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Introduction

SUMMARY

Background: Previous studies have suggested that manic states and sleep deprivation could
contribute to the pathophysiology of bipolar disorder (BD) through protein kinase C (PKC)
signaling abnormalities. Moreover, adjunctive therapy has become a standard strategy in
the management of BD patients who respond poorly to current pharmacological treatments.
Aim: Thus, the aim of this study was to investigate the possible involvement of PKC inhi-
bition by tamoxifen both separately or in combination with lithium, in paradoxical sleep
deprivation (PSD)-induced hyperactivity, one facet of mania-like behavior. Materials &
Methods: Adult male C57BL/6J mice were randomly distributed (n = 7/group) in 24-h
PSD or control groups and injected intraperitoneally (i.p.) with vehicle, lithium (50, 100, or
150 mg/kg) or tamoxifen (0.5, 1.0, or 2.0 mg/kg — experiment 1). In a second experiment,
mice were injected i.p. with vehicle or a combination of subeffective doses of lithium and ta-
moxifen. Animals were subjected to a protocol based on repetitive PSD conditions, followed
by assessment of locomotion activity in the open-field task. Results: PSD significantly in-
creased locomotor activity in both experiments. These behavioral changes were prevented
by a treatment with lithium or tamoxifen, or a combined treatment with both lithium and
tamoxifen. Discussion: Therefore, our findings suggest that lithium and tamoxifen exert
reversal effects against PSD-induced hyperactivity in mice. Conclusion: Furthermore, ta-
moxifen as an adjunct to lithium therapy provides support for an alternative treatment of
individuals who either do not respond adequately or cannot tolerate the adverse effects
associated with therapeutic doses of lithium.

to monotherapy [6]. Of note, the development of novel pharma-
cological therapeutic agents for BD and a better understanding of
the neurobiology of the disorder may be hindered by the lack of

Bipolar disorder (BD) is a common psychiatric disorder that is
characterized by recurrent manic, mixed, and depressive episodes.
Life prevalence is estimated at 0.8-1.6%, but may be higher de-
pending on the diagnostic criteria [1]. It is also frequently associ-
ated with a wide range of physiological perturbations and medical
problems that result in cognitive, motor, autonomic, endocrine,
and sleep-wake impairments, which culminate in decreased qual-
ity of life [2,3].

Although lithium remains the drug of choice for treating acute
states and preventing new episodes of this disabling disease, many
patients do not respond to it as a maintenance treatment and ex-
perience several side effects [4,5]. Thus, there is a clear need for
more effective and less toxic medications that may result from al-
ternative strategies, such as adding a second therapeutic agent to
the treatment protocols of patients with unsatisfactory responses
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valid animal models [7,8].

Because evidence suggests a relationship between sleep and
manic states exists [9-12], preclinical studies have tried to estab-
lish an appropriate animal model that recapitulates core patho-
physiological aspects of the disease, such as sleep disruption [7].
Indeed, sleep deprivation exacerbates manic attacks or may cause
a switch from depression to mania in BD patients [13-17]. In
this sense, sleep loss is both a cause and a consequence of ma-
nia, and thus, continued sleep loss can perpetuate the manic state.
Gessa et al. [18] demonstrated that rats deprived of paradoxical
sleep present a brief period of hyperactivity, which is one facet
of mania-like behavior, that is responsive to lithium treatment.
Later, Benedetti et al. [19] reported that paradoxical sleep depri-
vation (PSD) increased locomotor activity and aggressive behavior
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in mice. These authors adopted a protocol based on the length of
treatment and progressive sensitization to the effects of repetitive
PSD sessions.

Increasing evidence also implicates abnormal protein kinase C
(PKC) activity and distribution in the etiology of BD [20-22]. Bio-
chemical data support changes in PKC and its substrates [23,24],
and an altered PKC signaling pathway after treatment with mood
stabilizers [23,25] in BD patients. Preclinical findings also sup-
port that alterations in PKC and its substrates are induced by am-
phetamine [26] or sleep deprivation [27]. In animals, PKC func-
tion was also attenuated by mood stabilizing treatment [28,29].
Collectively, both clinical and preclinical data suggest that PKC ac-
tivation might be involved in the manic state, whereas PKC inhi-
bition could be related to antimanic properties.

In this context, tamoxifen, a PKC inhibitor that is widely used
in the prophylactic treatment of breast cancer [30], emerges as a
promising treatment for manic episodes in BD. Its properties have
been investigated in preliminary clinical trials that demonstrated
its antimanic effects [31-34]. In rodents, tamoxifen significantly
normalized amphetamine-induced hyperactivity [35] and reduced
hedonia-like, amphetamine-induced conditioned place preference
[36].

Given that sleep disruption and abnormal intracellular path-
ways are involved in the etiology of BD, it seems reasonable to
suppose that they may share a common mechanism in the patho-
physiology of this disorder, which could potentially arise from
their differential effects on PKC. To date, however, the possible in-
volvement of PKC inhibition by tamoxifen treatment has not been
tully assessed in animal models of mania induced by PSD. More-
over, its potential effects in combination with lithium need to be
evaluated to provide relevant information on the use of tamoxifen
as an adjunct therapy. Thus, we aimed to investigate the possi-
ble involvement of PKC inhibition by tamoxifen as monotherapy,
or in combination with lithium, in PSD-induced hyperactivity in
mice.

Material and Methods
Animals

Adult male C57BL/6J mice from the Instituto Nacional de Far-
macologia e Biologia Molecular (INFAR, Sdo Paulo, Brazil) were
housed in standard polypropylene cages, five animals per cage.
They were given free access to food and water and were main-
tained on a 12-h light—dark cycle (lights on at 7:00 am) at a tem-
perature of 22 4+ 2°C. All experimental procedures were carried
out in accordance with the guidelines established by the Ethical
and Practical Principles of the Use of Laboratory Animals [37] with
approval of the University’s Ethical Committee for animal experi-
mentation (#1258/08).

Drugs

Immediately before use, lithium carbonate (Eurofarma, Brazil)
was dissolved in 0.9% sterile saline at concentrations of 50,
100, and 150 mg/kg. The pH was adjusted to approximately 7.4
by adding 2N HCI. The PKC inhibitor, tamoxifen citrate (Sigma
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Co, USA), was prepared immediately before use by dissolving in
propylene glycol at concentrations of 0.5, 1.0, and 2.0 mg/kg. The
solvent, dose, timing, and mode of administration were chosen
based on those used previously in published reports [35,36], and
on a pilot study that was formerly performed in our laboratory.
Half of the mice that underwent vehicle treatment (v) received
saline (n = 3 animals), while the other half received propylene
glycol (n = 4 animals).

Drug Administration

Animals were injected intraperitoneally (i.p.) twice a day and all
injection volumes were 0.01 mL/g of body weight. For all proce-
dures, each animal received only one treatment type. In the first
experiment, for longer term administration, lithium doses were in-
jected at 8:00 am and 4:00 pm. Mice subjected to vehicle treatment
were also given vehicle at 8:00 am and 4:00 pm. Animals that un-
derwent tamoxifen treatment were given vehicle at 8:00 am and
tamoxifen at 4:00 pm. In the second experiment, mice that under-
went lithium and tamoxifen co-administration were given lithium
at 8:00 am and lithium and tamoxifen at 4:00 pm. Mice subjected
to vehicle treatment were given vehicle at 8:00 am and 4:00 pm.
Therefore, animals from both experiments underwent 9 days of
drug administration. On the test day, animals from both experi-
ments received only one injection of the respective drug treatment
35 min prior to behavioral assessment.

Paradoxical Sleep Deprivation

PSD was induced by placing five animals inside a tiled water cage
for 24 h, the cages (38 x 31 x 17 cm) contained 12 platforms
(3.5 cm in diameter) that were surrounded by water up to 1 cm
beneath the surface. In this modified multiple platform method,
the animals were capable of moving inside the cage by jump-
ing from one platform to another. When an animal entered the
paradoxical phase of sleep, due to the muscle atonia it fell into
the water and was awakened. Food and water were made avail-
able through a grid placed on top of the water cage. Control mice
(CTRL) were exposed for 24 h to the same home-cage conditions,
except that the water was replaced by sawdust. The duration of
PSD was determined based on pilot experiments in which 24 h of
PSD was shown to be effective in inducing behavioral alterations.
We also previously demonstrated that this protocol of PSD signif-
icantly suppressed paradoxical sleep in mice [38]. During the en-
tire experimental period, the room was maintained under a 12-h
light—dark cycle (lights on at 7 am) at 22 £+ 2°C, and water in the
cages was replaced at least 6 h prior to locomotor activity assess-
ment.

Locomotor Activity

The locomotor activity was evaluated in the open-field task [39].
The open-field apparatus was a circular wooden arena (40 cm in
diameter and 50 cm high) with an open top, and a floor that was
divided into 19 squares. A video camera was placed 1.8 m above
the center of the apparatus and was designed to record locomo-
tor and exploratory behavior, which were appropriately evaluated
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Figure 1 Schematic representation of the experimental design. A time-line illustration of the sequence of events throughout the experiments shows the
animals designated for behavioral tests (Panel A). Panel (B) illustrates the subdivisions of home-cage control (CTRL) and paradoxical sleep deprived (PSD)

groups treated with vehicle, lithium, or tamoxifen.

by hand-operated counters. It should be noted that the scorer was
blind to the treatment groups. Animals were gently placed in the
open-field for 5 min to score peripheral locomotion (12 squares
close to the wall), central locomotion (7 squares not contiguous
with the wall), and total locomotion frequencies. An entry into a
square was counted once, provided that the mouse had entered it
with all four paws. The rearing frequency, latency time for the first
movement and immobility time during the trial were also mea-
sured. It should be noted that the 5 min length of the assessment
session was used because this period of time allowed for an ac-
curate and reliable evaluation of the effects of paradoxical sleep
deprivation on mice locomotor activity under our experimental
conditions [40,41].

After each mouse was removed, the arena was cleaned using
5% alcohol to avoid odor traits. To mitigate circadian effects on
the animal’s behavior, the time of day of each animal’s observa-
tion was kept constant, alternating with animals from different
experimental groups.

Experimental Procedure

Two experiments were performed. The aim of the first experiment
was to verify the effects of 50, 100, and 150 mg/kg of lithium
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and 0.5, 1.0, and 2.0 mg/kg of tamoxifen, in the prevention of
PSD-induced hyperactivity. Based on this experiment, the second
experiment was performed to investigate the effects of subeffec-
tive doses of tamoxifen as adjunct therapy, allowing a reduction
in the lithium dose requirements for treating PSD-induced hyper-
activity. Thus, lithium and tamoxifen were co-administrated at the
doses of 50 and 0.5 mg/kg, respectively. In both experiments, an-
imals were subjected to a protocol, which was based on repeti-
tion (three times) of treatment conditions (24-h PSD) and length
of drug administration, according to an experimental design pro-
posed by Benedetti et al. [19]. As depicted in Figure 1(A), the first
3 days of the experimental procedure promoted open-field habit-
uation and basal locomotor activity assessment, and allowed ran-
dom distribution of the animals in different groups, 7 animals per
group, based on distinct sleep conditions and drug administration
(Figure 1B). From the fourth day, animals were administered one
of the different drugs until the end of the experimental procedure.
On the test day, mice in the water cages (PSD) or home cages
(CTRL) received an injection of the respective drug. Locomotor ac-
tivity was measured 35 min after the last injection, and mice were
returned to their home cages and allowed undisturbed and spon-
taneous sleep for 48 h. This interval between injection and testing
was based on previous experiments performed in our laboratory.
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This procedure was repeated three times and all experiments were
performed during the light cycle, from 1:00 pm to 4:00 pm.

Statistical Analysis

This study included one dependent variable (total locomotion fre-
quency) and three independent factors: sleep conditions (PSD vs.
control conditions), drug administration (lithium, tamoxifen or
vehicle), and repetition session (first, second, and third). Analy-
sis was conducted using three-way Analysis of Variance (ANOVA)
with repeated measures, followed by the Newman-Keuls post hoc
test. Statistical significance was set at P < 0.01. All data are pre-
sented as mean across the three repetition sessions + standard er-
ror mean (SEM).

Results

Effects of Lithium and Tamoxifen in PSD-Induced
Hyperacitivity

Three-way ANOVA with repeated measures detected significant
PSD [F(1,84) = 254.134; P < 0.001] and drug treatment effect
[F(6,84y = 5.365; P < 0.001], and a significant PSD x drug treat-
ment interaction [F g4y = 7.726; P < 0.001], related to locomo-
tor activity. PSD for 24 h significantly increased locomotor activity
in mice subjected to vehicle treatment, during all behavior as-
sessments. These PSD-induced behavioral changes were prevented
by lithium administration at the doses of 100 and 150 mg/kg,
and by 1.0 and 2.0 mg/kg of tamoxifen, compared with vehicle-
treated PSD mice across first, second and third behavior sessions
(Figure 2).

Significant repetition session [F(3,168) = 25.842; P < 0.001], and
repetition session x PSD interaction [F(2,168) = 8.710; P < 0.001]

F. Armani et al.

were also revealed by three-way ANOVA with repeated measures,
with respect to locomotor activity. Repetitions of session lead to
a decreased pattern of locomotor activity in both groups (control
or PSD animals). Post hoc comparisons revealed a significantly in-
creased locomotor activity in PSD mice when compared with con-
trol mice in all three behavior assessments. In addition, repetitions
of sessions significantly decreased locomotor activity in PSD ani-
mals during the second and third sessions when compared to PSD
animals during the first session (Figure 3).

There were not significant repetition session effect [F(; 43 =
0.937; NSJ, repetition session x PSD interaction [F(34g) = 0.445;
NS], repetition session x drug treatment interaction [F(4g) =
0.763; NS] or repetition session x PSD x drug treatment [F(3 43
= 0.242; NS], according to three-way ANOVA with repeated mea-
sures.

Effects of Lithium and Tamoxifen
Co-administration in PSD-Induced Hyperacitivity

Three-way ANOVA with repeated measures detected significant
PSD [F(1,24) = 112.090, P < 0.001] and drug treatment effects
[F(1,24y = 16.601; P < 0.001], and a significant PSD x drug treat-
ment interaction [F( 24y = 9.998; P < 0.01], related to locomo-
tor activity. PSD for 24 h significantly increased locomotor activity
in animals that underwent vehicle treatment, in all behavior as-
sessments. The co-administration of 50 mg/kg of lithium with 0.5
of tamoxifen prevented the PSD-induced hyperactivity, compared
with vehicle-treated PSD mice across first, second, and third be-
havior sessions (Figure 4).

There were not significant repetition session x drug treatment
interaction [F(12,168) = 1.208; NS] or repetition session x PSD x
drug treatment [F(12,168) = 0.599; NS], according to three-way
ANOVA with repeated measures.
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Figure 2 Effects of lithium and tamoxifen on PSD-induced hyperactivity.
Each bar represents the mean of first, second and third repetition sessions
(white, gray, and black bars, respectively) £ SEM across the three repetition
sessions for 7 animals per group. *P < 0.01 compared with control condi-
tions and the same pharmacological treatment. #P < 0.01 compared with
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vehicle group subjected to the same sleep conditions (three-way ANOVA
with repeated measures followed by the Newman-Keuls post hoc test).
PSD, paradoxical sleep deprivation conditions; CTRL, control conditions; v,
vehicle.
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Figure 3 Effects of locomotor activity after repeated control or PSD con-
ditions in the first experiment. Data are reported as the mean + SEM for
7 animals per group. *P < 0.01 compared with control conditions at the
first, second and third repetition sessions. #P < 0.01 compared with PSD
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group at the first repetition session (three-way ANOVA with repeated mea-
sures followed by the Newman—Keuls post hoc test). PSD, paradoxical sleep
deprivation conditions; CTRL, control conditions; v, vehicle.
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Figure 4 Effects oflithium and tamoxifen co-administration on PSD-induced
hyperactivity. Each bar represents the mean of first, second and third rep-
etition sessions (white, gray, and black bars, respectively) + SEM across
the three repetition sessions for 7 animals per group. *P < 0.01 compared
with control conditions and the same pharmacological treatment. #P <

Discussion

The results of this study demonstrated that PSD increased locomo-
tor activity. We also observed a decreased motor activity due to the
effect of repetitive behavior assessments. In addition, both lithium
and tamoxifen reversed PSD-induced hyperacitivity. The reversal
effect of lithium occurred under separate and combined (adjunc-
tive treatment) administration. Taken together, these findings in-
dicated that PSD significantly induced hyperactivity, and suggested
a reversal effect of lithium and/or tamoxifen against this behavior.

The PSD paradigm is highly relevant to understanding the etiol-
ogy of BD, since alterations in sleep-wake patterns profoundly af-
fect patients suffering from this disorder. Indeed, the manic phase
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0.01 compared with vehicle group subjected to the same sleep conditions
(three-way ANOVA with repeated measures followed by the Newman—Keuls
post hoc test). PSD, paradoxical sleep deprivation conditions; CTRL, control
conditions; v, vehicle.

is characterized by a marked decrease in the need for sleep [20].
Accordingly, the PSD model has proven valuable in the testing
of potential antimanic drugs, and in the examination of neuro-
biological correlates between manic reactions and sleep loss, thus
providing a useful tool in gaining further knowledge and a better
understanding of the pathophysiology of BD. Therefore, it can be
assumed that PSD is a partially valid model of mania with face,
construct and predictive validities because it presents homologies
with the symptoms of the disease, is interpretable in terms of neu-
rochemical correlates, and is sensitive to the same pharmacological
treatments as the clinical condition, respectively.

Hyperactivity induced by PSD was replicated in our second
experiment, supporting the reproducibility of this model. Our
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findings are consistent with existing evidence that PSD increased
locomotor activity [18,19], which is a parameter of mania-like be-
havior in rodents [18,27,42]. We also observed a reduction in ac-
tivity level of both sleep condition groups (control or PSD) accord-
ing to repetitions of session in the first experiment. This behavioral
change is probably caused by a habituation to the open-filed ap-
paratus, leading to a decrease in exploratory behavior. Moreover,
the lack of changes from progressive sensitization to the effect of
repeated PSD that was observed in our study is inconsistent with
previous findings [19]. Differences in experimental design involv-
ing distinct PSD methods, light-dark cycle phase and strains of
mice may account for this discrepancy. Indeed, Benedetti et al.
[19] elected for the single platform method as a PSD paradigm,
whereas we elected the multiple platform method. It is notewor-
thy that these distinct methods are associated with different al-
terations in corticosterone levels [43] that could be related to
differences in the temporal course of PSD-induced hyperactivity.
Additionally, Benedetti et al. [19] conducted locomotor activity
procedure and assessment during the dark phase of the light-dark
cycle, whereas in our study locomotor activity procedure and as-
sessment was performed during the light phase of the light-dark
cycle. Such methodological dissimilarities may offer an interesting
working hypothesis to investigate the effects of stress and light-
dark cycles on the temporal course of PSD-induced hyperactiv-
ity. This concern notwithstanding, our data suggest that sensitiza-
tion to PSD-induced hyperactivity is not a necessary feature of the
model as regards to its sensitivity to a usual therapeutic agent such
as lithium.

Lithium exerted reversal effects against PSD-induced hyper-
activity in mice under our experimental conditions. This result
corroborates previous data on lithium’s ability to reverse PSD-
induced hyperactivity in rats [18]. The PKC inhibitor tamoxifen
also reversed PSD-induced hyperactivity. These findings are also
in accordance with previous clinical [34,44] and preclinical stud-
ies [35,36] suggesting that tamoxifen is an antimanic agent. As
tamoxifen is also an estrogen receptor modulator, the possibility
that estrogen receptor blockade, or other intracellular effects of
this drug, may play a role in the observed behavioral changes can-
not be excluded [31,35,36].

Both lithium and tamoxifen prevented PSD-induced hyperac-
tivity. Since the mode of action of lithium may be, at least in part,
through attenuation of PKC function [21,24,25,45-48], suggest-
ing that periods of sleep deprivation could induce PKC overac-
tivity. Indeed, previous data showed that phosphorylation of the
myristoylated alanine-rich C kinase substrate (MARKS), a marker
of PKC activity, was increased in the prefrontal cortex of sleep-
deprived rats, but was decreased in lithium-treated rats [27]. Over-
active PKC signaling might lead to alterations in neuroplasticity,
which, in addition to sleep disruption-induced cellular impair-
ments, may contribute to the pathophysiolgy of the manic episode
[27,45,49]. Although, the possibility that other mechanisms may
underlie this relationship cannot be ruled out given that both sleep
and BD promote global changes in brain function. It should be
clarified that the mechanistic hypothesis to establish the correla-
tion between sleep and PKC signaling mentioned above is based
on assumptions and on previous findings, since the present study
did not directly measured PKC activity.
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The possible involvement of PKC signaling in the pathophysi-
ology of BD may have relevant clinical implications, since many
patients are unresponsive to standard pharmacological monother-
apies [4,20]. In fact, there is increasing evidence indicating that
optimal response by most BD patients requires multiple-drug ther-
apy [20], supporting the strategy of adding a second agent rather
than switching to a different monotherapy [6].

In support of this concept, our second experiment demonstrated
that co-administration of lithium and tamoxifen at their lowest
doses also prevented PSD-induced hyperactivity. The fact that the
effective dose of lithium can be significantly decreased by co-
administration of a low dose of tamoxifen suggests a drug inter-
action. In this sense, given that lithium has been implicated in
inositol depletion, which attenuates PKC [21,24,25,45-48], and
that tamoxifen is a PKC inhibitor, it is tempting to speculate that
the inhibitory effect of these two pharmacological agents in their
subetfective doses on PSD-induced hyperactivity may be due to
their impact on this common PKC signaling pathway.

Furthermore, the co-administration of lithium and tamox-
ifen significantly reversing PSD-induced hyperactivity when com-
pared to lithium or tamoxifen individually provides objective evi-
dence in favor of a combination of treatments over monotherapy
under our experimental conditions. In this sense, although
adding treatments does increase the risk of drug-drug interac-
tions and adverse-effects [6], our results demonstrated that the
co-administration of lithium and tamoxifen did not affect behav-
ioral measures in control animals. However, the establishment
of safety, tolerability and efficacy of tamoxifen as an adjunct to
lithium therapy should be addressed in additional studies with dif-
ferent design approaches using other animal models of mania.

In conclusion, we have demonstrated that tamoxifen and
lithium can reverse PSD-induced hyperactivity, when adminis-
trated separately or in combination. A plausible hypothesis to ex-
plain our findings could be that sleep disruption might induce PKC
overactivity via a common pathway that mediates the relationship
between sleep loss and manic states. These data could contribute
to our increased understanding of the mechanisms underlying
the pathophysiology of BD. In addition, although extrapolation
to clinical situations from animal data must always be made with
caution, tamoxifen as an adjunct to lithium may be promising,
since adjunctive treatment appears to be a well-supported man-
agement strategy for acute mania, especially in cases refractory to
current treatments.
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