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Abstract

The drug of abuse methamphetamine (METH) is known for its ability to enhance reward 

responses. The rewarding properties of psychostimulants have been shown to vary across time of 

day in mice. The goal of this study was to determine the role of the MT1 and MT2 melatonin 

receptors in METH-induced reward, as measured by the conditioned place preference (CPP) 

paradigm during the light and dark phases. C3H/HeN wild-type mice were trained for METH-

induced CPP at either ZT 6–8 (ZT: Zeitgeber time; ZT 0 = lights on), when endogenous melatonin 

levels are low, or ZT 19–21, when melatonin levels are high. These time points also correspond to 

the high and low points for expression of the circadian gene Period1, respectively. The locomotor 

response to METH (1.2 mg/kg, ip) treatment was of similar magnitude at both times, however 

only C3H/HeN mice conditioned to METH at ZT 6–8 developed a place preference. C3H/HeN 

mice with a genetic deletion of either the MT1 (MT1KO) or MT2 (MT2KO) receptor tested at ZT 

6–8 or ZT 19–21 did not develop a place preference for METH, though both showed a similar 

increase in locomotor activity following METH treatment when compared to wild-type mice. We 

conclude that in our mouse model METH-induced conditioned place preference is dependent on 

time of day and the presence of the MT1 or MT2 receptors, suggesting a role for melatonin in 

METH-induced reward.
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1. Introduction

The circadian timing system plays an important role in the expression of psychostimulant 

induced reward and sensitization [1]. Interestingly, overdose-related emergency room 

admissions [2] and the concentrations of illicit substances in wastewater [3] have been found 

to follow a circadian rhythm, suggesting a diurnal variation in drug abuse exists in humans. 

Similarly, in rodents the expression of conditioned place preference (CPP) for cocaine has 

been shown to vary according to the time of day the drug is administered [4]. Furthermore, 

the diurnal variations observed in cocaine-induced CPP are absent in pinealectomized 

C3H/HeN mice [5], suggesting the involvement of a circadian oscillator, molecule and/or 

signaling pathway in psychostimulant induced CPP. Clock genes, including Period 1 (Per 1) 

and CLOCK, have been linked to CPP [4] and drug-induced sensitization [6, 7]. Melatonin, 

a molecule secreted from the pineal gland following a circadian rhythm with high levels at 

night and low levels during the day [8], is a potential modulator of psychostimulant-induced 

CPP. In nocturnal animals the circadian rhythm of melatonin production is entrained by 

light, with levels of this molecule being elevated during the active phase [9]. In the 

C3H/HeN mouse pineal and circulating melatonin levels reach their trough between 

Zeitgeber time (ZT) (ZT0 = lights on) 6–8 and peak between ZT 19–21 [10].

Melatonin exerts its effects through action on two G protein-coupled receptors, termed MT1 

and MT2 [11]. Recent studies in our laboratory have linked deletion of both the MT1 and 

MT2 receptors to a complete abrogation of methamphetamine (METH)-induced locomotor 

sensitization, suggesting a role for melatonin in sensitizing responses [12]. Melatonin 

receptors are located in various brain regions including areas of the reward pathway such as 

the nucleus accumbens (MT1), ventral tegmental area (MT1) [13], substantia nigra reticulata 

(MT2) [14] and hippocampus (MT2) [15, 16]. Melatonin also inhibits depolarization induced 

dopamine release in the retina [17, 18] and several brain regions including the ventral 

hippocampus and hypothalamus [19]. Moreover the peak of the circadian gene Per 1 occurs 

anti-phase to the peak of melatonin [10, 20], and exogenous melatonin down regulates PER1 

through the MT1 receptor [21–23]. Per1 expression has been shown to be required for the 

expression of CPP [4]. Together this evidence suggests a critical role for melatonin as a 

modulator of reward and reinforcement behaviors. Melatonin, through modulation of 

receptor function and/or in combination with other circadian molecules (ex. Clock genes 

such as Per 1) [20], may interact to affect the ability of METH to differentially affect CPP 

across the 24h light/dark cycle [4, 5, 24].

The goal of this study was first to determine the role of the melatonin receptors (MT1 and 

MT2) in METH-induced CPP and to assess potential diurnal variations in this behavior. The 

CPP paradigm works by pairing a given set of environmental stimuli with the reinforcing 

properties garnered from a given substance, then allowing for an animal to choose, in a drug 

free state, which environment they would prefer to spend time in based on the cues present 
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[25]. This paradigm has been used to assess the reinforcing properties of the highly abused 

psychostimulant METH [26, 27]. METH exerts its effects through action in the mesolimbic 

dopamine pathway [28], specifically by reversing the flow of dopamine through the 

dopamine transporter [29]. This is in contrast to cocaine, which increases dopamine in the 

synaptic cleft by blocking the dopamine transporter [30]. The release of dopamine is central 

to the acquisition of reward-seeking behaviors and reward-based learning [31].

Here, we demonstrated that METH-induced place preference in C3H/HeN mice was 

dependent on the presence of the MT1 and MT2 melatonin receptors. METH induced a 

statistically significant place preference in wild-type mice when administered during the 

light period (ZT 6–8), however this preference was abrogated during the dark period (ZT 

19–21), when melatonin levels are high.

2. Materials and Methods

2.1 Animals and Husbandry

C3H/HeN (138 males) mice were bred and maintained in the Laboratory Animal Facility at 

the University at Buffalo. Wild-type C3H/HeN mice and C3H/HeN mice homozygous for 

receptor deletions of the MT1 melatonin receptor (MT1KO) were generated in our former 

laboratory at Northwestern University as previously described [12, 32]. C57Bl/6J MT1KO 

mice (donated by Dr. Steven Reppert; Massachusetts General Hospital, Boston, MA, USA) 

[33, 34] were backcrossed for seven generations with C3H/HeN mice (Harlan, Indianapolis, 

IN, USA). Female C3H/HeN mice, homozygous for the MT2 melatonin receptor deletion 

(MT2KO) and congenic (8 backcrossings) with C3H/HeN mice were also donated by Dr. 

Steven Reppert [35]. MT1KO and MT2KO mice were bred to male C3H/HeN mice to 

generate heterozygotes and, subsequently, the respective homozygous mouse lines. Both 

MT1KO and MT2KO mice were congenic with the C3H/HeN strain expressing the rd (retina 

degeneration) mutation on the rod photoreceptor cGMP phosphodiesterase gene and the 

wild-type allele at the N-acetyltransferase (AA-NAT) gene [36]. In order to ensure identical 

phenotypes among strains, detailed analysis of several behavioral domains using a 24-hour 

automated video analysis system. We found no differences between the wild-type, MT1KO, 

and MT2KO mice in any of the exploratory, locomotor, ingestive, or sleep-related behaviors 

(Dubocovich lab, unpublished data).

Mice were maintained in humidity and temperature-controlled (22±1°C) rooms with food 

(Harlan Teklad 2018sx) and water provided ad libitum. All animal procedures were 

approved by the University at Buffalo Institutional Animal Care and Use Committee and 

adhered to the National Institutes of Health guidelines.

Male mice were group-housed (3–5 per cage) at weaning and maintained in a 14h: 10h light/

dark cycle, with 150 to 200 lux light illumination at the level of the cage. Animals were 

housed in standard polycarbonate cages (30 × 19 cm) with corncob bedding. At 4–7 weeks 

of age mice were switched to a 12h: 12h light/dark cycle within ventilated and light-tight 

cabinets 10–14 days prior to experiment onset. The 12h: 12h light/dark cycle is traditionally 

used in rodent research paradigms [37]. Additionally, departures toward longer or shorter 

day lengths were found to increase neophobic behaviors in C3H/He mice [38]. Mice were 
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weighed every day of the experiment to ensure METH treatment did not result in a loss of 

greater than 15% of body weight.

2.2 Drug Preparation

(+)-Methamphetamine hydrochloride (Sigma Aldrich, St. Louis, MO, USA) was dissolved 

in 0.9% saline and administered at a dose of 1.2 mg/kg via intraperitoneal (ip) injections in a 

volume of 0.01 ml/g. This dose was chosen based on previous results showing a significant 

place preference to METH occurred with doses of 1 mg/kg and 2 mg/kg [39]. Furthermore, a 

dose of 1.2 mg/kg (ip) produced robust sensitization in wild-type C3H/HeN mice in 

experiments conducted in our laboratory [12]. Mice were randomly assigned to groups 

receiving either vehicle (VEH: 0.9% saline, ip) or METH (1.2 mg/kg, ip).

2.3 Video Tracking System and Apparatus

Mouse location and distance traveled in the CPP apparatus were monitored by TopScan 

(CleverSys Inc, Reston, VA, USA) video tracking software. The apparatus consisted of four 

overhead Sony video cameras, which were set up to observe 8 testing chambers, with each 

camera providing a top-view image of two chambers. Each chamber was situated over a 

light panel capable of emitting both white (daytime studies; ZT 6–8) and infrared light 

(nighttime studies; ZT 19–21). Each test chamber contained three compartments, 2 choice 

compartments and one neutral center compartment (Figure 1). Each choice compartment 

measured 15×15×25 cm with a distinct floor texture and wall color. One choice 

compartment had black walls with a fine metal mesh floor, and the other had white walls 

with a coarse metal mesh floor. The neutral center compartment measured 10×15×25cm and 

had grey walls with a smooth floor. The choice compartments were separated from the 

center compartment by guillotine doors.

2.4 Experimental Design

Experiments were conducted at two time points representing the peak and trough of 

melatonin production in C3H/HeN mice (WT: Masana et al., 2000 [10]; MT1KO: M. L. 

Dubocovich, unpublished data; MT1KO and MT2KO: C. von Gall, personal 

communication). Daytime experiments, representing the trough of melatonin production, 

were performed from Zeitgeber time (ZT) 6–8 (ZT 0 = lights on). Nighttime experiments, 

representing the peak of melatonin production, were conducted from ZT 19–21. For all 

experiments mice were moved into the testing room one hour prior to test onset.

The CPP experimental design was a modified version of the Brown et al. [40] protocol as 

described in Figure 1. Mice were handled and received saline injections (0.2 ml saline, ip) 

during the three days prior to the initiation of the experimental protocol in order to acclimate 

mice to the experimental conditions.

The first day of the experiment (Day 1), known as habituation, was used to familiarize the 

mice to the test chambers, during this session mice were given 20 min of free time within 

the chamber. On Day 2 mice were once again given 20 min unlimited access to the chamber 

and a Pre-test (Pre-CPP) baseline was established to determine the initial compartment 

preference. Mice that spent greater than 80% (980s) of the test in any given compartment 
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were excluded from the remainder of the experiment. Of the total 40 C3H/HeN wild-type 

mice tested at both ZT 6–8 and ZT 19–21, one was excluded based on this criterion. 

Similarly, 4 of 51 MT1KO mice and 9 of 47 MT2KO were also excluded. Additionally, two 

C3H/HeN wild-type mice were excluded due to a problem with the video analysis.

Day 3 through Day 8 served as the conditioning period. Each conditioning session lasted 60 

min during which mice were confined to one compartment. The data used to determine 

compartment biasing are shown in Table 1. On days 3, 5, and 7 half of the mice received 

METH (1.2 mg/kg, ip) and half of the mice received vehicle (VEH: 0.9% saline, ip). On 

these days mice were confined to their initially non-preferred compartment based on the 

Pre-CPP data (Day 2). On Days 4, 6, and 8 all mice received VEH and were confined to 

their initially preferred compartment. The 60 min session represents a commonly used 

conditioning time for mice treated with METH [41–44].

On Day 9, termed Post-CPP, mice were once again given unlimited access to the chamber 

for a 20 min test session. The place preference score was calculated by subtracting the Post-

CPP time spent in the initially preferred compartment from the Post-CPP time spent in the 

opposite compartment. Preference scores of significantly greater than zero were considered 

to indicate reinforcement, whereas scores approximately equal to zero were considered 

neutral. The stimulant effect of METH was monitored by measuring distance traveled (m) 

on all days of the experiment.

2.5 Statistical Analysis

2.5.1 CPP—Place preference was characterized by duration spent in the choice 

compartments during the Post-CPP phase. Data for the whole 20-min post-test were 

analyzed by Students t-test. Time course data were analyzed and then grouped in 5-min bins. 

Time point averages for each experimental condition were expressed as Mean ± SEM. Time 

course studies were analyzed by two-way mixed design analysis of variance (ANOVA) 

having the between groups factor of treatment group (VEH or METH) and time. The 

Bonferroni correction was used for post hoc comparisons. Student t-tests and ANOVAs 

were conducted using GraphPad Prism v. 6.01 (GraphPad Software Inc., LaJolla, CA). A 

power analysis was conducted to ensure all groups had sufficient n values to resolve a 

significant difference at a minimum of 80% power using the effect size observed in wild-

type mice at ZT 6–8 as a reference. The power analysis was conducted using GraphPad 

Statmate v. 2.0 (GraphPad Software Inc., LaJolla, CA). For all analyses p <0.05 was 

considered statistically significant.

2.5.2 Locomotor Activity—Locomotor activity was expressed as distance traveled (m). 

Unconditioned locomotor activity was analyzed by repeated measures analysis of variance 

followed by Bonferroni post-hoc tests. The locomotor effect of METH was assessed by 

comparing the distances traveled after METH treatments on Days 3, 5, and 7 to the 

corresponding distances traveled after VEH treatment on Days 4, 6, and 8.
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3. Results

We utilized a three-chamber CPP paradigm to assess METH-induced reward seeking 

behavior in C3H/HeN mice, as shown in Figure 1. Several precautions were taken in order 

to provide a rigorous level of control over the experimental conditions. Assessments were 

systematically conducted between ZT 6–8 and ZT 19–21, corresponding to the peak and 

trough of melatonin respectively [10]. Comparisons were made among genotype and 

between two times of day using a METH dose of 1.2mg/kg, which produces robust 

sensitization in the C3H/HeN mice [12]. These controls allow for accurate conclusions on 

the effect of melatonin receptor genotype and time of day at a single dose of METH.

3.1 Conditioned Place Preference During the Light Phase (ZT 6–8)

Wild-type mice receiving VEH (n = 13) during the conditioning phase displayed no 

significant differences in time spent in either choice compartment across the 5-min bins 

(Figure 2A) or the whole 20-min test session (Figure 2D). Conversely, wild-type mice 

receiving METH during the conditioning phase spent significantly more time in the 

compartment paired with METH vs. VEH across every 5-min bin (Figure 2B; F [1, 60] = 

50.41, p<0.01, n = 11) as well as the whole test session (Figure 2E; p<0.0001). Preference 

scores, calculated by subtracting the time spent in the initially preferred compartment from 

the time spent in the initially non-preferred compartment, were higher in the METH group 

compared to VEH at each of the 5-min bins (Figure 2C; F [1, 63] = 34.11, p<0.01) and the 

whole test session (Figure 2F; p<0.0001).

We next assessed the role of the MT1 and MT2 melatonin receptors in METH-induced place 

conditioning during the light phase (ZT 6–8), utilizing mice with a targeted genetic deletion 

of either receptor. No differences in the time spent in either compartment for the MT1KO 

mice treated with VEH (Figure 2G; n = 13) or METH (Figure 2H; n = 17) were observed 

when compartment duration was examined over the whole 20-min test session. This pattern 

was similar to that observed in MT2KO mice, as mice treated with VEH (Figure 2J; n = 8) 

or METH (Figure 2K; n = 11) did not show any statistically significant differences in time 

spent in either compartment. Preference scores for MT1KO and MT2KO mice (Figure 2I & 

J) showed no differences between VEH and METH groups.

3.2 Conditioned Place Preference During the Dark Phase (ZT 19–21)

We subsequently examined METH induced CPP during the dark phase (ZT 19–21) when 

melatonin levels are at their peak [10] and Per 1 levels are at their trough [20]. Wild-type 

mice receiving VEH during the conditioning phase displayed no significant differences in 

time spent in either compartment (Figure 3A & B; n = 7). Similarly, mice receiving METH 

during the conditioning phase spent approximately the same amount of time in the 

compartment paired with METH as the compartment paired with VEH (Figure 3C & D; n = 

7). Preference scores for both groups were approximately equal to zero, indicating that 

neither group displayed a significant preference (Figure 3E & F). MT1KO displayed no 

differences in the time spent in either compartment when treated with VEH (Figure 3G; n = 

8) or METH (Figure 3H; n = 9). This pattern was also observed in MT2KO mice, as mice 

treated with VEH (Figure 3J; n = 8) or METH (Figure 3K; n = 10) showed no significant 
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differences in time spent in either compartment. Preference scores for MT1KO and MT2KO 

mice (Figure 3I & J) also exhibited no differences between VEH and METH groups.

3.3 Locomotor Activity

The locomotor stimulant effect of METH was assessed by within-group comparisons 

between distances traveled on METH and VEH treatment days. METH elevated locomotor 

activity above VEH at both ZT 6–8 (Figure 4A: p<0.05, n = 11) and ZT 19–21 (Figure 4D: 

p<0.05, n = 7) in wild-type mice, MT1KO (Figure 4B: ZT 6–8, p<0.05, n = 17; Figure 4E: 

ZT 19–21, p<0.05, n = 9) and MT2KO mice (Figure 4C: ZT 6–8, p<0.05, n = 11; Figure 4F: 

ZT 19–21, p<0.05, n = 10). A small but statistically significant difference in METH-induced 

locomotor activity was observed on Day 7 when compared with Day 3 in WT and MT1KO 

mice, but not in MT2KO mice when testing occurred at ZT 6–8. This elevation of locomotor 

activity was not observed in any genotype at ZT 19–21.

4. Discussion

This study elucidates a role for the melatonin receptors and time of day in modulating the 

reinforcing properties of the drug of abuse METH. The results demonstrate a diurnal 

variation in METH-induced CPP in C3H/HeN mice, with the effect being maximal during 

the light period (ZT 6–8) and absent during the dark period (ZT 19–21). Together these 

findings suggest a potential role in METH-induced reward for endogenous circadian 

oscillators and/or signaling molecules following a diurnal pattern. This could include 

melatonin and its receptors [10] and/or clock genes such as PER1, whose rhythmicity is 

dependent upon the presence of pineal melatonin [20].

4.1 Conditioned Place Preference

The present study is the first demonstration of METH-induced place preference in C3H/HeN 

mice, though this strain has previously been used to examine preference for nicotine [45] 

and cocaine [5, 46]. The magnitude of preference observed in our study is similar to that 

reported by Brown et al., 2010 [40], which used a similar protocol to examine cocaine-

induced CPP. In the wild-type mice METH induced a strong place preference during the 

light phase (ZT 6–8) when melatonin levels are low, however place preference was 

abrogated when melatonin levels are known to be elevated (ZT 19–21) [10, 47, 48]. This 

diurnal variation in place preference is similar to what has previously been observed in mice 

undergoing conditioning with cocaine [4, 5]. Interestingly this diurnal variation of 

preference for cocaine was eliminated in C3H/HeN mice by pinealectomy [5], suggesting 

pineal products such as melatonin may be essential to the rhythmic expression of CPP.

One possible explanation for the diurnal variation observed could in part be due to the 

system being preferentially primed for natural rewards. For example the place preference 

observed in response to sexual performance in male rats follows an opposite pattern to that 

observed in the current study, with the highest levels of preference observed at ZT 17 and 

the lowest levels observed at ZT 5 [24]. In the same study preference for amphetamine 

reward, displayed peaks at ZT 5, 17 and 23 and reached its lowest point at ZT 11. As the 

peaks for natural and drug reward corresponded to increased levels in tyrosine hydroxylase 
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in different parts of the mesolimbic dopamine system this suggests the system could be 

shifting its sensitivity in a circadian fashion [24]. With this in mind it is possible our studies 

may have occurred at a time when the system would be more receptive to natural rewards 

than a drug reward.

These studies also demonstrate an important role for the melatonin receptors in METH-

induced CPP. Deletion of either the MT1 or MT2 receptor at ZT 6–8 abolished place 

preference. It is interesting to note that this lack of place preference is not due to a global 

loss of responsiveness to METH in the knockout mice, as METH was able to induce 

significant locomotor responses in all genotypes tested. At ZT 6–8 METH increased 

locomotor activity in all genotypes while at ZT 19–21 activity was not significantly 

enhanced until Day 7. Activity during both light and dark phases followed a similar pattern 

of increase. The trend in all groups showed locomotor activity increasing across trial days, 

with significant locomotor sensitization observed in WT and MT1KO mice at ZT 6–8. This 

is consistent with our previous finding demonstrating a diurnal variation in METH–induced 

locomotor sensitization in C3H/HeN mice [12]. Thus we conclude that the effects of 

melatonin receptor deletion and time of day are specific to METH-induced reinforcing 

behaviors, as neither of these factors significantly altered the locomotor stimulant properties 

of METH at the dose tested. CPP to nicotine [49], cocaine [50] and amphetamine [24] have 

been shown to be dose-dependent [51] However, in this study we elected to run systematic, 

controlled experiments utilizing a single dose of METH (1.2 mg/kg) in order to test the 

hypothesis that METH-induced CPP is dependent upon melatonin receptor expression and 

time of day. We chose the 1.2 mg/kg dose because it induced sensitization without 

stereotypy in C3H/HeN mice [12]. Interestingly, the locomotor response to METH was 

unchanged in the MT1 and MT2KO mice compared to WT, making it unlikely that the 

differential effects of METH across genotypes and time of day were due to differences in 

mouse phenotype and/or drug metabolism. Accordingly it has been suggested there is a 

positive link between the rewarding and stimulating effects of drugs of abuse [52, 53]. These 

results imply a role for the melatonin receptors in METH-induced reward; more specifically 

the receptors appear to be necessary for the reinforcing properties of the drug to be 

expressed at the dose tested.

Genetic deletion of either the MT1 or MT2 melatonin receptors impaired the ability of 

METH to induce a place preference during the light phase, suggesting the melatonin 

receptors may be activated during this period. Melatonin receptor activation, even when the 

levels of melatonin are low [10], could result from tight, irreversible binding of picomolar 

concentration of nocturnal endogenous melatonin to a population of receptors in a high 

affinity state [54, 55] or by the presence of constitutively active receptors [56, 57]. The lack 

of METH-induced CPP during the dark period when melatonin levels are high could be due 

to the presence of melatonin receptor desensitization [58, 59]. Brain regions involved in 

METH-induced reward are located close to the third ventricle, where melatonin has been 

shown reach concentrations at least 10-fold higher than in the circulating blood in several 

species, including sheep [60, 61], goats [62], and calves [63]. With the caveat that the 

melatonin concentration in rodent cerebrospinal fluid has not been measured, it is 

conceivable that high melatonin levels in the mouse brain relative to the circulation could 
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result in desensitization of the melatonin receptors in brain areas involved in reward, 

especially at night when melatonin levels are already increased.

The induction of place preference in wild-type mice may be accounted for by the formation 

of MT1/MT2 heterodimers [64]. Recently the presence of MT1/MT2 heteromers has been 

demonstrated in vivo in the retina [65], as disruption of the MT1/MT2 heteromers results in a 

lack of circadian rhythm of the a-wave and b-wave of the scotopic electroretinogram [65, 

66]. These heteromers are capable of providing a different pharmacological response pattern 

to that of either the MT1 or MT2 receptor individually. Provided the MT1 and MT2 receptors 

are localized to the same cell population, these heteromer-mediated signaling pathways may 

be responsible for the expression of CPP. Deletion of either receptor as in the MT1KO or 

MT2KO would disrupt the formation of herteromers thus resulting in a lack of place 

preference. Further studies are needed to determine the specific role of the heteromers in 

METH-induced CPP.

Another potential candidate for the nocturnal suppression of CPP relative to the light phase 

is the circadian gene Per 1, expression of which follows a circadian rhythm with a peak 

occurring around ZT 5 and its lowest levels occurring between ZT 17 – 21 in the nucleus 

accumbens and caudate putamen of C3H/HeN mice [20]. PER1 has been linked to the 

actions of psychostimulants by the observations that Per1 knockout mice are unable to 

express CPP [4] and that acute METH treatment up regulates PER1 protein levels in mouse 

caudate-putamen [6]. PER1 is potently regulated by melatonin, as shown by the complete 

abolishment of PER1 rhythmicity in pinealectomized C3H/HeN mice [20] and the acute 

down regulation of PER1 through the MT1 receptor in melatonin-treated mouse striatal 

neuron cultures [21] and the pars tuberalis [22, 23] of C3H/HeN mice. The lack of 

preference observed at ZT 19 – 21 in our studies coincides with the timing for reduced 

levels of PER1. Future studies may determine that METH-induced CPP may be negatively 

correlated with PER1 expression.

4.2 Conclusions

This study demonstrated for the first time that the MT1 and MT2 melatonin receptors are 

necessary for the expression of METH-induced CPP in the C3H/HeN mice during the light 

phase. The lack of METH-induced place preference at night in the wild-type mice could 

potentially result from melatonin receptor desensitization, receptor heterodimerization 

and/or circadian variations in clock gene expression, particularly PER1. Locomotor 

responses to METH during the condition phase were similar in all genotypes suggesting the 

loss of place preference observed at night is not due to a global loss of responsiveness to 

METH. The link between melatonin receptors and clock gene expression (sensitivity) with 

circadian variations in METH-induced reward may help elucidate the mechanism(s) by 

which this drug of abuse induces reward in humans.
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Highlights

• Methamphetamine-induced CPP in mice during the light but not the dark period.

• Deletion of the MT1 or MT2 melatonin receptors blocked methamphetamine-

induced CPP.

• MT1 and MT2 melatonin receptors are necessary for methamphetamine to 

induce CPP.
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Figure 1. Experimental Design
Mice were subjected to 3 days of handling during which they were weighed and restrained 

long enough to inject 0.2ml saline, ip. Day 1 (Habituation) and Day 2 (Pre-CPP) consisted 

of free access to the entire test chamber for 20 min in order to eliminate novelty. Time spent 

in each choice compartment during the Pre-CPP was used to determine the initial 

compartment preference. Days 3–8 consisted of 60 min conditioning sessions during which 

mice were confined to one choice compartment and either METH (1.2mg/kg, ip) or VEH 

(0.9% saline, ip) was administered as indicated. Day 9 (Post-CPP) consisted of free access 

to the entire test chamber for a 20 min test session to determine final compartment 

preference.
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Figure 2. Effect of MT1 or MT2 Melatonin Receptor Deletion on METH-Induced Place 
Preference at ZT 6–8 (light phase)
Panels A – C: Time spent in each compartment during Post-CPP was measured in 5-min 

bins for the wild-type mice following treatment with VEH (A: n = 12) and METH (B: n = 

11). CPP scores were calculated for each 5-min bin by subtracting time spent in the initially 

preferred compartment from time spent in the initially non-preferred compartment (C). Data 

represent mean ± S.E.M. of time (s) spent in each compartment during each 5 min bin. An 

overall effect of treatment was assessed using Two-Way ANOVA, with a main effect of 

treatment indicated by the p value in the upper left corner. ** p < 0.01; *** p < 0.001 when 

compared with VEH treated (Bonferoni post- test).

Panels D – L: Total duration of time spent in each compartment during the whole (20 min) 

Post-CPP following treatment with VEH or METH respectively was measured for wild-type 

(D: n = 12 or E: n = 11), MT1KO (G: n = 13 or H: n = 17) and MT2KO (J: n = 8 or K: n = 

11) mice. Bars represent mean ± S.E.M. of time (s) spent in either compartment. **** p< 

0.0001 when compared with duration spent in VEH-paired compartment (Student’s t-test).

CPP scores were calculated by subtracting time spent in the initially preferred compartment 

from time spent in the initially non-preferred compartment for wild-type (F), MT1KO (I) 

and MT2KO (L) mice for the whole 20 min test session. **** p<0.0001 when compared 

with VEH (Student’s t-test). s: second; n.s.: non-significant.
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Figure 3. Effect of MT1 or MT2 Melatonin Receptor Deletion on METH-Induced Place 
Preference at ZT 19–21 (dark phase)
Panels A – C: Time spent in each compartment during Post-CPP was measured in 5-min 

bins for the wild-type mice following treatment with VEH (A: n = 7) and METH (B: n = 7). 

CPP scores were calculated for each 5-min bin by subtracting time spent in the initially 

preferred compartment from time spent in the initially non-preferred compartment (C). Data 

represent mean ± S.E.M. of time (s) spent in each compartment during each 5 min bin. An 

overall effect of treatment was assessed using Two-Way ANOVA, with a main effect of 

treatment indicated by the p value in the upper left corner.

Panels D – L: Total duration of time spent in each compartment during the whole (20 min) 

Post-CPP following treatment with VEH or METH respectively was measured for wild-type 

(D: n = 7 or E: n = 7), MT1KO (G: n = 8 or H: n = 9) and MT2KO (J: n = 8 or K: n = 10) 

mice. Bars represent mean ± S.E.M. of time (s) spent in either compartment. Compartment 

durations were compared using Student’s t-test.

CPP scores were calculated by subtracting time spent in the initially preferred compartment 

from time spent in the initially non-preferred compartment for wild-type (F), MT1KO (I) 

and MT2KO (L) mice for the whole 20 min test session. CPP scores were compared using 

Student’s t-test. s: second; n.s.: non-significant.
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Figure 4. Distance Traveled During Conditioning Days
Distance traveled was measured for the METH treated group during each conditioning day, 

with Days 3, 5, and 7 representing the days of METH treatment (1.2 mg/kg, ip) and Days 4, 

6, and 8 representing days of VEH treatment (0.9% saline, ip). Effect of treatment was 

compared using One-Way ANOVA. Bars represent the mean ± S.E.M. of distance traveled 

expressed in meters (m) at ZT 6–8 (light period) for the wild-type (A: n = 11), MT1KO (B: n 

= 17) and MT2KO (C: n = 11) mice as well as at ZT 19–21 (dark period) for the wild-type 

(D: n = 7), MT1KO (E: n = 9) and MT2KO (F: n = 10) mice. *p<0.05 when comparing 

METH treatment days with the preceding VEH treatment days; # p<0.05 when comparing 

Day 7 (METH treatment) to Day 3 (METH treatment).
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