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Abstract
Lithium, a drug commonly used to treat mood disorders, and the psychostimulant methamphetamine
are both capable of altering circadian rhythmicity. Although the actions of lithium on the circadian
system are thought to occur through inhibition of glycogen synthase kinase-3β (GSK3β), the
mechanism by which methamphetamine alters circadian rhythms is unknown. We tested the effects
of concurrent methamphetamine and lithium treatment on the circadian wheel-running behavior of
mice. Methamphetamine alone lengthened both the active duration and the free-running period of
locomotor activity in animals housed in constant conditions. Administering lithium enhanced the
period-lengthening effects of methamphetamine in animals housed in constant darkness. This effect
was even more pronounced when animals were housed in constant light. Lithium increased both
methamphetamine intake and serum levels of methamphetamine, possibly contributing to the effects
on circadian behavior. We also tested the effect of methamphetamine in mutant mice possessing only
one allele for Gsk3β. These animals, when treated with methamphetamine, responded like wild-type
mice treated with a combination of methamphetamine and lithium, displaying long, free-running
rhythms. These data, together with many others in the literature, point to a complicated interaction
between the circadian system and the development and possible treatment of psychopathologies such
as bipolar disorder and drug addiction.
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Introduction
There is a wealth of evidence pointing to a link between abnormal circadian rhythms and mood
disorders (Wehr and Wirz-Justice, 1982; Winget et al., 1984; Katz et al., 2001). Many
depressed and bipolar patients suffer from alterations in their sleep–wake cycles and circadian
rhythms. The connection between the circadian system and mood disorders is further
strengthened with the recent establishment of circadian Clock mutant mice as a model for
human mania (Roybal et al., 2007). The manic-like behaviors displayed by Clock mutant mice
are reversed by administering lithium (Roybal et al., 2007). In fact, perhaps not surprisingly,
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lithium and other compounds commonly used to treat mood disorders have striking effects on
circadian outputs (Klemfuss, 1992; Dokucu et al., 2005; O’Donnell and Gould, 2007).

The effect of lithium on circadian rhythms has been extensively studied in an effort to
understand the relationship between psychopathology and circadian regulation. Lithium
produces a lengthening of the free-running period of circadian locomotor activity in many
species including drosophila (Padiath et al., 2004), rats (Hafen and Wollnik, 1994), hamsters
(LeSauter and Silver, 1993), mice (Iwahana et al., 2004), and humans (Johnsson et al., 1983).
In addition to altering locomotor activity, lithium lengthens the free-running period of the
electrical firing rate in isolated mouse suprachiasmatic nucleus (SCN) neurons (Abe et al.,
2000).

The action of lithium on the circadian clock is thought to occur through inhibition of glycogen
synthase kinase-3 (GSK3) (Iwahana et al., 2004; Padiath et al., 2004; Dokucu et al., 2005;
Iitaka et al., 2005; Yin et al., 2006). Lithium inhibits GSK3 directly (Ryves and Harwood,
2001) and increases GSK3 phosphorylation (phosphorylated GSK3 is the inactive form) (De
Sarno et al., 2002). GSK3β has a role in the mammalian circadian clock, phosphorylating Rev-
erbα, which in turn results in repression of Bmal1 transcription (Yin et al., 2006). The inhibition
of GSK3β by lithium thus leads to suppression of Rev-erbα, activation of Bmal1 (Yin et al.,
2006), and a slowing of the molecular circadian feedback loop (i.e. lengthening the period).
GSK3β has also been shown to phosphorylate PER2, possibly promoting nuclear translocation
(Iitaka et al., 2005). Thus, lithium may also ultimately lead to delayed transfer of PER2 to the
nucleus.

In addition to lithium, circadian rhythmicity is sensitive to stimulants such as
methamphetamine (MAP). Chronic administration of MAP in the drinking water of rats and
mice produces a lengthening of the free-running period and an increase in the duration of
locomotor activity (Honma et al., 1986; Tataroglu et al., 2006). Animals treated with MAP
[both in constant conditions and in light : dark (LD) cycles] often show a second, long-period
rhythmic component of locomotor activity, which exhibits relative coordination with the main
component (Honma et al., 1986; Tataroglu et al., 2006). MAP also induces circadian
rhythmicity in animals that are otherwise arrhythmic because of lesions of their SCN (Honma
et al., 1987; Tataroglu et al., 2006) or clock gene mutations (Masubuchi et al., 2001). These
data have led to the hypothesis that there is a methamphetamine-sensitive circadian oscillator
(MASCO), which is separate and distinct from the circadian oscillators in the SCN. The
mechanism by which MAP influences circadian rhythms is unknown, but, given its stimulatory
effects on the dopaminergic system, it has been hypothesized that the circadian consequences
of MAP administration could be mediated by reward pathways (Tataroglu et al., 2006).

Lithium can reverse or inhibit some of the effects of amphetamines. Lithium has an antagonistic
action on some dopamine-dependent behavioral effects of amphetamine (Beaulieu et al.,
2004). This occurs through lithium’s interference with the Akt/GSK3 signaling cascade
(Beaulieu et al., 2004). Lithium protects against dopaminergic neurotoxicity (Youdim and
Arraf, 2004), reducing apoptosis by inhibiting GSK3β (Li et al., 2002) and reduces the c-
Fos expression typically induced by MAP (Lee et al., 1999; Namima et al., 1999; Yang et
al., 2001). Nevertheless, other effects of MAP are potentiated by lithium. Lithium
administration exacerbates MAP-induced stereotypy in mice (Ozawa and Miyauchi, 1977), an
effect that may be because of the ability of lithium to prolong the halflife of MAP in the rodent
brain (Miyauchi et al., 1981).

Given the synergistic effects of lithium and MAP on stereotyped behaviors, this study aimed
to determine the impact of lithium on the circadian locomotor behavior of mice chronically
treated with MAP. In addition, we investigated the effect of MAP treatment on mice lacking
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one allele for Gsk3β. Although Gsk3β null mice are not viable, Gsk3β heterozygote mice
display behavioral changes similar to those of mice chronically treated with lithium (O’Brien
et al., 2004). This model system was used to test the hypothesis that genetic inhibition of
GSK3β would alter the effect of MAP on circadian locomotor activity in the same way as does
the addition of lithium.

Methods
Animals and housing

Male C57BL/6 mice (10–15 weeks old) were purchased from Jackson laboratories (Bar Harbor,
Maine, USA) and individually housed in Nalgene cages equipped with running wheels. Wild-
type and heterozygous male and female Gsk3β mice were used, where noted; these animals
were obtained from a breeding colony at the University of Virginia. Colony founders were a
generous gift from Dr Peter Klein, University of Pennsylvania, with permission from Dr James
Woodgett, Samuel Lunenfeld Research Institute, who originally generated the line. Running
wheel activity data were recorded using the ClockLab software (Actimetrics, Evanston,
Illinois, USA). All animals were kept on a 12 : 12 h LD cycle for at least 1 week before
experimental manipulation. During the light phase and in constant light (LL), light intensity
at the level of the animals’ cages was approximately 350 lux. The Animal Care and Use
Committee at the University of Virginia approved all experimental procedures.

Methamphetamine and lithium chloride administration
Water containing MAP (Methamphetamine hydrochloride, Sigma, St Louis, Missouri, USA)
at 0.005 and 0.010% was available ad libitum, where indicated. Lithium chloride (LiCl) was
administered using 0.212% LiCl food pellets (Harlan Teklad, Madison, Wisconsin, USA).
Similar concentrations of LiCl chow have been reported to produce a serum lithium
concentration of approximately 0.76 mmol/l (O’Brien et al., 2004). LiCl food pellets were
ground and moistened with peanut butter (10%) to prevent weight loss, which can occur when
animals consume LiCl pellets alone. This dietary modification has no effect on the free-running
period of animals on clean water or MAP (Mohawk et al., unpublished data). LiCl-fed animals
also received supplemental saline (0.9%, administered in drinking water) to avoid lithium
toxicity (Jensen et al., 1976). All food was available ad libitum. When in constant dark (DD),
animal care and maintenance were performed using an infrared light and viewer.

Effect of methamphetamine and lithium administration
Lithium chloride treatment—One group of animals was fed with standard chow and water
in LD (n=6), DD (n=15), or LL (n=12) for at least 2 weeks. Food was then replaced with rodent
chow containing 0.212% LiCl and animals were maintained on the LiCl diet for at least 3 more
weeks.

Methamphetamine treatment—A second group of animals was housed with standard
chow and water in either LD (n=12), DD (n=20), or LL (n=22) for at least 2 weeks. After this
2-week control period, 0.005% MAP was administered chronically in the drinking water for
an additional 2 weeks.

Methamphetamine + lithium chloride—A third group of animals [LD (n=12); DD
(n=20); LL (n=14)] was fed standard chow and water for 2 weeks, and then given 0.005% MAP
with standard chow. After 2 weeks on the standard chow + 0.005% MAP regimen, the chow
was replaced with 0.212% LiCl food. After 3 weeks on the LiCl diet, the 0.212% LiCl chow
was removed and mice continued consuming 0.005% MAP and standard chow for the duration
of the experiment.
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Increased methamphetamine concentration—To compare the effects of lithium to an
increased dose of MAP, another group of animals received 0.005% MAP for 2 weeks, and then
the concentration of drug was doubled. These animals received a solution of 0.010% MAP for
at least 3 weeks [DD (n=9); LL (n=8)].

Effect of lithium chloride on serum methamphetamine concentrations
To determine whether LiCl administration was altering MAP metabolism, a separate group of
mice were used to assay for serum MAP levels. Mice (n=24) were housed in running wheels
and assigned randomly to one of four groups: control (no drug treatment), 0.005% MAP,
0.010% MAP, or 0.005% MAP + LiCl. Mice were released into DD and administered drug as
described above. After 1 week of drug treatment, animals were sacrificed (at approximately
circadian time 12) and trunk blood was collected. Serum was analyzed by the Center for Human
Toxicology at the University of Utah using liquid chromatography and tandem mass
spectrometry as described earlier (Slawson et al., 2002).

Effect of methamphetamine on Gsk3β+/− mice
Mice from GSK3β+/− × C57BL/6 crosses (n=20 animals) were released into constant darkness
for 2 weeks, to establish their free-running period length. Animals were then given 0.005%
MAP drinking water for 7 weeks and the effect on their circadian wheel-running behavior was
observed. The long duration of MAP treatment was necessary to allow stabilization of the free-
running period in some animals. After the 7 weeks of MAP treatment, all animals were given
clean drinking water and monitored until they returned to a normal (pre-MAP treatment) free-
running period length. Upon completion of data collection, animals were genotyped by PCR
analysis of tail DNA. The experimental animals included six heterozygote and 14 wild-type
mice. All mice originating from litters that did not contain a single heterozygote littermate were
excluded from analyses, resulting in a final number of six heterozygotes and six wild-type
mice.

Statistical analyses
Activity data were double plotted in actograms using a 10 min block size. Circadian parameters
of period (τ) and activity duration (α) were evaluated using the ClockLab software
(Actimetrics). Alpha was defined as the distance between the onset and the offset of activity,
by fitting a week of data from a free-running rhythm into its dominant period and obtaining an
average waveform. Arrhythmic animals and those that did not survive the appropriate duration
of drug treatment were excluded from τ and α summary data and summary figures. Activity
level was defined as the total number of running wheel revolutions during a week of each
treatment. Activity levels during drug treatment were expressed as a percentage of control (no
drug treatment) levels. Period values were obtained by χ2 periodogram on at least 1 week of
continuous data. Groups were compared using one-way analysis of variance (with post-hoc
Scheffé and t-test comparisons) and unpaired t-tests; a P value of less than 0.05 was considered
significant.

Results
Methamphetamine, but not lithium, lengthens the free-running circadian rhythm of
locomotor activity

Figure 1 shows representative activity records from animals treated with either LiCl (Fig. 1a)
or MAP (Fig. 1b) in DD, LL, and LD. As expected, animals treated with MAP alone lengthened
period in DD and LL and increased activity level. In LD, they demonstrated a delayed, but
stable, phase relationship between onset of activity and lights off (Ψ= − 0.8 ± 0.32 h), relative
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to control (untreated) conditions. There were no significant changes in circadian parameters
during 2 weeks of LiCl treatment in LD.

Table 1 shows the mean (±SEM) τ and α of mice housed in DD and LL. The group of mice
consuming 0.005% MAP significantly lengthened both τ and α (P < 0.001). Mice on MAP
consumed 8 ± 2.3 ml of water/day, which is an average of 0.4 mg of MAP/day. Water
consumption levels did not differ between the control and MAP-treated conditions. After 2
weeks of consuming LiCl, a significant increase in α was observed in animals held in DD (P
< 0.05). LiCl consumption did not significantly alter the free-running period length of animals
in DD or LL. Average daily volume of (clean) water intake was 14 ± 1.2 ml in LiCl-treated
mice and 8 ± 1.2 ml in untreated animals.

Lithium and methamphetamine act synergistically to dramatically lengthen free-running
period

Combining LiCl and MAP treatment in animals housed in LD resulted in a delayed phase angle
of activity onset and relative coordination, with episodes of free-running alternating with stable
entrainment. Two weeks after withdrawing LiCl, phase was still unstable (Fig. 2).

There was a significant effect of drug treatment (0.005% MAP, 0.010% MAP, or 0.005% MAP
+ LiCl) on period length in both DD [F(3,77) = 16.17, P < 0.001] and LL [F(3,53) = 74.84,
P < 0.001] (Table 2 and Figs 2, 3, 4 and 5). Increasing the dose of MAP from 0.005% to 0.010%
resulted in a lengthening of period in DD (P < 0.01) and LL (P < 0.001). When housed in DD,
four out of nine mice on 0.010% MAP displayed a second component of activity, whereas in
LL all animals tested (n=8) displayed a significant lengthening of τ when the MAP dose was
increased from 0.005 to 0.010%.

Given LiCl, animals already consuming MAP further lengthened τ. In DD (Fig. 3), 0.005%
MAP + LiCl resulted in a longer τ than that observed when animals were treated with 0.005%
MAP alone (P < 0.001); 0.005% MAP + LiCl also tended toward a longer τ than was observed
after 0.010% MAP treatment in DD, though this effect did not reach significance (P=0.08).
After withdrawing LiCl in food, animals housed in DD continued to have low activity levels
for at least 3 more days before reverting to a shorter, pre-LiCl exposure τ. Of the DD group,
five mice (25%) on LiCl displayed arrhythmic behavior, seven mice (35%) had a free-running
period longer than 27 h, and the remaining animals had an average τ lengthening of 0.4 h. In
LL (Fig. 4), 0.005% MAP + LiCl resulted in a longer τ than that of animals on either 0.005%
(P < 0.001) or 0.010% MAP (P < 0.05) alone. Of the animals housed in constant light, only
two animals displayed arrhythmic behavior when treated with a combination of 0.005% MAP
and LiCl, whereas six mice displayed a τ approximating 39 h or longer after the addition of
LiCl. When LiCl was given in food, mice consumed an average of 13.4 ± 1.2 ml/day of 0.005%
MAP solution, which is 0.67 mg of MAP/day; body weight loss was about 8% by the end of
the third week.

Effect of lithium chloride treatment on methamphetamine-induced hyperactivity
Lithium consumption reduced the hyperactivity resulting from MAP treatment (Fig. 6). In DD,
MAP increased activity levels by approximately 35%, whereas adding LiCl in chow reduced
overall wheel-running activity to only 13% of control levels (P < 0.01). In LL, untreated
animals display low levels of activity (Fig. 4b). When consuming 0.005% MAP in LL, activity
levels increased approximately 10 fold; when consuming lithium, the hyperactivity produced
by MAP decreased significantly (P < 0.01; Fig. 6).
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Effect of lithium chloride on serum methamphetamine levels
There was a main effect of drug treatment on serum levels of MAP (F=41.685, P < 0.001;
Table 3). Post-hoc comparisons revealed that animals consuming 0.005% MAP did not have
serum MAP levels that were significantly increased over those of control animals. Mice
consuming 0.010% MAP had serum levels that were significantly higher than controls (P <
0.05), but not significantly higher than those of 0.005% MAP-treated animals (P=0.10).
Coadministration of LiCl and MAP resulted in increased levels of MAP in serum, with serum
levels in these mice being higher than any other group (P < 0.05).

Gsk3β+/− mice are hypersensitive to the circadian effects of methamphetamine in constant
darkness

The τ of Gsk3β+/− mice did not differ from that of wild-type mice before drug treatment (t=0.47,
P > 0.05). Some animals exhibited multiple free-running period lengths while on MAP; for
these, the period with the larger amplitude (as determined by χ2 periodogram) was used in the
statistical analyses. During weeks 3 and 4 of MAP treatment, τ was significantly lengthened
in all mice [F(1,10)=13.35, P < 0.01], and there was a significant interaction between MAP-
treatment and genotype [F(1,10)=8.03, P < 0.05]. MAP lengthened τ to a much greater extent
in Gsk3β+/− mice than in their wild-type counterparts (P < 0.05). After continued MAP
exposure, the difference between the τ of wild-type and Gsk3β+/− mice continued to increase,
as did the variance in τ among Gsk3β+/− mice, resulting in unequal variances (P < 0.05). Despite
the increased variability among Gsk3β+/− mice, there was still a trend towards a longer τ in the
Gsk3β+/− mice as compared with wild-type mice during weeks 6 and 7 of MAP treatment
(P=0.085 by t-test assuming unequal variances) (Figs 7 and 8).

Discussion
Lithium treatment and Gsk3β haploinsufficiency further lengthened the circadian free-running
periods of MAP-treated mice. The observation that Gsk3β+/− animals on 0.005% MAP had
free-running period lengths approximating those of lithium-treated mice on the same dosage
of MAP is consistent with the hypothesis that the synergistic effects of lithium and MAP on
the circadian system may be accomplished through the inhibitory action of lithium on
GSK3β. The increased serum levels of MAP in lithium-treated mice may also partly explain
the lengthened free-running periods of these animals.

In this study, 0.212% LiCl alone did not produce noticeable changes in the free-running period
length. However, a significant increase in a was observed in DD (Table 1). Lithium has
previously been reported to alter period length in a number of animals including drosophila
(Padiath et al., 2004;Dokucu et al., 2005), primates (Welsh and Moore-Ede, 1990), and mice
(Iwahana et al., 2004). It is possible that administering LiCl to our mice for longer lengths of
time, or at higher doses (Iwahana et al., 2004, administered 0.3% lithium), would have
produced serum concentrations capable of altering τ. The method of lithium administration
may also have played a role in the less dramatic effects documented in this study. It should be
noted that feeding mice using LiCl in pellets within the cage top hopper while administering
MAP in the drinking water resulted in high levels of mortality during a pilot experiment (data
not shown). This problem was avoided by feeding the animals powdered food moistened with
peanut butter in a dish at the bottom of the cage (De Groot and Rusak, 2004). This paradigm
change also decreased weight loss of the animals during the experiment.

Chronic MAP treatment lengthened τ and α (Table 1), confirming earlier reports (Honma et
al., 1986;Tataroglu et al., 2006). The mechanism by which MAP controls circadian rhythms
is not yet known. MAP enhances monoamine neurotransmission (dopamine, norepinephrine,
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and serotonin), and the effects of MAP on circadian rhythms may be occurring through a
monoaminergic pathway.

Not surprisingly, the overall activity levels of mice were increased by MAP. Although there
are reports of increase in activity altering circadian free-running period (Mrosovsky, 1999), in
this study, the effects on free-running period are unlikely to be secondary to changes in
locomotor behavior. For one, increased activity levels typically lead to a shortening of τ
(Yamada et al., 1988; Mrosovsky, 1999). Second, administering lithium to the animals
attenuated the activity increase induced by MAP but continued to lengthen the free-running
period. There does not seem to be a correlation between activity counts and τ in this situation.

Combining LiCl and 0.005% MAP altered circadian rhythms in a manner that varied depending
on the photic environment in which the animals were housed. In LD, the response to LiCl and
0.005% MAP ranged from free-running activity rhythms (i.e. animals failed to remain
entrained to the LD cycle) to relative coordination. Lithium is capable of reducing visual
sensitivity in the mammalian retina (for review, see Klemfuss, 1992). Thus, the results obtained
in LD could be the consequence of decreased salience of the photic zeitgeber (as a consequence
of LiCl treatment) failing to entrain the SCN or the MASCO.

The combination of LiCl and 0.005% MAP treatment in constant conditions resulted in a
consistent lengthening of τ beyond that observed with either drug singly. This effect was much
larger in constant light, with many animals displaying free-running periods of 39 h or longer.
The reason for the difference in effect size between DD and LL is not entirely clear. In nocturnal
mammals, constant light lengthens the free-running period (Aschoff, 1960). It is possible that
the lengthening effects of LL on τ further enhanced the lengthening effects of the drug
treatment. Bright light, much like lithium, has been used extensively in the treatment of mood
disorders (Golden et al., 2005; Wirz-Justice et al., 2005). Indeed, light may be acting as another
drug affecting the circadian system. There is a dose-response curve to the phase-shifting and
period-lengthening effects of light on the circadian system, with brighter light intensities
resulting in larger phase-shifts and a longer τ in most species (Aschoff, 1960; Takahashi et
al., 1984; Ruis et al., 1991; Boivin et al., 1996). It is possible that the parametric effects of
constant light are enhanced in mice consuming both MAP and lithium, but the nonparametric,
entraining effects of light are blunted resulting in the relative coordination seen when these
mice are housed in LD cycles. Alternatively, the increased lengthening of τ during LiCl and
MAP treatment in LL could be because of suppressed outputs from the SCN itself. Extended
exposure to constant light can lead to behavioral arrhythmicity (Aschoff, 1960; Daan and
Pittendrigh, 1976) and blunted rhythms of clock gene expression within the SCN (Sudo et
al., 2003; Munoz et al., 2005). Suppressing signals from the SCN may allow MASCO more
control over locomotor rhythmicity, resulting in the long free-running periods observed.

Animals fed with LiCl-containing chow had higher serum MAP levels than animals consuming
0.005 or 0.010% MAP alone. Serum samples were taken at only one circadian time, however,
and it is possible that there is a circadian pattern of MAP clearance that is altered in LiCl-
treated animals. This hypothesis has yet to be tested. When mice were consuming LiCl they
increased consumption of 0.005% MAP water, which could explain the observed increase in
serum MAP levels. Lithium may also alter the metabolism of MAP. An influence of lithium
on psychostimulant metabolism has been implicated in the effect of lithium on amphetamine-
induced stereotypy (Miyauchi et al., 1981).

Interestingly, despite the increased serum MAP levels, there were no health problems observed
in mice treated with 0.005% MAP and LiCl. When animals were given 0.010% MAP directly
(for the purposes of serum analysis, without having been treated with a lower dose first), two
of the six mice died within a week of the onset of drug treatment. In contrast, all six of the
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0.005% MAP + LiCl animals survived until blood collection despite their greatly increased
serum levels of MAP. This leads us to speculate that LiCl may be protective against some of
the toxic effects of MAP. Such a conclusion is supported in part by the established ability of
lithium to reduce N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced dopaminergic
neurotoxicity (Youdim and Arraf, 2004).

Gsk3β heterozygote mice on 0.005% MAP exhibited circadian free-running periods in a range
similar to 0.005% MAP-treated wild-type mice on lithium. This suggests a possible role for
the inhibition of this enzyme in altering free-running period length. There is an emerging body
of evidence supporting a role for GSK inhibition in the circadian effects of lithium. GSK3β
phosphorylates the clock gene product Rev-erbα (Yin et al., 2006). Lithium treatment leads to
degradation of Rev-erbα, and a mutated form of Rev-erbα insensitive to phosphorylation by
GSK3β results in dampened circadian oscillation and an insensitivity of the circadian clock to
lithium (Yin et al., 2006). Moreover, phase delays of the circadian clock in mouse embryonic
fibroblasts have been observed after genetic or pharmacological inhibition of GSK activity
(Kaladchibachi et al., 2007). It is possible that the action of GSK on the molecular clock is
mediating the effects of MAP on the free-running periods of lithium-treated and Gsk3β
heterozygote mice. Further experiments showing that lithium treatment of Gsk3β heterozygote
mice does not further enhance the effect of MAP, or experiments rescuing GSK3β function in
the deficient mice, would provide more definitive support for this hypothesis.

Studying the combined actions of drugs of abuse and those used to treat mood disorders is of
great clinical importance. Studies have found that 55–60% of patients being treated for bipolar
disorder also had a lifetime history of alcohol or substance abuse (Cassidy et al., 2001; Bizzarri
et al., 2007). Lithium has light antidepressant effects and can potentiate the action of stronger
antidepressants as a treatment for mood disorders (Bauer et al., 2003; Gould et al., 2004; Gould
and Manji, 2005). The effects of combining lithium and similar pharmaceutical treatments for
mood disorders with drugs of abuse, such as MAP, are not fully understood. Our data add to
the current literature suggesting both additive and opposing effects of lithium and
amphetamines on physiology and behavior. Investigating the impact of combined lithium and
psychostimulant use on the circadian system may help us to understand the contribution of
circadian malfunction to psychopathology and drug abuse.
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Fig. 1.
Effect of 0.212% lithium chloride (LiCl) (a) or 0.005% methamphetamine (MAP) (b) on free-
running period and entrainment of mice in constant darkness (DD), constant light (LL), and
light: dark (LD). Running wheel activity data are double plotted, with the bars along the top
representing light conditions (shaded=dark, open=light). Arrows along the side of each
actogram indicate days of treatment with LiCl or MAP. Note the phase delay in activity onset
after methamphetamine treatment in LD.
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Fig. 2.
Light entrainment and the effect of methamphetamine (MAP) and lithium chloride (LiCl). In
(a), the animal begins to free-run after the addition of LiCl treatment. The periodogram appears
in the inset. In (b), relative coordination to the light:dark cycle is observed. Arrows along the
side of each actogram indicate days of treatment with MAP and LiCl. Periods (in hours) are
noted to the right of the actograms.
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Fig. 3.
Effect of lithium chloride (LiCl) and methamphetamine (MAP) on the free-running rhythm of
wheel-running activity in constant darkness. Arrows along the side of each actogram indicate
days of treatment with MAP and LiCl. In (a), the animal experiences a lengthening of τ followed
by arrhythmicity (no rhythm, NR). In (b), τ lengthens to 28.1 h (replotted in insert on a time
base of 28h). Periods (in hours) are noted to the left of the actograms.
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Fig. 4.
Effect of lithium chloride (LiCl) and methamphetamine (MAP) on the free-running rhythm of
wheel-running activity in constant light. Arrows along the side of each actogram indicate days
of treatment with MAP and LiCl. Periodograms along with the replotted activity data [with
period of the time base set to match τ, i.e. 40h in (a) and 33 h in (b), double plotted] appear in
the inset. In (b), periods (in hours) are noted to the right of the actogram.
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Fig. 5.
Average±SEM τ observed when mice were treated with 0.005% methamphetamine (MAP),
0.010% MAP, or a combination of 0.005% MAP and lithium chloride (LiCl) (MAP + LiCl).
All drug treatments resulted in longer τs compared with control conditions (data not shown).
The gray bars are data from animals housed in constant darkness; open bars are data from
animals housed in constant light. *Significantly longer than 0.005% MAP, **Significantly
longer than 0.005 and 0.010% MAP.
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Fig. 6.
Average±SEM activity levels on 0.005% methamphetamine (MAP) alone and on 0.005% MAP
with lithium chloride (LiCl) (MAP + LiCl). Data are presented as a percentage of control
conditions (where control activity level=100%). The black bars represent data from mice
housed in constant darkness (DD), the open bars are data from mice housed in constant light
(LL). *Significant difference from 0.005% MAP (P<0.01). Note the difference in scale
between the DD and LL charts.
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Fig. 7.
Mean ±SEM free-running period lengths of wild-type (+/ +) and heterozygote (+ /−) Gsk3β
knockout mice. Different letters above bars denote significant differences between groups
(P<0.05). The τ of Gsk3β+/− mice during weeks 6 and 7 of methamphetamine (MAP) treatment
were highly variable and the mean did not differ significantly from any other group.
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Fig. 8.
Representative actograms from (a) wild-type (+/+) and (b) heterozygote (+/−) Gsk3β mice
housed in DD. Activity data are double plotted. The arrow to the left of each actogram denotes
the 7-week period of 0.005% methamphetamine (MAP) administration. Periods (in hours) are
noted to the left of the actograms. MAP administration resulted in a lengthening of τ in both
+/+ and +/− mice. The free-running periods of +/− animals, however, were affected to a much
greater extent.
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Table 2

Pooled mean±SEM (τ, in hours) of mice untreated (control), on 0.005% MAP, on 0.010% MAP, and on 0.005%
MAP + LiCl

τ in DD n τ in LL n

Control 23.54 (±0.05)a 29 26.36 (±0.08)a 20

0.005% MAP 24.05 (±0.13)b 29 28.31 (±0.20)b 21

0.010% MAP 25.09 (±0.55)c 9 35.09 (±1.53)c 8

0.005% MAP + LiCl 28.05 (±1.27)c 14 40.16 (±1.74)d 8

DD, constant darkness; LiCl, lithium chloride; LL, constant light; MAP, methamphetamine.

Different letters next to treatment groups represent significant differences from other free-running periods in that lighting condition (DD or LL; P<
0.05).
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Table 3

Mean±SEM serum methamphetamine for mice consuming clean water (control), 0.005% MAP, on 0.010% MAP,
and on 0.005% MAP + LiCl

Serum MAP (ng/ml) n

Control 0 (±00) 6

0.005% MAP 41 (±26) 6

0.010% MAP 219 (±89)* 4

0.005% MAP +LiCl 593 (±50)** 6

LiCl, lithium chloride; MAP, methamphetamine.

*
Significantly greater than control (P< 0.05).

**
Significantly greater than all other groups (P< 0.05).
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