects of nicotine 

concentration (F4, 100 = 2.36, p = 0.06) or genotype (F1, 100 = 0.82, p = 0.37) on total fluid 

consumption. Finally, in panel (D) there was no main effect of genotype (F1, 100 = 0.0003, p 

= 1.0) on preference for the nicotine bottle, however there was a significant main effect of 

nicotine concentration (F4, 100 = 230.7, p < 0.0001). Values are presented as mean (SEM) 

and n = 14 control and 13 MT1 null mutant.
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Figure 6. Effect of genetic deletion of only the MT2 melatonin receptor on nicotine preference 
drinking
Panel (A) shows nicotine consumption by nicotine concentration. No significant main effect 

of genotype was observed (F1, 64 = 0.03, p = 0.86), but there was a main effect of nicotine 

concentration (F4, 64 = 23.70, p < 0.0001). Panel (B) shows total nicotine consumption 

across the entire study, where no significant effect of genotype was observed (t = 0.18, df = 

16, p = 0.86). As seen in panel (C) there were no significant main effects of nicotine 

concentration (F4, 64 = 0.93, p = 0.45) or genotype (F1, 64 = 0.21, p = 0.65) on total fluid 

consumption. Finally, in panel (D) there was no main effect of genotype (F1, 64 = 0.15, p = 

0.70) on preference for the nicotine bottle, however there was a significant main effect of 

nicotine concentration (F4, 64 = 111.4, p < 0.0001). Values are presented as mean (SEM) and 

n = 10 control and 8 MT2 null mutant.
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Table 1
Effect of melatonin supplementation on circadian parameters in C57 mice across the 
entire 28-day study period

Values obtained from non-orthogonal spectral analysis of home cage locomotor activity across all 28 days of 

the study. Values are presented as mean (SEM) and n = 15 control and 16 melatonin supplemented animals.

28 Days Combined

Control Melatonin

Amplitude 8.4 (0.9) 7.9 (0.8)

SD Amplitude 2.6 (0.2) 2.7 (0.1)

Time of Nadir 12.8 (1.9) 11.8 (1.4)

SD Time of Nadir 2.7 (0.3) 2.7 (0.4)

Time of Peak 19.7 (1.3) 21.7 (1.5)

SD Time of Peak 3.1 (0.3) 3.9 (0.3)
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