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Abstract
Despite the evidence that there is a daily rhythm in smoking behavior and that the effects of drugs
of abuse exhibit diurnal variations, very few studies have explored the extent to which sensitivity
to the effects of nicotine vary over the course of the day. In the studies described in this report, the
melatonin proficient mouse strain C3H/Ibg and the melatonin deficient mouse strains C57BL/6J
and DBA/2J were assessed for diurnal variations in sensitivity to the effects of nicotine. Results
indicated that there is significant variation in sensitivity to both activity and body temperature
depressant effects of nicotine in the melatonin proficient C3H/Ibg strain with maximal sensitivity
occurring during the latter third of the light period of the light cycle and minimal sensitivity taking
place during the last third of the dark phase of the light cycle. The melatonin deficient strains did
not exhibit diurnal differences in sensitivity to the effects of nicotine suggesting a potential role
for melatonin in modulating the effects of nicotine. Experiments with knockout mice lacking both
the Mtnr1a and Mtnr1b melatonin receptors confirmed that the reduced sensitivity observed
during the dark phase is melatonin dependent. Diurnal variation in nicotinic receptor expression
also was measured in cortex, hippocampus, hypothalamus and striatum using [125I] α-
bungarotoxin and [125I]-epibatidine. [125I] α-bungarotoxin binding in hypothalamus of C3H mice
exhibited a diurnal pattern with maximal binding observed in the latter third of the light portion of
the light cycle. No other significant differences in binding were detected.
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1.1 Introduction
Cigarette smoking is the most common cause of preventable death in the United States.
Approximately 440,000 deaths occur annually in the U.S. due to the development of
tobacco-related illnesses, including cancer, stroke, and heart disease (Centers for Disease
Control and Prevention (CDC) 2008). Despite the known health-risks associated with
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smoking, and the available treatments for smoking cessation, the vast majority of smokers
are unable to quit (Centers for Disease Control and Prevention 2009). Clearly, a better
understanding of the physiological effects of nicotine, the psychoactive agent in cigarette
smoke, is needed.

Evidence from human studies suggests that nicotine administration follows a biological
rhythm. Smokers show an increase in nicotine administration through cigarettes or gum
during the morning hours, followed by a plateau in the afternoon, and a steep decline prior
to sleep onset (Mooney et al. 2006). Not surprisingly, plasma levels of nicotine typically
follow a similar pattern of fluctuation throughout the day, with levels rapidly increasing in
the morning, stabilizing in the afternoon, and dropping at night (Benowitz et al. 1982). A
recent study also has shown that smoking intensity varies over the course of the day with
reduced smoking intensity observed during smoking episodes that occur during early
morning hours (Grainge et al. 2009).

Several studies have demonstrated that sensitivity to the effects of drugs, including drugs of
abuse, vary over the course of the day. For example, the psychomotor stimulant and
reinforcing properties of cocaine are observed during the light but not dark phase of the
light-dark cycle in most rodents (Akhisaroglu et al. 2004; Uz et al. 2002; Kurtuncu et al.
2004; Abarca et al. 2002). Therefore, the daily pattern of smoking in humans may be due to
daily variations in sensitivity to the effects of nicotine. Some support for this possibility
comes from a limited number of studies that have shown that rats display a greater
sensitivity to the locomotor and hypothermic effects of nicotine during the light versus dark
phase of a normal 12 hour light/12 hour dark cycle (Williams et al. 1993; Morley and Garner
1990). In addition, function and expression of α7 neuronal nicotinic receptors has been
shown to vary in a time of day dependent manner. Markus et al. (2003) reported that α7
nicotinic acetylcholine receptor (nAChR) dependent nicotine-evoked [3H]glutamate release
from rat cerebellar slices is greater during the dark phase of the light cycle. Seemingly
contradictory to this finding, both Markus et al. (2003) and Morley and Garner (1990)
reported that the expression of α7 nAChRs is reduced during nocturnal hours in several
different brain regions, including the cerebellum.

Although the mechanism responsible for the observed diurnal variations in sensitivity to
drugs of abuse is not entirely clear, melatonin appears to be critical for the reduced effects of
cocaine during the dark phase of the light cycle. Manipulations that inhibit the dark phase
surge of melatonin prevent conditioned place preference and locomotor sensitization to
cocaine (Kurtuncu et al. 2004; Uz et al. 2003). Moreover, mouse strains such as C57BL/6,
which possess naturally occurring mutations that significantly reduce their ability to
synthesize melatonin, do not exhibit the diurnal pattern of cocaine sensitivity (Akhisaroglu
et al. 2004; Uz et al. 2002). It has not been established whether melatonin is important for
daily variations in sensitivity to nicotine. However, it has been demonstrated that the α7
nAChR dependent increase in nicotine-evoked [3H] glutamate release from rat cerebellar
slices is abolished when pineal melatonin production is inhibited by either pharmacological
disruption or by maintaining the animals in constant light (Markus et al., 2003). In addition,
Lax (2008) demonstrated that physiological relevant levels of melatonin can inhibit
excitatory post-synaptic potentials from non-α7 nAChRs in cultured cerebellar cells though
a melatonin receptor-dependent mechanism. 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).

Although there is some evidence that there is a time of day difference in nicotine sensitivity,
the full extent of the time of day variability in nicotine sensitivity has not been determined.
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Moreover, the potential role of melatonin in modulating nicotine sensitivity has not been
explored. The studies described in this report assessed sensitivity to the locomotor
depressant and hypothermic effects of nicotine at 12 times points over the light/dark cycle to
determine the extent to which sensitivity to an acute nicotine challenge varies over the
course of the day. In addition, the regional expression of [125I] α-bungarotoxin and [125I]-
epibatidine binding sites was measured at multiple time points. Finally, experiments were
performed to establish whether melatonin signaling is essential for altered nicotine
sensitivity during the dark phase of the light cycle.

1.2 Methods
1.2.1 Animals

Female and male C3H/Ibg and C3HMtnr1a/Mtnr1b double knockout mice and male C57BL/
6J and DBA/2J mice were maintained on either a normal 12 h light/ 12 h dark cycle (lights
on 0700 h to 1900 h) or a reverse 12 h dark/12 h light cycle (lights off 0700 h to 1900 h).
C3HMtnr1a/Mtnr1b double knockout mice were generously provided by Dr. David Weaver
(University of Massachusetts). Generation of these knockout mice was described elsewhere
(Jin et al. 2003; Liu et al. 1997). Animals were maintained in the appropriate light cycle for
at least 2 weeks prior to behavioral testing or sacrifice. Zeitgeber time (ZT) was defined
relative to the light cycle (ZT hour 0: lights on, ZT hour 12: lights off). Animals had free
access to food (Teklad 22/5 rodent diet, Harlan, Madison, WI) and water. 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 use of animals.

1.2.2 Drugs
Nicotine free base was purchased from Sigma (St. Louis, MO, USA), prepared in sterile
saline (0.9% NaCl) and administered by intraperitoneal injection (i.p.). Injection volume was
0.01ml/g body weight.

1.2.3 Y-maze and body temperature
Locomotor and rearing activity was determined in a symmetrical Y-maze. The maze consists
of three arms which are 26 cm long, 6.1 cm wide, and 10.2 cm high and was constructed of
red translucent acrylic plastic. Each arm is subdivided into two equal sections. Crosses from
one section to another, as well as rears, were counted by photobeam detectors for 3 minutes.
Body temperature was measured with a Bailey Instruments rectal probe. The probe was
lubricated with peanut oil and was inserted 2.5 cm into the rectal cavity.

To investigate the main effect of nicotine on behavior, mice received an i.p. injection of
physiological saline vehicle or nicotine dissolved in vehicle. Treatments were
counterbalanced so that half the animals received nicotine during the initial test and the
other half received saline during the initial test. Animals were tested under the opposite
condition one week later. Each animal was tested for saline and nicotine effects at a single
time point. Immediately following the injection, the animal was placed in a holding cage for
3 minutes, followed by 3 minutes of locomotor testing in the Y-maze. The mouse was then
placed in a holding cage for another 7 minutes, followed by a body temperature
measurement. These post-injection times have previously shown to correspond with a
maximal response to nicotine (Marks et al. 1985). The testing of mice during the dark phase
of the light cycle was done under dim red light (< 5 Lux). Initial experiments were
conducted at zeitgeber times 8,9,10 and 11 (light period) and the 12 hr opposed times 20,
21,22, and 23. These initial times were chosen because they correspond to the hours that
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immediately precede sleep onset and awakening, respectively. Additional time points were
added to provide a greater representation of the 24 hr daily period. The doses of nicotine
tested for each mouse strain were based upon previously published data (Marks et al.
1989b). Results are reported as the nicotine response minus the saline response.

1.2.4 Tissue preparation for radioligand binding
Brains were removed from the skull following cervical dislocation, placed on an ice cold
platform and the cortex, hippocampus, hypothalamus and striatum were dissected out. The
brain regions were placed in ten volumes 0.1× Krebs Ringers Hepes (KRH) (11.8 mM NaCl;
0.48 mM KCl; 0.25 mM CaCl; 0.12 mM MgSO; and 2.0 mM HEPES pH 7.5) and
homogenized using a teflon pestle. The homogenates were then incubated for 5 min at 37°C
and subsequently centrifuged for 20 min at 18 000 × g. Following centrifugation, pellets
were resuspended in ten volumes fresh 0.1× KRH and the above procedure repeated a total
of four times. Samples were stored at −20°C as a pellet until use. On the day of receptor–
ligand binding, pellets were resuspended in ten volumes of ice cold distilled water.

1.2.5 Ligand binding
The binding of epibatidine and α-bungarotoxin to brain membranes was measured
essentially as described previously (Zambrano et al. 2009). Briefly, tissue homogenates were
incubated with either 2nM [125I]-epibatidine or 2 nM [125I]-α-bungarotoxin (GE Healthcare,
Arlington Heights, IL) in 30 μl of KRH (118 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl2, 1.2
mM MgSO4, 20 mM HEPES, pH = 7.4) at 24°C for epibatidine or 37°C for α-bungarotoxin
for 4 h in 96-well microtiter plates. Non-specific binding was determined by the addition of
1 mM L-nicotine in the incubation. Samples were filtered through two filters, a Gelman type
AE filter and a MFS GB100R, with a cell harvester (Inotech, Lansing MI). The filters were
pre-soaked in 1× KRH and 0.5% polyethyleneimine prior to filtration. Individual filters were
placed into 5-ml culture tubes and counted on a Packard Auto-Gamma 5000 gamma counter.
Protein levels were measured by the method of Lowry et al. (Lowry et al. 1951).

1.2.6 Statistics
The effect of time and sex on baseline and nicotine-induced activity and body temperature in
C3H mice were analyzed by multi-factoral regression analysis with time and sex as main
factors. Nicotine sensitivity in C57BL/6J and DBA/2 mice and ligand binding across time
were evaluated using One-way ANOVA. The effect of time on nicotine sensitivity in C3H
Mtnr1a/Mtnr1b double knockout mice was done using Student's T-test.

1.3 Results
1.3.1 Time of day effects on baseline and nicotine-induced activity and body temperature
in C3H mice

In order to investigate the time of day and sex effects on activity and body temperature
under control conditions, Y-maze activity (combined locomotor and rearing activity) and
body temperature were measured across 12 time points (ZT2, ZT5, ZT8, ZT9, Z10, ZT11,
ZT14, ZT17, ZT20, ZT21, ZT22, ZT23) in both female and male C3H mice following a
saline injection. C3H mice were chosen for these experiments because they are among the
relatively few commonly used inbred mouse strains that exhibit diurnal variations in
melatonin synthesis (Goto et al. 1989; Vivien-Roels et al. 1998). As shown in figure 1, there
was a main effect of time (p < 0.005) but not sex on baseline Y-maze activity. There was a
significant interaction between the two factors (p < 0.05). In contrast, there was a significant
effect of time (p < 0.005) and sex (p < 0.005) on baseline body temperature but there was no
significant interaction between these factors.
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To more extensively characterize the effects of nicotine across the light-dark cycle, C3H
mice were tested for the effects of a 1 mg/kg dose of nicotine on Y-maze activity and body
temperature at each of the 12 time points throughout the light-dark cycle. The 1 mg/kg dose
was chosen for initial experiments since it is near the ED50 value for the effects of nicotine
on both locomotor activity and body temperature in C3H/Ibg mice (Marks et al. 1989b).
Responses to nicotine were calculated as the difference in response between nicotine and
saline injections (nicotine response – saline response) in order to control for non-nicotine
dependent changes in activity and body temperature that occur over the course of the light-
dark cycle. Results (figure 2) indicated a main effect of time for both nicotine-induced
hypoactivity (p < 1 × 10−4) and hypothermia (p < 1.0 × 10−5). In general, nicotine sensitivity
for both measures was minimal during the latter portion of the dark cycle (ZT20-23) and
maximal during the latter period of the light cycle (ZT8-11). The time point where nicotine
sensitivity differed from the greatest number of other time points was ZT10 (5 PM).
Animals tested at this time point were more sensitive to the locomotor-depressant effects of
nicotine than animals tested at all other time points except ZT5 and ZT8. Similarly, the
ZT10 animals were more sensitive to the hypothermic effects of nicotine than animals tested
at all other time points except ZT8, ZT9 and ZT11. Multi-factoral analysis indicated that
there was neither a main effect of sex nor a significant interaction between time and sex for
the time of day dependent effects of nicotine on activity and body temperature.

To explore dose-dependent effects on daily variations in nicotine sensitivity, additional male
C3H mice were tested at 0.5 mg/kg and 1.5 mg/kg nicotine on Y-maze activity and body
temperature at ZT9 and ZT21. Results (Figure 3) indicated that the effect of time of day on
nicotine-induced hypolocomotion exhibits a small dose range where significant time of day
differences are only seen at the original 1 mg/kg dose (p < 0.05). In contrast, time of day
effects on nicotine-induced hypothermia is seen across multiple doses of nicotine (p < 0.05
at 0.5 mg/kg, and p < 0.005 at 1 mg/kg).

1.3.2 Potential role of melatonin in modulating light-dark differences in nicotine sensitivity
Several studies in rodents have suggested that light cycle related differences in sensitivity to
drugs of abuse are dependent, in part, on the synthesis of melatonin during the dark phase of
the light-dark cycle (Kurtuncu et al. 2004; Uz et al. 2003). In C3H mice, melatonin levels
are elevated during the latter part of the dark cycle (Goto et al. 1989; Vivien-Roels et al.
1998; Welp et al. 2010), the period of the day where sensitivity to the effects of nicotine was
at a minimum. To explore the potential role of melatonin in modulating time of day
sensitivity to nicotine, two additional mouse strains, C57BL/6J and DBA/2Ibg, were tested
for the time of day dependent effects of nicotine on activity and body temperature. Due to
genetic defects in enzymes required for melatonin synthesis, a nocturnal surge in melatonin
synthesis is significantly blunted in these two mouse strains (Kasahara et al. 2010; Goto et
al. 1989; Roseboom et al. 1998; Welp et al. 2010). C57BL/6J mice were tested at three
doses of nicotine (0.25 mg/kg, 0.5 mg/kg, and 1.0 mg/kg), at ZT21, a time when C3H mice
have elevated levels of melatonin and show reduced sensitivity to nicotine, and ZT9, the
time point 12 hr opposite ZT21. Lower doses of nicotine were used in C57BL/6J mice since
they are more sensitive to the hypothermic and locomotor depressant effects of nicotine
(Marks et al. 1989b). No significant time of day differences in nicotine sensitivity were
observed in C57BL/6J mice at any of the tested doses (figure 4 A,B). Likewise, DBA/2Ibg
mice did not differ in nicotine sensitivity when tested at ZT9 and ZT21 at three different
doses of nicotine (0.5 mg/kg, 1.0 mg/kg, and 1.5 mg/kg) (figure 4 C, D). The finding that
these melatonin deficient mouse strains do not exhibit time of day differences in nicotine
sensitivity supports a possible role of melatonin in modulating time of day-dependent effects
of nicotine.
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To further assess the potential relationship between melatonin and sensitivity to nicotine,
mice proficient at melatonin synthesis (C3H genetic background) but lacking the melatonin
receptors Mtnr1a and Mtnr1b were tested for the effects of a 1 mg/kg dose of nicotine on
activity and body temperature at a time point in the dark where melatonin levels are high
and sensitivity to nicotine is minimal (ZT21) and a time point during the light phase of the
light cycle that is 12 hr opposite (ZT9). Results (figure 5) indicated that the time-dependent
difference in sensitivity to either nicotine-induced depression of activity or body temperature
is abolished in the absence of Mtnr1a and Mtnr1b-dependent melatonin signaling. This
observation supports a role for melatonin in regulating sensitivity to nicotine.

1.3.3 Time of day effects on nicotinic receptor levels
Previous data have indicated that there is a time of day difference in levels of α7 nAChR
expression, as measured by [125I]-α-bungarotoxin (αBTX), in the cerebellum (Markus et al.
2003) and hypothalamus (Morley and Garner 1990) of rat brain. Therefore, αBTX levels
were measured in four brain regions from C3H mice across 6 time points of the light-dark
cycle (figure 6). The four brain regions examined were cortex, hypothalamus, hippocampus
and striatum. Cortex and hypothalamus were chosen to correspond to the regions previously
assessed by Morley and Garner (1990). The hippocampus and striatum also were assessed
because these two brain regions are known to express melatonin receptors (Zisapel et al.
1988; Musshoff et al. 2002; Uz et al. 2005). Similar to previous findings, there were
significant differences in αBTX levels in the hypothalamus over the light-dark cycle. The
nadir of αBTX binding occurred during the late period of the dark cycle and the peak of
αBTX binding occurred during the late light/early dark period of the light-dark cycle. There
were no light cycle dependent differences in αBTX binding in cortex, hippocampus or
striatum. In addition, levels of high affinity nAChRs, as measured by [125I] epibatidine
binding, did not vary over the light-dark cycle in any of the four regions examined (Table 1).
Levels of αBTX and [125I]epibatidine binding also were measured in the same brain regions
in the melatonin deficient mouse strain DBA/2Ibg. No time of day variation in the levels of
either αBTX or [125I]epibatidine binding were observed in any of the brain regions from
DBA/2Ibg mice (Table 1).

1.4 Discussion
The effects of many drugs of abuse are known to vary over the course of the day, yet very
little work has been done to examine the daily variations in sensitivity to the effects of
nicotine, one of the most commonly consumed psychotropic drugs. The data reported here
demonstrate that there is significant diurnal variation in sensitivity to the hypothermic and
activity depressing effects of nicotine. Relative to the light/dark cycle, maximal sensitivity
occurred during the latter half of the light phase and minimal sensitivity occurred during the
latter half of the dark cycle. The heightened sensitivity to nicotine during the light phase of
the light/dark cycle is consistent with the findings of Williams et al. (Williams et al. 1993)
who found nicotine-induced hypothermia in rats to be greater during the light phase of the
light/dark cycle. Of particular relevance is the finding that even during the period of the day
where most experimental procedures are conducted (8AM to 6 PM), there is significant
variability in sensitivity to nicotine. This time of day dependent effect of nicotine likely
contributes to inter-and intra-laboratory variability and suggests that time of day should be
considered carefully when assessing the effects of nicotine, particularly when using
melatonin-competent mouse strains such as C3H or CBA.

The reduced sensitivity to nicotine observed during the dark phase of the light cycle
occurred during the peak of melatonin synthesis and was found to be dependent upon the
presence of the melatonin receptors Mtnr1a and Mtnr1b. In the absence of these two major
melatonin receptors, nicotine sensitivity at ZT21 (4 AM relative time) did not differ from
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nicotine sensitivity at ZT9 (4 PM). This finding demonstrates that melatonin signaling is
necessary for the reduced sensitivity to nicotine that is seen during the latter stages of the
dark phase of the light cycle. However, it remains to be determined whether one or both
melatonin receptors are necessary for the diurnal variation in nicotine sensitivity.
Nonetheless, these data are consistent with previous studies that have shown that diurnal
variation in sensitivity to other drugs of abuse may be melatonin dependent. For example,
C3H mice develop conditioned place preference (Kurtuncu et al. 2004) and locomotor
sensitization (Uz et al. 2003) to cocaine during the light but not dark phase of the light-dark
cycle. However, following pinealectomy (i.e. no melatonin synthesis), C3H mice develop
conditioned place preference and locomotor sensitization to cocaine during both phases of
the light-dark cycle. This diurnal difference in sensitivity to cocaine appears to be restricted
to rodents with normal rhythms of melatonin synthesis (Akhisaroglu et al. 2004) further
supporting a role of melatonin in regulating the daily variations in sensitivity to drugs of
abuse. Like cocaine, the effects of nicotine appear to be diminished during the dark phase of
the light-dark cycle in a melatonin-dependent manner. This observation is interesting in light
of the observation that daily smoking begins to decline in humans around the time that
melatonin levels begin to rise (Mooney et al. 2006).

The mechanism through which melatonin modulates nicotine sensitivity is not known.
However, a limited number of studies have shown that the function and/or expression of
nicotinic receptors in various tissues and cell types is altered by melatonin. For example,
Schiller et al. (2003) found that melatonin inhibits nicotinic receptor (nAChR) function in
the rat pheochromocytoma cell line, PC12 with an IC50 of 8.6 μM. In addition, Markus et al.
(2003) reported that α7 nicotinic receptor-dependent glutamate release in the rat cerebellum
is greater during the dark phase of the light cycle in a melatonin dependent manner. This
group also found that α7-containing nAChRs show a circadian pattern of expression in
which there are reduced receptor levels in the cerebellum during the dark period. Although it
is not entirely clear how reduced numbers of α7 nAChRs leads to increased α7 nAChR-
dependent glutamate release, the observation that α7 nAChRs are reduced during the dark
phase is consistent with the data reported in this manuscript as well as by data described in a
study by Morley and Garner (1990). Both the current study and the study by Morley and
Garner demonstrated that α7 nAChRs are reduced in the hypothalamus during the dark
phase. The diurnal variation in expression of the α7 nAChR detected in the current study
was not observed in three other brain areas examined. In addition, there was no detectable
variation in the expression of high affinity nAChRs across all four brain regions examined.
Thus, diurnal variation in nAChR expression appears to be subtype and brain region
specific. Other studies have suggested that α7 nAChRs are not involved in regulating
nicotine's effects on activity and body temperature (Marks et al. 1989a; Marks et al. 1989b;
Tritto et al. 2004). However, these studies were mainly performed with mouse strains that do
not exhibit diurnal variations in melatonin synthesis and were conducted only during the
light portion of the light cycle. Thus, it would be worthwhile to assess the role of α7
nAChRs in modulating the locomotor and body temperature depressant effects of nicotine
during different times of the day in inbred mouse strains and α7 nAChR knockout mice that
exhibit normal diurnal melatonin production.

Another mechanism though which melatonin might modulate the effects of nicotine is by
inhibiting protein kinase A signaling pathways including CREB activation. Nicotine has
been shown to increase CREB activity in vitro and in vivo via several nAChR subtypes
(Lenz et al. 2010; Pluzarev and Pandey 2004; Hou et al. 2004; Brunzell et al. 2003; Hu et al.
2002; Nakayama et al. 2001) and activation of CREB seems to be essential for some
behavioral responses to nicotine including conditioned place preference (Pascual et al. 2009;
Brunzell et al. 2009). In contrast, melatonin signaling through Mtnr1a and/or Mtnr1b
typically inhibits the protein kinase A signaling pathway, including reducing CREB activity
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via pertussis toxin sensitive Gi proteins (Hardeland 2009). Thus, elevated levels of
melatonin may suppress the ability of nicotine to activate CREB or other PKA dependent
cellular components and consequently diminish the effects of nicotine. Cocaine
reinforcement also is dependent upon CREB (Choi et al. 2006) and is attenuated by
melatonin (Akhisaroglu et al. 2004; Kurtuncu et al. 2004; Uz et al. 2003; Uz et al. 2002)
suggesting that the inhibitory effect of melatonin on the effects of these drugs of abuse may
be through a common mechanism.

The effect of melatonin signaling on nicotine sensitivity also could be indirect. For example,
it has been shown that most components of the dopaminergic system possess a diurnal
rhythm with dopaminergic activity at a nadir during peak melatonin synthesis (Khaldy et al.
2002). Other neurotransmitter systems including acetylcholine, GABA, glutamate and
serotonin also exhibit circadian variations in activity (Day et al. 1991; Rueter and Jacobs
1996; Marquez de et al. 2000; Castaneda et al. 2004). Therefore, it is plausible that the time
of day dependent effects of nicotine are due, in part, to daily variations in the activity of one
or more neurotransmitter systems.

In summary, the data described in this manuscript confirm and extend the observation that
the acute effects of nicotine on locomotion and body temperature are dependent upon the
time of day. In general, the nadir of sensitivity to nicotine occurs during the latter portion of
the dark phase of the light cycle just prior to sleep onset at a time when melatonin levels are
elevated. In contrast, the peak of nicotine sensitivity occurs during the latter stages of the
light phase of the light cycle in the period preceding awakening. The reduced sensitivity to
nicotine seen during the dark phase appears to be dependent upon melatonin as deletion of
the melatonin receptors Mtnr1a and Mtnr1b eliminates the diurnal variation in nicotine
sensitivity. Interestingly, the nadir and peak of nicotine sensitivity in mice with diurnal
variations in melatonin synthesis correspond to the times of day in humans when smoking
begins to decline or when there is heightened sensitivity to the subjective effects of nicotine,
respectively. Thus, daily variations in sensitivity to the effects of nicotine may contribute to
daily smoking patterns in humans and reduced smoking in the evening may be influenced by
increased melatonin levels. Understanding these time of day differences in nicotine
sensitivity and how they might contribute to smoking behavior may provide novel insight
into the underlying neurobiology of nicotine addiction.
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Figure 1.
Diurnal variation in activity and body temperature in C3H/Ibg mice following an i.p. saline
injection. C3H/Ibg mice (n was between 4–9 animals per time point per sex) were injected
with saline at 12 different time points across the light dark cycle and total activity
(locomotor activity and rears) (A) and core body temperature (B) were determined. Results
indicated that there was a time of day tested (p < 0.005) but not sex affect on total activity in
a Y-maze while there was both a time of day tested (p < 0.005) and sex (p < 0.005)
influence on core body temperature. Data are represented as mean ± SEM. White bar
represents time frame of lights on and black bar represents time frame of lights off.
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Figure 2.
The depressant effect of nicotine on activity and body temperature is dependent upon the
time of day. The effect of nicotine at each time point for activity (A) and body temperature
(B) was determined by subtracting the nicotine response from the saline response (n was
between 4–9 animals per time point per sex). A main effect of time of day on sensitivity to
the depressant effects of nicotine on activity (p < 1 × 10−4) and body temperature (p < 1 ×
10−5) was observed. In general, maximal sensitivity to nicotine for both measures occurred
during the light phase and minimal sensitivity occurred during the dark phase of the light
cycle. Data are represented as mean ± SEM. White bar represents time frame of lights on
and black bar represents time frame of lights off.
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Figure 3.
Time of day effects of nicotine are dose dependent. Male C3H/Ibg were tested for the effect
of 3 different doses of nicotine on activity and body temperature at ZT9 and ZT21 (n was
between 5–13 animals per dose per time point). Time of day dependent effects of nicotine
on activity were only seen at the 1.0 mg/kg dose (p < 0.05) while significant time of day
effects of nicotine on body temperature were observed at the 0.5 (p < 0.01) and 1.0 mg/kg
nicotine doses (p < 0.01). The time of day-dependent effect of a 1.5 mg/kg dose of nicotine
on body temperature approached significance (p = 0.054). Data are represented as mean ±
SEM. * = p < 0.05; ** = p < 0.01.
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Figure 4.
Melatonin deficient mouse strains do not differ in sensitivity to the effects of nicotine
between ZT9 and ZT21. C57BL/6J male mice exhibited similar sensitivity to the effects of
nicotine on activity (A) and body temperature (B) at ZT9 and ZT21 when tested at either
0.25 (n = 5 per time point) or 0.5 mg/kg (n = 12–13 per time point) nicotine. Similarly, 0.5
mg/kg (n = 5–8 per time point) and 1.0 mg/kg (n = 12–14 per time point) doses of nicotine
did not have zeitgeber time-dependent effects on activity (C) or body temperature (D) in
DBA/2J male mice. Data are represented as mean ± SEM.
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Figure 5.
Melatonin receptors are essential for reduced sensitivity to nicotine at ZT21. C3H genetic
background mice that possess homozygous null mutations for the melatonin receptors
Mtnr1a and Mtnr1b are not differentially sensitive to the effects of 1 mg/kg nicotine on
activity (A) or body temperature (B) at ZT9 and ZT21 (n = 24 per time point).
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Figure 6.
The effect of time of day on levels of [125I]-α-bungarotoxin binding is brain region specific.
[125I]-α-bungarotoxin binding was measured at 6 time points and 4 brain regions (n = 6–7
per brain region per time point). Results indicated that there is a daily variation in [125I]-α-
bungarotoxin binding in the hypothalamus (p < 0.05) with maximal levels occurring
between 2 hr before lights out and 2 hr after lights out. There was no effect of time of day in
the remaining 3 brain regions. Data are represented as mean ± SEM. White bar represents
time frame of lights on and black bar represents time frame of lights off. * = p < 0.05
relative to ZT 9; ** = p < 0.01 relative to ZT9; + = p < 0.05 relative to ZT 13.
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