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Lithium- and Valproate-Induced Alterations in Circadian
Locomotor Behavior in Drosophila
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investigate more fully lithium and valproate action mechanisms.

INTRODUCTION

Lithium and valproate are widely used medications in the
treatment of bipolar disorder, a chronic and disabling
illness for which no suitable animal models are available.
The elucidation of action mechanisms of these drugs could
lead to a better understanding of the etiopathogenesis of
bipolar disorder. In addition, any improved insight could
provide foundations for developing safer alternative thera-
peutic agents. Although research over several decades has
identified many molecular targets of these drugs, these
targets have not been studied in a behavioral paradigm
using these drugs in a genetically tractable organism.
Many investigators have studied the effects of lithium
(and, to a lesser extent, valproate) and there is a large body
of literature reporting many acute, subacute, and chronic
effects of lithium at the systems, cellular, and molecular
levels (Manji et al, 1999b; Williams and Harwood, 2000;
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Lithium and valproate are commonly used mood stabilizers, but their action pathways are not clearly understood. They also suffer from
multiple toxic effects that limit their utility. Elucidating their action mechanisms could lead to newer agents and better understanding of
the etiopathogenesis of bipolar disorder. We have expanded the study of signaling mechanisms of lithium and valproate by using
Drosophila circadian locomotor activity as a robust behavioral assay that is amenable to genetic manipulations. We demonstrate that
lithium affects the circadian system of Drosophila similarly to what has been reported in the mammalian studies. We show that lithium and
valproate share effects on the circadian locomotor activity of Drosophila: they lengthen the period of circadian rhythms and increase
arrhythmicity. Valproate exerts these effects in a weaker fashion than does lithium. We also tested the circadian alterations in multiple
mutant lines of Drosophila bearing defects in the GSK-3f gene and other clock genes in response to lithium administration. We show that
lithium partially rescues the shortening of circadian period when the GSK-3f gene is overexpressed only in specific circadian pacemaker
neurons, thus implicating GSK-3f as a component in lithium's effect on the circadian oscillator. Moreover, lithium also lengthens the
period in GSK-3f heterozygous mutants and doubletime long mutants. These results establish a basis for using Drosophila genetics to
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Shaldubina et al, 2001; Gurvich and Klein, 2002; Jope, 2003).
The signaling molecules and pathways that have received
more attention are phosphoinositide (PI)-protein kinase C
(PKC) pathway, bcl-2/apoptosis machinery, and glycogen
synthase kinase-3f8 (GSK-3f3). A recent report found that
valproate also alters inositol metabolism by inhibiting
myoinositol-1-phosphate synthase and causes inositol
depletion by blocking de novo synthesis (Shaltiel et al,
2004). Manji and co-workers Chen et al, 1999b) have
demonstrated in vivo that the apoptosis-inhibiting gene
bcl-2 is induced both by lithium and valproate, assigning
a potential neuroprotective role to these mood stabilizers.
This group also reported that lithium treatment is
associated with an increase in grey matter volume in
patients (Moore et al, 2000). Importantly, valproate also
inhibits GSK-3 (Chen et al, 1999a). As GSK-3f has
proapoptotic effects, this is an intriguing connection of
two signaling machineries.

Although GSK-3f inhibition by lithium was first reported
in an early developmental context in Xenopus and
Drosophila (Klein and Melton, 1996; Stambolic et al, 1996;
Hedgepeth et al, 1997), the body of evidence is increasing
that this may be valid also in the mammalian central
nervous system (CNS) (Gould et al, 2004). It is significant
that Drosophila shaggy mutants lacking GSK-3f activity
display lengthening of the circadian period (Martinek
et al, 2001). In humans, a single nucleotide polymorphism



in the GSK-3f promoter region has been reported to
correlate with the onset of bipolar disorder (Benedetti
et al, 2004). Lithium signaling through GSK-3§ has
also been implicated in Alzheimer’s disease pathology.
Klein’s group demonstrated that treatments with lithium or
a small peptide that inhibits GSK-3f can block the
production of Aff peptides from amyloid precursor protein
(Phiel et al, 2003).

Lithium treatment modifies circadian rhythms in humans
and in most animals, primarily by lengthening the period of
the cycle (Johnsson et al, 1980; Kripke and Wyborney, 1980;
Welsh and Moore-Ede, 1990; Abe et al, 2000; Iwahana et al,
2004). Lithium directly inhibits GSK-3f activity in vitro
(Ryves and Harwood, 2001) and in cell culture (Stambolic
et al, 1996). But, the role of lithium’s or valproate’s
inhibition of GSK-3f in circadian behavioral changes is
unknown. Some authors have posited that the therapeutic
action of lithium may be closely linked to its effect on
circadian rhythms (Ikonomov and Manji, 1999; Manji and
Lenox, 2000).

We aimed to extend investigations of mood-stabilizing
drugs to a more genetically tractable organism and to apply
them in a robust and phylogenetically conserved behavioral
paradigm such as circadian behavior. Toward this aim, we
studied the alterations in circadian behavior of wild-type
and mutant Drosophila when they were chronically
administered lithium and valproate.

Why use Drosophila in studying the action mechanisms of
mood-stabilizing medications? The fly’s small size and
robustness, its reproduction cycle of 10 days, and 70 years
of genetic research devoted to it make it an ideal genetic
model organism. Although not nearly as complex in its
behavioral repertoire as higher mammals, Drosophila is an
excellent model organism that blends genetic accessibility
and behavioral complexity. Drosophila has been successfully
used in dissecting genetic components of behavioral
paradigms including associative learning and memory
(DeZazzo and Tully, 1995), substance abuse (Wolf, 1999;
Wolf and Heberlein, 2003), circadian behavior (Wang and
Sehgal, 2002), and recently sleep (Hendricks et al, 2001;
Shaw et al, 2002). It is also very suitable for the study of
gene interactions and epistasis. This has allowed researchers
to use Drosophila in genetic screens to identify many
additional components of signaling pathways such as the
Ras pathway, which was first identified in mammalian
model systems (Simon, 1994).

The level of detail achieved in defining the genetic
components of the circadian machinery in Drosophila is
unparalleled in any model system for any behavioral
paradigm. This is at least partly due to its robustness.
Circadian behavior is impaired in patients with psychiatric
disorders, especially affective disorders (Klemfuss, 1992;
Bunney and Bunney, 2000; Leibenluft and Frank, 2001). In
addition, circadian behavior is very highly conserved across
phylogeny. To this effect, a report has described a missense
mutation in the human ortholog of the Drosophila period
gene (hPer2) in familial advanced sleep phase syndrome
patients (Toh et al, 2001). This finding attributes a human
sleep behavior variant to a mutation in a clock gene (that
was first identified in the fly) and suggests that at least one
key behavioral gene has been conserved between insects
and humans. Therefore, it is plausible that the signaling
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pathways targeted by mood-stabilizing agents are conserved
by evolution.

Our results indicate that, consistent with the literature
reporting lithium’s effects on circadian behavior in
mammals, lithium lengthens the period of circadian
locomotor behavior in flies. Moreover, we observed that
valproate shares this effect with lithium. We have tested
GSK-3f (shaggy) mutants and also surveyed several other
circadian clock mutants in our paradigm.

MATERIALS AND METHODS
Fly Strains

Flies were grown in nutritional media containing cornmeal,
dextrose, agar, sodium potassium tartrate, calcium chloride,
and the mold inhibitor Lexgard (Inolex, Philadelaphia, PA).
The growth incubators were maintained at 25°C and at 60-
70% relative humidity. The flies were obtained either from
Bloomington Drosophila Stock Center or were gifts from
colleagues. We generated the pdfGAL4:UASsgg animals by
crossing the pdfGAL4 carrying animals (Park et al, 2000)
with UASsgg flies (obtained from Bloomington Stock
Center) and choosing progeny that carried both constructs.

Drug Administration and Lethality

As lithium and valproate are both known teratogens, we
chose to administer these drugs after the animals reached
adulthood in order to avoid developmental abnormalities.
Since circadian locomotor assays do not allow disturbance
of the flies once the experiment is started, we administered
lithium chloride (Sigma, St Louis) at 0.03-300 mM con-
centrations chronically in the food. Food was not allowed to
dry during preparation or afterwards. Likewise, we admi-
nistered sodium valproate (Sigma, St Louis) at 0.1-25mM
concentrations in fly food.

To determine the appropriate doses for behavioral
analysis, we generated dose-lethality curves for lithium
and valproate treatment. We mixed a 3-300 mM range of
lithium doses along with blue food coloring into the
nutritional media. We placed 15-20 male and 15-20 female
flies (age-matched) into each vial. Over the course of 8 days,
we counted the number of dead flies daily. We also
inspected the flies’ abdomens for the presence of blue
coloring to rule out death due to starvation. All flies had
blue dye in their abdomens. We did not observe differences
between male and female genders (data not shown). In
addition, we compared the lethality caused by lithium
chloride, lithium acetate, and lithium carbonate for the
same doses and did not find any significant difference
among these lithium salts (data shown for LiCl only). As
seen in Figure 1a, the lethality of lithium up to 30 mM in the
food is quite low until the end of the experiment. Flies
receiving lower concentrations of lithium continued to live
for at least another 10 days (data not shown). As our
behavioral assays last a maximum of 17 days, we did not
conduct longer experiments for lethality. We conducted
similar experiments testing the lethality of sodium valproate
(Figure 1b). These experiments directed us to choose these
doses for additional behavioral experiments: 10-30 mM for
lithium and 0.5mM for valproate.
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Figure | Lethality in populations of Drosophila due to administration of

(2) lithium and (b) valproate at varying doses over time.

Locomotor Behavior Assays

Locomotor activity of flies was monitored as described by
Taghert et al (2001). This was an automated assay. Briefly,
flies were placed into 65 mm glass tubes midway through
which a LED-emitted infrared beam vertically crosses the
path of the fly’s movement. Interruptions of this light beam
were signaled to a personal computer (DAM software,
Trikinetics Inc., Waltham, MA). An agar-sucrose-based
food plug (with or without drug) was placed at one end of
the glass tube. Once the animals were put into the
Trikinetics monitors, they were not disturbed for the
duration of the experiments. We typically monitored 1- to
3-day-old males at 25°C under 12h light:12h dark
conditions for 3-6 days and then released the animals into
constant darkness (DD) for 9-14 days. The data were
collected in half-hour bins and analyzed using the Brandeis
Rhythm package (http://www.hawk.bcm.tcm.edu). We ana-
lyzed period lengths and rhythmicity of the animals with the
x> periodogram analysis and maximum entropy spectral
analysis (MESA). The rhythmicity of the animals was
determined by the power criteria of the y* periodogram;
we included only animals that were strongly rhythmic
defined as having power > 10 in our analyses. However, for
determining arrhythmicity, we only counted animals that
were strongly arrhythmic defined as nonsignificant
(p>0.01) by z* periodogram analysis. Statistical analyses
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were performed using Microsoft Excel subroutines and/or
GraphPad Prism 4 software.

Drug Level Assays

To confirm and correlate observed behavioral alterations
with drug dose, we measured lithium levels in whole flies
using the ion-selective electrode method (Bertholf et al,
1988). Since the electrodes were calibrated to the electrolyte
profile of human serum, we homogenized 10-20 flies into
200 pl of fetal calf serum using a pestle following behavioral
and uptake experiments. After centrifuging the solid matter
down, we submitted the supernatants to Washington
University Medical Center Clinical Laboratories for testing.
We included standard solution samples as an internal
quality control measure.

RESULTS

Previous work had shown that lithium could be adminis-
tered through fly food reliably and without lethality
(Williamson, 1982; Xia et al, 1997). Since these experiments
were performed for short durations and since our circadian
locomotor activity assays involve weeks, we tested the
feasibility of longer duration of drug administration in our
paradigm. We report here that lithium and valproate can be
reliably given to Drosophila and that they lengthen the
circadian period of locomotor activity in a Canton S
laboratory strain (wild type) flies. A preliminary aim was
the preparatory studies of choosing the lithium salt optimal
for survival and defining dosages of administration of
lithium to flies. The lithium levels measured in the fly
leading to behavioral change are also within the ‘physio-
logical’ range as reported in human and rodent literature.
Lithium increased the number of arrhythmic flies in a dose-
dependent manner, most likely by decreasing the amplitude
of activity levels. In addition, we have identified changes in
the circadian behavior of two GSK-3f mutant strains:
pdfGAL4:UASsgg flies (overexpressing GSK-3f) and sgg/
FM6 (heterozygous null mutant). We also observed
circadian alterations by lithium administration in the
behavior of doubletime [L] (the long-period allele) homo-
zygous circadian mutants.

Lithium Uptake Over Time

Based on the lethality experiments, we were confident that
flies were taking up lithium. Next, we asked whether this
could be detected using standard clinical laboratory assays
in order to correlate drug levels in the body with
concentration in food or to correlate with behavior. We
placed flies in vials including food with a range of lithium
concentrations. We collected flies every 3 days and froze
them. At the end of 15 days, we measured lithium levels.
Figure 2 shows the uptake of lithium over 2 weeks. This
experiment shows that the lithium levels in whole flies track
the lithium concentration in the fly food. A two-way
ANOVA test showed that there is a strong correlation of
lithium levels with the concentration in food (p<0.0001)
and a weak correlation with duration (p<0.02). The
lethality observed in this experiment is consistent with that
observed in others (ie Figure 1a). We calculated a range of
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Figure 2 Lithium uptake by Drosophila as a function of lithium
concentration in fly food. Lithium levels on y-axis reflect the readings for
|0 flies homogenized as described in Materials and Methods. The data
points missing are due to undetectable levels of lithium (for 2mM) or no
flies remaining alive at that date (6, 9, 12, and |5 days for 300 mM; 9,12, and
I'5 days for 100mM; 12 and |5 days for 50mM; and |15 days for 20 mM)
(error bars indicate SEM).

concentration from 0.2 to 14mM per fly based on the
average volume of the animals and number used in the
assays. We observed behavioral effects at the lower end of
this range (which is comparable to ‘therapeutic’ levels
recorded in mammalian studies) and lethality at the
higher end.

Lithium Levels after Behavioral Experiment

We asked whether flies uptake lithium similarly at the end
of the locomotor behavioral assay. Following a 15-day
experiment that monitored circadian locomotor output, we
collected 20 live flies per dosage in duplicate and measured
lithium levels (using the ion-selective electrode method).
Figure 3 reveals that the fly lithium concentration follows
food lithium concentration (for duplicate samples) in this
experiment, as observed in the uptake experiment described
previously. We also tested the hypothesis that lithium levels
in the fly correlate with the increase in the period. After the
behavioral experiment, we grouped flies displaying larger
increase in circadian period and flies showing small or no
increase in circadian period. We assayed these two groups
of flies and did not detect a significant difference in lithium
levels (data not shown) between groups.

Lithium and Valproate’s Effects on the Circadian
Locomotor Behavior of Adult Wild-Type Drosophila

We conducted several experiments analyzing circadian
locomotor behavior parameters in adult wild-type (Canton
S) Drosophila that received a wide dose range (0.03-
300 mM) of lithium in the nutritional media. We used
40-250 adult flies (typically 1- to 3-day-old males) per
experimental condition and obtained similar results across
experimental replicates (aggregate results are reported).
Although there is some evidence that lithium may regulate
light sensitivity (Seggie et al, 1989; Duncan et al, 1998), our
initial focus was the analysis of its effect on the free-running
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Figure 3 Lithium uptake by Drosophila following a |5-day behavioral
experiment. Lithium levels on the y-axis reflect the readings for 20 flies per
value (error bars indicate SEM).
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Figure 4 Increase in the period of circadian locomotor activity with the

administration of (a) lithium and (b) valproate to wild-type Drosophila. x-
axis is logarithmic (error bars indicate SEM) For statistical summaries, see
Table I.

clock (ie DD conditions). We observed that lithium induced
a significant increase in the period of the free-running
locomotor rhythms of the fly. This trend displayed a narrow
‘therapeutic’ window such that, with higher than 30 mM
concentrations of lithium in the food, the number of flies
that died before the experiment ended increased dramati-
cally. Figure 4a displays the dose-response curve for
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Table | Increase in the Period of Circadian Locomotor Activity in dbt[L] Flies after Lithium Administration (Bottom Two Rows), Significant

as Indicated by Student's Two-Tailed t-Test

Test and significance

Fly strain Drug Dose (mM) Number Period (h) Std. error One-way ANOVA Dunnett’s post hoc
Canton S Lithium 0 311 23.70 0.033 p<0.0001 NA
0.1 8 2375 0.134 NS
03 66 2371 0.044 NS
[ 79 23.80 0.041 NS
3 97 23.70 0.032 NS
5 96 2396 0.043 p<00l
10 88 23.88 0.111 NS
20 230 24.02 0.035 p<0.0l
30 44 24.40 0214 p<0.0l
60 9 2422 0.121 NS
Valproate 0 54 2376 0.037 p<0.0001 NA
0.05 78 2371 0.040 NS
0.1 75 23.65 0.030 NS
0.25 69 23.67 0.030 NS
0.5 55 24.09 0.055 p<00l
PAfGAL4:UASsgg Lithium 0 104 2032 0.053 p<0.0001 NA
10 33 20.89 0551 NS
30 67 2125 0.384 p<0.05
Sgg/FM6 Lithium 0 116 24.18 0.037 p<0.0001 NA
10 143 2447 0.038 p<00l
30 23 24.67 0.112 p<00l
60 17 24.56 0.128 p<00l
dbt[L] Lithium 0 60 26.89 0.063 Two-tailed t-test
10 101 2720 0.063 p=0.0006

In addition, statistical summary (ie of experiments in Figures 4 and 5) is given. For these experiments, the one-way ANOVAs were followed by Dunnett's post hoc test
between controls and various doses of drugs. (For drug doses for which multiple experiments were performed, we report combined results.) NA, not applicable; NS,

not significant.

circadian locomotor activity period. Table 1 shows the
statistical profile of the data that generated the graph in
Figure 4a. Figure 7 shows double-plotted actograms from
individual wild-type flies that reflect the mean behavior
observed by lithium administration. We also observed that,
similar to the results with lithium administration, valproate
caused a more modest but significant lengthening of the
circadian period after administering it to adult wild-type
Drosophila at 0.5mM in the food. Figure 4b displays the
dose-response curve for this effect. It is cutoff abruptly due
to higher toxicity of valproate for Drosophila. Thus, we
show for the first time a shared effect of lithium and
valproate on the circadian behavior of an animal.

Lithium’s Effects on the Circadian Behavior of Adult
Mutant Drosophila

GSK-3f (shaggy) mutants were isolated through an EP-
element insertion screen using timeless-GAL4 as a driver,
which misexpressed many genes in the neurons that
expressed the timeless clock gene (Martinek et al, 2001).
We tested flies heterozygous for a null GSK-3f mutation,
flies that expressed GSK-3f ubiquitously when given heat
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treatments, and flies that expressed GSK-3f under pdf
promoter control. Since GSK-3f null mutations produce
lethality in flies, it is not possible to test the homozygous
loss-of-function phenotype of this mutation directly. Young
and co-workers (Martinek et al, 2001) devised a recovery
design with which they rescued GSK-3f expression during
metamorphosis. These flies subsequently had very little
GSK-3f function left and they displayed very long periods.
In our lithium administration paradigm, the yield of
rescued loss-of-function animals (hypomorphs) was too
low and we did not see any change in response to lithium
treatment (data not shown). Therefore, we chose to analyze
the GSK-3f heterozygote mutants. Without lithium treat-
ment, heterozygote mutants display a period of 24.2h (wild
type is approximately 23.7 h) (Table 1). When given lithium
(10-60 mM), these flies displayed lengthening of their
period (Figure 5b). We also generated mutants that
overexpress GSK-3f (ie pdfGAL4:UASsgg mutants; see the
Fly Strains section). These mutants express GSK-3f
specifically in the clock cells of the Drosophila brain (in
addition to the natively expressed protein). In testing these
animals, we found a significant and largest increase in
period where lithium partially rescues the short-period
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Figure 5 Increase in the period of circadian locomotor activity after
administration of lithium to mutant Drosophila (a) when expressing excess
GSK-3f in clock neurons (pdfGAL4:UASsgg), and (b) carrying a
heterozygous null mutation of GSK-3f (sgg/FM6). For statistical summaries,
see Table |.

mutant phenotype (ie increases the shortened period
bringing it closer to wild-type period) (Figure 5a). We have
also tested flies bearing various mutations in the genes
coding for the critical proteins of the core molecular clock
in the fly: period (short- and long-period alleles), and
timeless and doubletime (short- and long-period alleles)
genes. These mutants are described by Williams and Sehgal
(2001). The doubletime [L] homozygous mutants responded
to lithium by showing a statistically significant lengthening
of their period (t-test with Welch correction, two-tailed
p=0.0006) (Table 1). Figure 7 shows sample double-plotted
actograms from individual mutant flies that reflect the mean
behavior observed in controls and by lithium admini-
stration.

Lithium and Valproate Increase Arrhythmicity in Flies

We also analyzed the effect of lithium and valproate on the
behavioral rhythmicity of the animal. We observed that
both lithium and valproate treatment increase the number
of arrhythmic animals in prolonged DD as determined by
lack of significant rhythmic locomotor activity (y* period-
ogram test, p<0.01) (Figure 6). Similar to the effect on
circadian period, the effect of lithium on increasing the
number of arrhythmic flies was more pronounced than that
of valproate.
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locomotor arrhythmia after administration of (a) lithium and (b) valproate.
See Materials and Methods for criteria of rhythmic behavior.

DISCUSSION

We have demonstrated shared effects on circadian behavior
of two mood stabilizers, lithium and valproate, using the
model organism Drosophila as a prelude to developing it as
a system for identifying novel molecular targets for the
mood stabilizers. We also implicate GSK-3f5 as one of the
key components in lithium’s effect on circadian behavior.
Our data indicated that lithium lengthens free-running
circadian period in wild-type flies. While this manuscript
was being prepared, this same finding was reported by
others (Padiath et al, 2004). Our data indicate that
overexpression of GSK-3f in clock cells of the brain
increases lithium’s effect on the circadian period by
approximately two-fold. This is consistent with (but not
conclusive for) lithium exerting this type of effect by
signaling mainly through GSK-38 enzyme. It is currently
unknown whether the behavioral phenotype observed is a
result of direct inhibition by lithium, as reported in vitro or
in cell culture. However, without data obtained from null
mutants of GSK-3f, we cannot rule out other signaling
pathways. It is also of interest that lithium can increase
period in doubletime long mutants that already have a very
long period, suggesting that if there is a ceiling effect, it is
not dependent on the length of the period but may involve
dose limitations or effect size due to toxicity. Lithium’s lack
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Figure 7 Double-plotted locomotor activity graphs of sample individual flies. For each graph, the x-axis denotes 48 h of time and y-axis denotes level of
activity on each day of the experiment in a raster style (top to bottom, left to right). The second 24 h of data on the previous day of activity are replotted in
the beginning of the next day's line to facilitate the perception of the activity patterns by the viewer. The alignment of the activity peaks correlates with the
circadian period (peaks vertically aligned =24 h). The left-hand panels are wild-type (Canton S) and mutant flies without lithium administration. The right-
hand panels are wild-type and mutant flies that received lithium at 30 mM dose with the exception of the bottom two panels where the flies received 10 mM

lithium.

of effect on the circadian behavior of other clock mutants
that we tested (especially in short-period allele of double-
time) is difficult to interpret, as we have not performed
experiments with wider dose ranges with these mutants
yet. By studying double mutants of doubletime and
shaggy, it could be possible to define the epistatic relation-
ships of these two genes with relationship to circadian
period changes induced by lithium. Based on the circadian
phenotype of Drosophila mutants lacking GSK-3f
activity (Martinek et al, 2001), and based on our data and
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that of others (Padiath et al, 2004), we propose that
lithium increases the circadian period by inhibiting
GSK-3f. These experiments strongly suggest that
the fly’s response to lithium is similar to that of
rodents as reported before (Abe et al, 2000; Iwahana
et al, 2004).

It is currently unclear how serum lithium concentra-
tions in humans translate to the brain lithium levels (Kato
et al, 1992; Gonzalez et al, 1993; Plenge et al, 1994).
Although it is technically possible to measure lithium



levels in the heads of the flies, for economic reasons,
we chose to measure levels in whole flies. Our calculations
of lithium levels in individual flies were consistent with
levels in humans and rodents. It is also important to
note that we observed statistically significant circadian
behavioral effects at the 5mM dose in food, although
lithium concentration at 10 mM dose was barely detectable
by ion-selective electrodes in the uptake experiment.
This could be due to the low sensitivity of the instru-
ment or higher levels of lithium in the CNS of the fly. In
addition, the lethality observed in the uptake experiments
(Figure 2) was slightly higher for similar doses in the
lethality experiment (Figure la). To address this, we also
measured the lithium levels following a 2-week behavioral
experiment and observed that, within experiments, food
concentration of lithium correlates well with the lithium
levels in whole flies.

Although valproate use in bipolar disorder is as common
as lithium use, much less is known of valproate’s
mechanism of action either as an anticonvulsant or as a
mood stabilizer. The neurotransmitter that is most likely
involved in valproate’s antiseizure action is GABA: valpro-
ate increases GABA in synapses and inhibits its catabolism.
More intriguingly, valproate alters PI signaling and GSK-3f
activity in a similar way but likely via action on different
molecules (Chen et al, 1999a). Other action modalities
valproate appears to share with lithium are induction of
GluR-1, ERK signaling pathway, bcl-2, AP-1 transcription
factor complex, and protein kinase C (Chen et al, 1999b;
Manji et al, 1999a; Manji and Chen, 2002; Du et al, 2003;
Einat et al, 2003). The overlapping action modalities at the
signaling pathways and molecules make it likely that
valproate may have similar effects on circadian physiology
to those exerted by lithium. Manji et al (2001) and Harwood
(2003) have posited that valproate and lithium studied
together may lead to fewer false-positive leads, as lithium
is a considerably ‘dirtier’ drug than valproate. At our
current level of understanding, this is a rational reduction
strategy. Harwood and co-workers have extended this
strategy to include carbamazepine and have shown in
cell cultures that all three mood stabilizers inhibit the
collapse of growth cones and increase growth cone area.
This likely happens independently of GSK-3f or histone
deacylase inhibition but is possibly dependent on inositol
depletion (Williams et al, 2002). We have extended the
above cellular and molecular studies by testing valproate
effects on circadian rhythms and shown that, similar to
lithium, valproate lengthens the circadian period and the
rate of arrhythmicity albeit with smaller effect size. This
may reflect overlapping but not identical action pathways
for these structurally very dissimilar drugs. Lithium may
be affecting additional targets that influence circadian
behavior and therefore contribute to a larger effect
size. Other possibilities include a ceiling effect for valproate
due to higher toxicity, that is, low valproate levels in the
brain secondary to peripheral toxicity leading to early
death that is different from what is clinically observed in
humans. We are pursuing uptake studies with valproate
administration.

Future experiments will include utilizing Drosophila via
genetic screens to identify other molecular targets for
mood-stabilizing drugs in a behavioral framework.
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