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a b s t r a c t

There is an emerging body of data suggesting that bipolar disorder is associated with DNA damage. Intrac-
erebroventricular (ICV) administration of ouabain in rats results in manic-like alterations. We evaluated
DNA damage of peripheral blood, cerebrospinal fluid and hippocampus of rats after ICV ouabain injec-
tion. Ouabain-induced hyperlocomotion was examined in an open field. Additionally, we used single cell
gel electrophoresis (comet assay) to measure early transient damage in cerebrospinal fluid (CSF), hip-
pocampus and blood; and the micronucleus test to measure persistent damage in total blood samples of
uabain
NA damage
a+K+-ATPase

rats after ouabain administration. Our findings demonstrated that ouabain induced hyperlocomotion in
rats, and this response remained up to 7 days following a single ICV injection. In addition, we observed
that the persistent increase in the rat spontaneous locomotion is associated with increased hippocam-
pal and peripheral index of early DNA damage in rats. No significant alterations were observed in the
micronucleus frequency in total blood samples of the rats after the ouabain ICV injection. These results
suggest that ouabain may induce peripheral and central early DNA damage, but this early damage may

be repaired.

ecent studies have demonstrated that DNA damage may play a
ole in the pathophysiology of BD [1,4]. Andreazza et al. [2] showed
hat the frequency of DNA damage was correlated with the sever-
ty of symptoms of depression and mania. In addition, recent data
uggests that oxidative stress may be involved in the pathophys-
ology of BD [1,24,27,31,37]. Studies have shown that oxidative
tress can cause DNA damage [38,39,40,13], that can include chem-
cal and structural modifications to purine and pyrimidine bases
nd 2′-deoxyribose and the formation of single- and double-strand
reaks. Strand breaks within DNA can occur either directly, due to
amage from reactive oxygen species exposure or indirectly, due
o cleavage of the DNA backbone during DNA base excision repair
10,12].

The cardiac glycoside ouabain possesses stimulant properties
11,23] attributable to its ability to inhibit potently and selectively
he activity of the sodium or its enzymatic version, the Na+K+-

TPase. In rats, intracerebral (ICV) administration of ouabain
esulted in manic-like alterations [24]. The literature suggests that a
mall decrease in Na pump activity may result in neuronal hyperex-
itability, giving rise to manic symptoms such as hyperactivity [11].
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The ICV injection of ouabain induces hyperlocomotion in rodents,
a common symptom of manic patients. Mynett-Johnson et al. [28]
have demonstrated that an allelic association between bipolar dis-
order and a specific polymorphism in the gene encoding the �3
isoform of Na+K+-ATPase � subunit. In addition, the reduced �2 iso-
form of Na+K+-ATPase was found in the temporal cortex of patients
with bipolar disorder [33].

The available evidences suggest that the hippocampus plays an
important role in the pathophysiology of BD. This disease is thought
to be associated with abnormalities within discrete brain regions
associated with emotional regulation, particularly in fronto-
limbic-subcortical circuits. Functional imaging studies showed
abnormal brain activation in the hippocampus and its closely
related regions during emotion, attention, and memory tasks
(see [18]).

We designed the present study to investigate transient and
persistent DNA damage in peripheral and hippocampus of rats sub-
jected to an ICV injection of ouabain.

We used adult male Wistar rats (250–300 g) obtained from our
breeding colony. Animals were housed five per cage with food and
water available ad libitum and were maintained on a 12-h light/dark

cycle (lights on at 7:00 a.m.) at a temperature of 22 ± 1 ◦C. All
experimental procedures were performed in accordance with the
approval of the local Ethics Committee.

Animals were anesthetized with ketamine (30 mg/kg) and xyla-
sine (4 mg/kg) and the surgery was done according to a method

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:quevedo@unesc.net
dx.doi.org/10.1016/j.neulet.2009.12.072
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Fig. 1. Effects of the ICV injection of ouabain or saline on number of crossings in
rats subjected to the open field test, for 5 min. Locomotor activity was assessed in
the open-field test four times: before surgery (Session 1); (Session 2) on the third
day following surgery; (Session 3) immediately after ICV injection of ouabain or
saline, on the fourth day following surgery and (Session 4) 7 days after ICV injec-
L.K. Jornada et al. / Neuro

eported previously [8]. Animals were tested on the third day
ollowing surgery. A 30 gauge cannula was fitted into the guide
annula and connected by a polyethylene tube to a microsyringe.
he tip of the infusion cannula protruded 1.0 mm beyond the guide
annula aiming the right lateral brain ventricle.

Each animal was administered 5 �L of either vehicle (aCSF) or
uabain (10−3 M; Sigma Chemical, Saint Louis, USA; dissolved in
CSF) over 30 s and immediately after the ICV injection, the animals
ere placed into the open field.

We used the open field task to assess locomotor activity and
rossings were counted for 5 min. The task was performed accord-
ng Andreazza et al. [3].

Animals were observed in the open field for four sessions:
Session 1) before the cannula implantation (0 h); (Session 2) on
he third day following surgery (72 h); (Session 3) on the fourth
ay following surgery (96 h), immediately after ICV injection of
uabain or saline; and (Session 4) 7 days after ICV injection of
uabain or saline, in agreement with the literature, that showed
timulatory effect of ouabain in rats immediately after the injec-
ion [24] and also nine days after a single injection of ouabain at
0−3 M [35].

Wistar rats were anesthetized with ketamine (80 mg/kg) and
ylasine (20 mg/kg) after the least open-field session. The periph-
ral blood was collected by cardiac puncture, and cerebrospinal
uid (CSF) was drawn, by direct puncture of the cisterna magna
ith an insulin syringe (27 gauge 31/20 length). Individual samples

f CSF that presented visible blood contamination were discarded
16]. Immediately after, rats were sacrificed by decapitation and the
rain transferred within 1 min to ice-cold isolation buffer (0.23 M
annitol, 0.07 M sucrose, 10 mM Tris–HCl, and 1 mM EDTA, pH

.4). The hippocampus was dissected in ice-cold buffer in a Petri
ish. Peripheral blood, CSF and the hippocampus were submitted
or genotoxic analyses.

A standard protocol for Comet assay preparation and analysis
as adopted from Tice et al. [36]. The slides were prepared by
ixing 10 �L of whole blood, CSF or hippocampus cells (washed

nd minced in cold PBS solution) with 90 �L of low-melting-point
garose (0.75%). The mixture (cells/agarose) was added to a fully
rosted microscope slide coated with a layer of 500 �L of normally

elting agarose (1%). After solidification, the coverslip was gently
emoved, and the slides were placed in lysis solution (2.5 M NaCl,
00 mM EDTA, and 10 mM Tris, pH 10.0–10.5, with freshly added
% Triton X-100 and 10% DMSO) for 1 day. Subsequently, the slides
ere incubated in freshly prepared alkaline buffer (300 mM NaOH

nd 1 mM EDTA, pH > 13) for 10 min. The DNA was electrophoresed
or 20 min at 25 V (0.90 V/cm) and 300 mA. After the electrophore-
is slides were neutralized in 400 mM Tris (pH 7.5) and fixed (15%,
/v trichloroacetic acid, 5%, w/v zinc sulfate, 5% glycerol), washed

n distilled water and over night dried. The gels were re-hydrated
or 5 min in distilled water, and then stained for 15 min (37 ◦C)
ith a solution containing the following sequence: 34 mL of Solu-

ion B (0.2%, w/v ammonium nitrate, 0.2%, w/v silver nitrate, 0.5%,
/v tungstosilicic acid, 0.15%, v/v formaldehyde, 5%, w/v sodium

arbonate) and 66 mL of Solution A (5% sodium carbonate). The
taining was stopped with 1% acetic acid and the gels were air-dried
38].

Cells were scored from 0 (undamaged) to 4 (maximally dam-
ged) according to the tail intensity (size and shape), resulting in a
ingle DNA damage score (damage index) for each sample and, con-
equently, for each group. Thus, a damage index (DI) of the group
ould range from 0 (completely undamaged) 100 cells × 0) to 400

maximum damage) 100 cells (×4) [5]. The percentage damage fre-
uency (DF) was calculated for each sample on the basis of the
umber of cells with a tail versus with no tail.

The micronucleus (MN) assay for peripheral blood was car-
ied out following standard protocols [22]. Smears for the MN
tion. *p < 0.01 vs. saline group, according to Student’s t test. #p < 0.05 compared with

Session 2, analyzed by the paired Student’s t test. §p < 0.05 compared with Session
3, analyzed by the paired Student’s t test.

assay were made with the same blood samples used for the Comet
assay. Two whole blood smears from each animal were made on
precleaned microscope slides, air-dried at room temperature, and
stained in 5% Giemsa (Merck) in phosphate buffer (pH 5.8) for
10 min. The slides were coded, and the cells were blindly scored
by light microscope at 1000× magnification. For each individual,
the ratio of polychromatic erythrocytes (PCEs) to normochromatic
erythrocytes (NCEs) was determined in a total of 1000 erythrocytes
per animal to evaluate cytotoxicity, and the frequency of micronu-
cleated polychromatic erythrocytes in 2000 erythrocytes per rat
was recorded to assess genotoxicity.

Data were analyzed by Student’s t test and are expressed as
mean ± standard deviation. All analyses were performed using the
Statistical Package for the Social Science (SPSS) software. In the
open-field, the differences between sessions were analyzed by the
paired Student’s t test. In all experiments, the level of significance
was p < 0.05.

As illustrated in Fig. 1, the spontaneous locomotion of rats sub-
mitted to the open field apparatus during the first and second
sessions was not different among groups. However, as illustrated
in Fig. 1 (Session 3), the ICV administration of ouabain increased
rat spontaneous locomotion compared to control group immedi-
ately after injection and hyperlocomotion was still observed 7 days
following a single ICV injection of ouabain (p < 0.001). In addition,
in the open-field apparatus, aCSF-treated rats displayed reduced
number of crossings when re-exposed 24 h later to the appara-
tus (Session 3), thus indicating habituation to the environment.
However, rats ICV injected with ouabain immediately before test-
ing displayed increased number of crossings (Session 3) compared
to the crossings displayed in the Session 2, which indicates that
acute ICV administration of ouabain induces an immediate motoric
hyperactivity in the rat. aCSF-treated rats displayed reduced num-
ber of crossings when re-exposed 7 days latter, in Session 3 (Session
4), indicating that habituation was still observed. Importantly, rats
ICV injected with ouabain did not present significant differences in
locomotor activity among Session 3 and Session 4, indicating that
hyperactivity was still observed.

As shown in Fig. 2, ICV injection of ouabain showed no differ-
ence of DNA damage in CSF when compared with the control group.
However, the administration of ouabain significantly increased

DNA damage in the hippocampus and blood (p < 0.001) compared
to control group. Results for Micronucleus test are shown in Fig. 3;
ouabain did not alter the frequency of micronucleus in comparison
to the control group in blood of rats.
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ig. 2. Effects of the ICV injection of 5 �L of vehicle (aCSF) or ouabain (10−3 M;
issolved in aCSF) on index of damage in blood, CSF and hippocampus of rats evalu-
ted with the Comet assay. Values are expressed as means and standard deviation.
p < 0.01 vs. saline group, according to Student’s t test.

Previous studies showed that immediately administration of
CV ouabain in rats may produce manic-like behavioral [9,12,34].
uktanonchai et al. [34] demonstrated that hyperactivity induced
y ouabain remains about 1 week, and suggested that this per-
istent increase in locomotor activity is associated with increased
ippocampal sodium pump units (as reflected by increase in [3H]
uabain binding) and a decreased in sodium pump activity. The
nhibition of Na–K ATPase induces depolarization-inducing neu-
onal excitation [27], which might be related to the increased
ocomotor activity. In the present study we demonstrated that ICV
dministration of ouabain increased locomotor activity in rats, and
his hyperactivity remains 7 days after a single ICV injection, repli-
ating previous studies.

Recently, Jornada et al. [20] showed that ouabain-induced
yperlocomotion can be prevented and reversed with classical
ood stabilizers drugs such as lithium and valproate. In addition,

hese authors demonstrated changes in brain-derived neurotrophic
actor (BDNF) expression in this animal model of mania, indicating
good face, predictive and construct validity.

The single-cell gel-electrophoresis technique (comet assay) is
sed to detect transient DNA single- and double-strand breaks [30]
hereas the DNA damage that persists after the action of different

epair systems can be assessed using the micronucleus test [15,26].
he understanding of the transient and permanent consequences
f oxidative stress to DNA integrity has turned into central issues

n the study of psychiatric disorders, which include BD [3,4,29,17].
ere, we demonstrated that ouabain injection induced a signifi-
ant increase in transient DNA damage in the hippocampus and
lood of rats, but not in the CSF. Interestingly, we have previously
emonstrated an increased in transient DNA damage in hippocam-

ig. 3. Effects of the ICV injection of 5 �L of vehicle (aCSF) or ouabain (10−3 M;
issolved in aCSF) on frequency of micronucleus in rats. We carried out the
icronucleus analysis in erythrocytes. Values are expressed as means and standard

eviation. *p < 0.05 vs. saline group, according to Student’s t test.
e Letters 471 (2010) 6–9

pus and blood samples, in a dopaminergic animal model of mania
induced by amphetamine [3]. Andreazza et al. [2] have shown that
DNA damage was markedly increased in BD patients and, this DNA
damage was correlated with the severity of symptoms of depres-
sion and mania. In this context, studies showed that oxidative stress
was increased in both BD patients [21,23,25,32] and animal model
of mania [19,38].

According Plata-Salamán [31] the nervous system, through the
production of neuroregulators (neurotransmitters, neuromodula-
tors and neuropeptides), can regulate specific immune system
functions, while the immune system, through the production
of immunoregulators (immunomodulators and immunopeptides).
The presence of immunoregulators in the brain and cerebrospinal
fluid is the result of local synthesis, by intrinsic and blood-derived
macrophages, activated T-lymphocytes that cross the blood–brain
barrier, endothelial cells of the cerebrovasculature, microglia,
astrocytes, and neuronal components, and/or uptake from the
peripheral blood through the blood–brain barrier (in specific cases)
and circumventricular organs. Acute and chronic pathological pro-
cesses stimulate the synthesis and release of immunoregulators in
various cell systems. These immunoregulators have pivotal roles
in the coordination of the host defense mechanisms and repair,
and induce a series of immunological, endocrinological, metaboli-
cal and neurological responses. This may explain at least in part the
lack of damage in the liquor.

Xie et al. [41] have demonstrated that partial inhibition of
Na+K+-ATPase by ouabain increased reactive oxygen species (ROS)
production. ROS formation is a constant element of a cell’s oxy-
gen metabolism. They are its normal products and in physiological
concentrations they play important roles in a variety of cell pro-
cesses. Disturbances in the balance between ROS formation and
the efficiency of antioxidant mechanisms lead to oxidative stress,
that causes damage to important macromolecules, such as DNA,
proteins, and lipids (see [35]).

In the present study, we did not find change in the frequency
of micronucleus; these results suggest that ouabain induces only
transient damage to DNA. It is known that there are multiples sys-
tems to repair early damage and prevent lesion removal [6,7,14].
This suggests that ouabain may have transient genotoxic effects;
however ouabain does not appear to be mutagenic. In addi-
tion, is important to emphasize that the DNA damage detected
with the comet assay could give rise not only to cytogenetic
damage, but also to point mutations that are not detectable by
micronucleus test. The response of the cell to DNA damage and
its ability to maintain genomic stability by DNA repair is very
important for the elucidation of the physiological mechanisms
involved in the BD pathogenesis, facilitating the identification
of targets in order to design drugs for the treatment of this
disease.

The persistent increase in the rat spontaneous locomotion
induced by ouabain is associated with increased in transient DNA
damage in hippocampus and blood samples. However, we did
not observe an increase in micronucleus frequency, suggesting
that such transient DNA damage might have been repaired by
endogenous repairing systems. Thus, ouabain-induced mania-like
behavior may provide a useful model to test the hypothesis of tran-
sient DNA damage to bipolar disorder. Studies addressing the effect
of mood stabilizers and antipsychotics on this animal model may
provide new insights about the pathophysiology of this complex
psychiatric disorder.
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