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ARTICLE INFO ABSTRACT

Keywords: The present study aimed to evaluate the effects of treatment with lithium (Li) and valproate (VPA) on behaviors
Bipolar disorder and brain BDNF, NGF, NT-3, NT-4 and GDNF levels in mice submitted to paradoxical sleep deprivation (PSD),
Depression which induces an animal model of mania. Male C57BL/6J mice received an intraperitoneal (i.p.) injection of
Ne“FOtrOPhiC factors saline solution (NaCl 0.09%, 1 ml/kg), Li (47.3 mg/kg, 1 ml/kg) or VPA (200 mg/kg, 1 ml/kg) once a day for
i‘/ﬁg:{:zte seven days. Animals were randomly distributed into six groups (n = 10 per group): (1) Control + Sal; (2)

Control + Li; (3) Control + VPA; (4) PSD + Sal; (5) PSD + Li; or (6) PSD + VPA. Animals were submitted to
36 h of PSD, and then, they were submitted to the open field test. The frontal cortex and hippocampus were
dissected from the brain. The manic-like behaviors in the mice were analyzed. Treatment with Li and VPA
reversed the behavioral alterations induced by PSD. PSD decreased BDNF, NGF, and GDNF levels in the frontal
cortex and hippocampus of mice. The administration of Li and VPA protected the brain against the damage
induced by PSD. However, PSD and the administration of Li and VPA did not affect the levels of NT-3 and NT-4
in either brain structure evaluated. In conclusion, the PSD protocol induced manic-like behavior in rats and
induced alterations in neurotrophic factor levels. It seems that neurotrophic factors and sleep are essential
targets to treat BD.

Paradoxical sleep deprivation

Therefore, some anticonvulsants, such as sodium valproate (VPA), have
been used in the treatment of BD (Fountoulakis et al., 2007). Previous

1. Introduction

Bipolar disorder (BD) is a chronic mood disorder with alternating
mania/hypomania and depressive episodes. According to the DSM V,
the hallmark of the diagnosis of BD is the presence of a manic episode
(American Psychiatric Association, 2013). The literature describes that
lithium (Li) is the gold standard for treating BD (Cheniaux, 2011).
However, Li can cause side effects in many patients, impairing ad-
herence to treatment. Some side effects of this drug are excessive ur-
ination, hypothyroidism, weight gain, hyperparathyroidism, hy-
percalcemia, tremor, nausea, anorexia, diarrhea, epigastric discomfort,
and sexual problems (Coryell, 2009; Curran and Ravindran, 2014).

studies have demonstrated that treatment with Li and VPA can be ef-
fective in acute manic episodes and can provide some protection
against recurrent mood alterations (Manji and Zarate, 2002; Davis
et al., 2005). Interestingly, Li and VPA are structurally dissimilar but
have many molecular targets in common, such as glycogen synthase
kinase-3 (GSK-3), histone deacetylase, protein kinase C, and neuro-
trophic factors (Zarate et al., 2006).

Some evidence suggests the involvement of neurotrophic factors in
the pathophysiology of psychiatric disorders, including BD (Scola and
Andreazza, 2015; Wiener et al., 2017). In the central nervous system,
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Scheme 1. Experimental design. Effects of PSD on
the: behavioral parameters; BDNF, NGF, NT-3, NT-4
and GDNF levels in the Frontal Cortex and
Hippocampus of animals. BDNF: brain-derived neu-
rotrophic factor; GDNF; glial cell line-derived neu-
rotrophic factor; NT-3: neurotrophin-3; NT-4: neu-
rotrophin-4; NGF: nerve growth factor; PSD:
paradoxical sleep deprivation.

BDNF
NGF

Frontal Cortex and

Hippocampus

neurotrophic factors regulate neurotransmitter release and neuronal
excitability, which are critical mediators of neuronal plasticity (Wiener
et al.,, 2015; Scola and Andreazza, 2015). The neurotrophic factors
more studied in mood disorders are brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), neurotrophin-4 (NT-4), nerve growth
factor (NGF), and glial cell line-derived neurotrophic factor (GDNF)
(Walz et al., 2008; Wiener et al., 2017; Safari et al., 2017; Valvassori
et al., 2017b). Previous studies reported that these neurotrophins are
decreased during manic episodes in BD patients compared with levels in
healthy controls or euthymic patients (Cunha et al., 2006; Takebayashi
et al., 2006; Barbosa et al., 2011a). Furthermore, alterations in neuro-
trophic factor levels are observed even during pharmacological treat-
ment in BD patients (Zhang et al., 2010).

In manic and depressive episodes, insomnia, or a decrease in the
need for sleep, and hypersomnia have been observed in BD patients
(American Psychiatric Association, 2013; Kaplan and Harvey, 2013).
Sleep deprivation (SD) can lead healthy subjects to present manic-like
symptoms, in addition to increasing manic episodes in BD patients
(Kaplan and Harvey, 2013). Furthermore, sleep disturbances have been
linked to a reduction in neurotrophin levels (Schmitt et al., 2016).
Paradoxical sleep deprivation (PSD) in rodents is considered a suitable
animal model of mania because animals submitted to this protocol
present some manic-like symptoms. Some manic-like behaviors induced
by PSD are hyperactivity, aggressive behavior, and hypersexuality
(Gessa et al., 1995; Benedetti et al., 2008; Valvassori et al., 2017c).

Moreover, it has been described that treatment with Li can reverse
manic-like behaviors induced by PSD (Kaplan and Harvey, 2013;
Bunney and Bunney, 2013; Valvassori et al., 2017c). Although the lit-
erature demonstrates that PSD induces alterations in behavior and
BDNF levels, information on the effects of Li and VPA in this context is
scarce. In addition, there are few studies on PSD and changes in neu-
rotrophic factors such as NGF, NT-3, NT-4, and GDNF. Therefore, the
present study aimed to evaluate the effects of treatment with Li and
VPA on behavior and BDNF, NGF, NT-3, NT-4 and GDNF levels in the
brains of mice submitted to the animal model of mania induced by PSD.

2. Materials and methods
2.1. Animals

The animals used in the present study were male C57BL/6J
mice, + 60 days old, with a body weight between 20 and 25 g; mice
were provided by the colony of Universidade do Extremo Sul Catarinense
and were grouped five mice per cage. The mice were maintained under
a 12-h light/dark cycle with water and food ad libitum. Experimental
procedures were performed following the National Institutes of Health
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Guide for the Care and Use of Laboratory Animals and the Brazilian
Society for Neuroscience and Behavior (SBNeC) guidelines. The local
ethics committee approved this study (Comissdo de Etica no Uso de
Animais da Universidade do Extremo Sul Catarinense) under protocol
007/2016-1.

2.2. Treatments

Over a period of seven days, mice received an intraperitoneal (i.p.)
saline solution (Sal, NaCl 0.09%, 10 ml/kg), Li (47.5 mg/kg, 10 ml/kg)
or VPA (200 mg/kg, 10 ml/kg) injection once per day. All doses and
treatments used in the present study were based on previous results
from our research group (Jornada et al., 2010; Valvassori et al., 2015).

Note: The animals treated with Li had plasma levels of Li between
0.6 and 1.2 mEq/L, similar to the therapeutic dose for BD patients
(Valvassori et al., 2015).

2.3. Paradoxical sleep deprivation (PSD) protocol

Five days after the start of treatment, the PSD protocol was started
at 6:00 p.m. For this protocol, the cages (38 x 31 X 17 cm), containing
12 platforms each (3.5 cm diameter), were filled with a volume of water
1 cm deep, forcing the animals to stay on the platforms. However, the
mice could freely move from one platform to another. When the mice
enter the paradoxical phase of sleep, muscular atony occurs, and the
animals were awoken by falling into the water. The animals were
grouped 5 animals per cage, with food and water available ad libitum.
This protocol adopted a period of 36 h of PSD (Scheme 1) because this
amount of time undergoing PSD can increase the locomotor activity of
animals, which is considered a manic-like behavior (Tufik et al., 2009;
Armani et al., 2012). During the PSD protocol, the mice were removed
from the platform for treatment and were replaced immediately after
the injection. The mice in the control group were maintained in their
original cages, in which the floors were lined with sawdust.

2.4. Experimental groups

The animals were randomly distributed into the six following
groups (n = 10 per group): (1) Control + Sal; (2) Control + Li; (3)
Control + VPA; (4) PSD + Sal; (5) PSD + Li; and (6) PSD + VPA.

2.5. Open field test

To evaluate hyperactivity in mice, the open field test was used
immediately after the PSD protocol (Scheme 1). The open field appa-
ratus is a box that consists of a 40 X 40 cm plywood arena surrounded
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by 40cm high wooden walls containing a frontal glass cover. The
bottom of the apparatus arena was divided into sixteen equal portions
(10 X 10cm each) with black lines. The number of crossings (hor-
izontal exploration) in each portion, the number of rearings (vertical
exploration), and the number of visits to the center of the open field
(risk-taking behavior) were evaluated. The center of the open field was
delimited by a central quadrant of 10 x 10 cm in the center of the
arena. The animals were put into the left rear quadrant and then left to
explore the arena for 5 min.

2.6. Brain samples

The animals were decapitated immediately after completing the
open field test (Scheme 1). Mouse brains were dissected in the frontal
cortex and hippocampus, rapidly frozen, and stored at —80 °C until
assayed. The samples of the frontal cortex and hippocampus of the mice
were homogenized in KCl KH,PO4 (12mM KCl, 0.038 mM KH,PO,,
pH =7.4).

2.7. Protein determination

All biochemical measures were normalized to the protein content
with bovine albumin as a standard (Lowry et al., 1951).

2.8. Measurement of BDNF, NGF, NT-3, NT-4, and GDNF levels

For the analysis of neurotrophic factors, brain tissues were homo-
genized in phosphate-buffered solution (PBS) with 1mM phe-
nylmethylsulfonyl fluoride (PMSF) and 1 mM ethylene glycolbis (2-
aminoethyl ether)-N,N,N’N’-tetraacetic acid (EGTA). The homogenates
were centrifuged at 10,000 g for 20 min, and the supernatants were
collected to quantify the neurotrophic factor levels. BDNF, NGF, NT-3,
NT-4, and GDNF levels in the frontal cortex and hippocampus were
evaluated by sandwich enzyme-linked immunosorbent assay using
commercial kits according to the manufacturer's instructions [NGF and
BDNF levels were assessed with a kit from Chemicon (USA), and GDNF,
NT-3, and NT-4 levels were assessed with a kit from Biosensis (USA)].

2.9. Statistical analysis

The software used in the statistical analyses were STATISTICA 8
(Statsoft ©) and Prism 6 (GraphPad©). All data are presented as the
mean * S.E.M. Differences among experimental groups were de-
termined by two-way ANOVA followed by Tukey's post hoc test.
P < 0.05 was considered statistically significant. Correlations were
analyzed using the Pearson correlation test. The Pearson correlation
coefficient was used to analyze the strength of the relationship between
continuous variables.

3. Results
3.1. Behavioral measures

Fig. 1 shows that PSD increased crossings, rearings, and visits to the
center of the open field. Pretreatment with Li decreased these manic-
like behaviors induced by PSD, i.e., prevented the mice from experi-
encing behavioral alterations induced by PSD. The administration of
VPA decreased the PSD-induced increase in crossings, rearings, and
visits to the center of the open field. However, VPA only completely
prevented the PSD-induced increase in crossings and rearings and
partially blocked risk-taking behavior. It is important to note that
treatment with Li increased the number of visits to the center of the
open field in the mice.

Two-way ANOVA revealed significant effects of PSD protocol
[Crossings: F(1.42) = 30.06, p < 0.001; Rearings: F(1.42) = 8.65,
p < 0.01; Center visits: F(1.42) = 50.89, p < 0.001] and treatment
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[Crossings: F(2.42) = 25.82, p < 0.001; Rearings: F(2.42) = 13.12,
p < 0.001; Center visits: F(2.42) =13.16, p < 0.001] and a sig-
nificant PSD X treatment interaction [Crossings: F(2.42) = 13.16,
p < 0.001; Rearings: F(2.42) = 22.23, p < 0.001; Center visits: F
(2.42) = 44.48, p < 0.001].

3.2. BDNF levels

Fig. 2 shows the effects of pretreatment with Li and VPA on the
levels of BDNF in the frontal cortex and hippocampus of mice submitted
to PSD. PSD decreased the levels of BDNF in the frontal cortex and
hippocampus of mice. Treatment with Li prevented alterations induced
by PSD, increasing BDNF levels in both evaluated brain structures in
PSD-submitted animals compared to those of the PSD + Sal group.
Furthermore, pretreatment with VPA increased BDNF levels in PSD-
submitted animals in both brain structures compared to those in the
PSD + Sal group. It is important to note that in the PSD + VPA group,
the increased BDNF levels in the hippocampus were significantly higher
than those in the Control + Sal group.

Two-way ANOVA revealed significant effects of the PSD protocol
[BDNF = Frontal Cortex: F(1.42) = 7.52, p < 0.01; Hippocampus: F
(1.42) = 6.56, p < 0.05] and treatment [BDNF = Frontal Cortex: F
(2.42) = 11.57, p < 0.001; Hippocampus: F(2.42) = 40.51,
p < 0.001] and a significant PSD X treatment interaction [BDNF =
Frontal Cortex: F(2.42) =13.73, p < 0.001; Hippocampus: F
(2.42) = 13.12, p < 0.001].

3.3. NGF levels

Fig. 3 shows the effects of PSD and pretreatment with Li and VPA on
NGF levels in the frontal cortex and hippocampus of mice. The mice
submitted to the PSD protocol showed a significant decrease in NGF
levels in the frontal cortex and hippocampus. Li and VPA increased the
NGF levels in both brain structures in animals submitted to PSD com-
pared to those in the PSD + Sal group.

Two-way ANOVA revealed significant effects of the PSD protocol
[NGF = Frontal Cortex: F(1.42) = 18.84, p < 0.001; Hippocampus: F
(1.42) = 18.68, p < 0.001] and treatment [NGF = Frontal Cortex: F
(2.42) = 24.66, p < 0.001; Hippocampus: F(2.42) = 12.11,
p < 0.001] and a significant PSD X treatment interaction [NGF =
Frontal Cortex: F(2.42) =10.25, p < 0.001; Hippocampus: F
(2.42) = 16.93, p < 0.001].

3.4. NT-3 levels

Fig. 4 shows the results of the effects of pretreatment with Li and
VPA on the NT-3 levels in the frontal cortex and hippocampus of mice
submitted to PSD. We did not find significant differences in NT-3 levels
in any of the experimental groups or brain structures evaluated.

Two-way ANOVA revealed effects of the PSD protocol [NT-
3 = Frontal Cortex: F(1.42) = 0.007, p = 0.93; Hippocampus: F
(1.42) = 2.08, p =0.16] and treatment [NT-3 = Frontal Cortex: F
(2.42) = 0.01, p = 0.99; Hippocampus: F(2.42) = 4.27, p = 0.02] and
PSD X treatment interaction [NT-3 = Frontal Cortex: F(2.42) = 0.38,
p = 0.68; Hippocampus: F(2.42) = 0.64, p = 0.53].

3.5. NT-4 levels

Fig. 5 shows the results of the effects of pretreatment with Li and
VPA on the NT-4 levels in the frontal cortex and hippocampus of mice
submitted to PSD. We did not find significant differences in NT-4 levels
in any of the experimental groups or brain structures evaluated.

Two-way ANOVA revealed effects of the PSD protocol [NT-
4 = Frontal Cortex: F(1.42) =2.97, p = 0.09; Hippocampus: F
(1.42) = 0.09, p =0.77] and treatment [NT-4 = Frontal Cortex: F
(2.42) = 1.39, p = 0.26; Hippocampus: F(2.42) = 0.21, p = 0.81] and
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Fig. 1. Effects of Li and VPA administration on the number of crossings, rearings, and visits to the center of the open field in animals submitted to sleep deprivation
(n = 10 per group). Data were analyzed by two-way ANOVA, followed by Tukey's test when F was significant. Values are expressed as the mean * S.E.M.
*p < 0.05 compared to the control group. #p < 0.05 compared to the SD group.
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Fig. 2. Effects of Li and VPA administration on BDNF levels in the frontal cortex
and hippocampus of animals subjected to sleep deprivation (n = 6 per group).
Data were analyzed by two-way ANOVA, followed by Tukey's test when F was
significant. Values are expressed as the mean = S.E.M. *p < 0.05 compared
to the control group. #p < 0.05 compared to the SD group.
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Fig. 3. Effects of Li and VPA administration on NGF levels in the frontal cortex
and hippocampus of animals subjected to sleep deprivation (n = 6 per group).
Data were analyzed by two-way ANOVA, followed by Tukey's test when F was
significant. Values are expressed as the mean = S.E.M. *p < 0.05 compared
to the control group. #p < 0.05 compared to the SD group.

PSD X treatment interaction [NT-4 = Frontal Cortex: F(2.42) = 0.51,
p = 0.60; Hippocampus: F(2.42) = 1.19, p = 0.31].

3.6. GDNF levels

Fig. 6 shows the results of pretreatment with Li and VPA on the
GDNF levels in the frontal cortex and hippocampus of mice submitted
to PSD. PSD induced a decrease in GDNF levels in the frontal cortex and
hippocampus of animals compared to those in the Control + Sal group.
Moreover, treatment with Li and VPA prevented this alteration induced
by PSD, increasing GDNF levels in both brain structures evaluated in
PSD-submitted mice compared to those in the PSD + Sal group.
However, the administration of VPA increased GDNF levels in the
hippocampus of mice compared to those in the control group.

Two-way ANOVA revealed significant effects of the PSD protocol
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Fig. 4. Effects of the administration of Li and VPA on the levels of NT-3 in the
frontal cortex and hippocampus of animals submitted to sleep deprivation
(n = 6 per group). Data were analyzed by two-way ANOVA, followed by
Tukey's test when F was significant. Values are expressed as the mean + S.E.M.
*p < 0.05 compared to the control group. #p < 0.05 compared to the SD
group.
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Fig. 5. Effects of Li and VPA administration on NT-4 levels in the frontal cortex
and hippocampus of animals subjected to sleep deprivation (n = 6 per group).
Data were analyzed by two-way ANOVA, followed by Tukey's test when F was
significant. Values are expressed as the mean + S.E.M. *p < 0.05 compared
to the control group. #p < 0.05 compared to the SD group.

[GDNF = Frontal Cortex: F(1.42) = 3.62, p = 0.06; Hippocampus: F
(1.42) = 57.60, p < 0.001] and treatment [GDNF = Frontal Cortex: F
(2.42) = 15.15, p < 0.001; Hippocampus: F(2.42) = 36.40,
p < 0.001] and a significant PSD X treatment interaction
[GDNF = Frontal Cortex: F(2.42) = 8.45, p < 0.001; Hippocampus: F
(2.42) = 8.34, p = 0.01].

3.7. Correlation between locomotor activity and neurotrophic factor levels

The correlation between the number of crossings and BDNF levels is
demonstrated in Fig. 7. BDNF levels in the frontal cortex (Fig. 7A) and
hippocampus (Fig. 7B) of mice were negatively correlated with the
number of crossings, Pearson correlation for BDNF: [frontal cortex
(n=36; r2=0.4450; p < 0.0001), hippocampus (n = 36;
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Fig. 6. Effects of Li and VPA administration on the levels of GDNF in the frontal
cortex and hippocampus of animals submitted to sleep deprivation (n = 6 per
group). Data were analyzed by two-way ANOVA, followed by Tukey's test when
F was significant. Values are expressed as the mean + S.E.M. *p < 0.05
compared to the control group. #p < 0.05 compared to the SD group.

r2 = 0.4195; p < 0.0001)].

Fig. 8 demonstrates the correlation between the number of crossings
and NGF levels. NGF levels in the frontal cortex (Fig. 8A) and hippo-
campus (Fig. 8B) of mice were negatively correlated with the number of
crossings, Pearson correlation for NGF: [frontal cortex (n = 36;
r2 = 0.5258; p < 0.0001), hippocampus (n = 36; r2 = 0.5562;
p < 0.0001)].

Fig. 9 shows the correlation between NT-3 levels in the frontal
cortex (Fig. 9A) and hippocampus (Fig. 9B) of mice. It was found that
NT-3 levels in the frontal cortex of animals did not correlate with the
number of crossings; however, in the hippocampus, NT-3 levels were
negatively correlated with the number of crossings, Pearson correlation
for NT-3: [frontal cortex (n = 36; r2 = 0.01778; p = 0.3715), hippo-
campus (n = 36; r2 = 0.1009; p = 0.0278)].

The NT-4 levels were not correlated with the number of crossings in
any structure evaluated, as seen in Fig. 10A (frontal cortex) and 10B
(hippocampus), Pearson correlation for NT-4: [frontal cortex (n = 36;
r2 = 0.03884; p = 0.1794), hippocampus (n = 36; r2 = 0.04743;
p = 0.1463)].

The correlation between the number of crossings and GDNF levels is
demonstrated in Fig. 11. GDNF levels in the frontal cortex (Fig. 11A)
and hippocampus (Fig. 11B) of mice were negatively correlated with
the number of crossings, Pearson correlation for GDNF: [frontal cortex

(n=136; r2=0.2085, p=0.0011), hippocampus (n = 36;
r2 = 0.6032; p < 0.0001)].
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4. Discussion

In the present study, PSD induced characteristics that are considered
manic-like behaviors, hyperactivity and risk-taking behavior, in mice.
Furthermore, PSD decreased BDNF, NGF, and GDNF levels in the frontal
cortex and hippocampus of mice. The administration of Li and VPA
protected animals against behavioral alterations and biochemical da-
mage in the brain induced by PSD. However, PSD and the administra-
tion of Li or VPA did not affect the levels of NT-3 and NT-4 in either
brain structure evaluated. Indeed, it has been described in the literature
that PSD induces hyperactivity and risk-taking behavior in rats
(Radhakrishnan et al., 2015; Valvassori et al., 2017¢c; Arent et al., 2015;
Streck et al., 2015). Previous studies also showed that mood stabilizers
prevented behavioral alterations induced by PSD (Valvassori et al.,
2017c; Arent et al., 2015; Streck et al., 2015).

Wisor et al. (2008) demonstrated that sleep deprivation (SD) sup-
presses the expression of the CLOCK gene in the brain by increasing
TNFa levels. Interestingly, Li protects against TNFa increases induced
by PSD in the brains of rats (Valvassori et al., 2017b). In addition, Li can
normalize anxiety in mice with the CLOCKA19 mutation (a gene in-
volved in the circadian rhythm) (Kristensen et al., 2018; Coque et al.,
2011). Herein, the administration of Li increased the number of visits to
the center of the open field, suggesting a decrease in anxiety in the
animals. A possible explanation for the therapeutic effects of Li could be
its effects on TNFa and, consequently, in protecting the brain against
PSD-induced CLOCK gene alterations.

Other data showed that PSD animals had decreased BDNF in the
frontal cortex and hippocampus. Li and VPA protected against this
neurotrophic alteration induced by PSD. Neurotrophic functions are
associated with various physiological functions, including sleep
(Faraguna et al., 2008). In turn, sleep disturbances, such as insomnia
and SD, can be related to alterations in levels of neurotrophic factors
(Schmitt et al., 2016). Indeed, previous studies demonstrated that
subjects suffering from insomnia exhibited decreased BDNF levels in
serum compared with those of sleep healthy controls. Additionally,
serum BDNF levels were correlated with the severity of insomnia (Giese
et al., 2013, 2014).

PSD has been considered an environmental stressor that can lead to
the activation of the hypothalamic—pituitary—adrenal (HPA) axis
(Schmitt et al., 2016; Han et al., 2012; Valvassori et al., 2017b). The
literature shows that the deregulation of the HPA axis can lead to sleep
alterations and decreases in the levels of neurotrophic factors. There-
fore, sleep can be a crucial mediator of the relationship between stress
and neurotrophic factor levels, and sleep alterations can lead to de-
creases in neurotrophic factor levels, such as BDNF levels (Schmitt
et al.,, 2016). A previous study from our research group found that
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Fig. 7. Correlations between the number of crossings and levels of BDNF in the frontal cortex (a) and hippocampus (b) of rats submitted to sleep deprivation. The

results were assessed using the Pearson correlation test.
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animals submitted to PSD showed an increase in corticosterone and
adrenocorticotrophic hormone levels (ACTH) (Valvassori et al., 2017b).
Chaves et al. (2019) demonstrated that the administration of corticos-
terone in mice decreased the levels of BDNF in the hippocampus.
Therefore, it can be suggested that the increased corticosterone in PSD
animals could be associated with the decrease in the level of BDNF
observed in the present study.

In a previous study, Li protected against alterations in serum cor-
ticosterone and ACTH induced by PSD in mice (Valvassori et al.,
2017b). Therefore, a possible hypothesis is that by modulating the HPA
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axis, Li increased the BDNF levels in the present study. In addition,
several studies have demonstrated the effects of Li and VPA on BDNF in
the brains of animals submitted to animal models of mania (Frey et al.,
2006; Jornada et al., 2010). Frey et al. (2006) showed that Li and VPA
reversed the decrease in BDNF levels induced by amphetamine in the
brains of rats. In turn, Jornada and its coauthors (2010) showed that in
addition to its antimanic effects, Li and VPA also protected the brains of
rats against the decrease in BDNF levels induced by ouabain. Together
with our results, these studies suggest that manic-like behaviors are
accompanied by decreased BDNF levels, and the therapeutic effects of
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mood-stabilizers include modulating the levels of this neurotrophin.

Herein, PSD also decreased NGF levels in the frontal cortex and
hippocampus of mice. Li or VPA prevented NGF alterations induced by
PSD. In accordance with our results, another preclinical study demon-
strated that rodents submitted to PSD showed decreases in NGF levels
(Sei et al., 2000). NGF is an essential regulator of neuronal development
and survival (Levi-Montalcini and Angeletti, 1968). A previous clinical
study demonstrated that BD individuals experiencing mania had lower
NGF levels than euthymic patients or controls (Barbosa et al., 2011b). A
preclinical study also showed reductions in NGF levels in rats with
manic-like behaviors induced by ouabain (OUA) (Varela et al., 2015).
Varela et al. (2015) demonstrated that the administration of Li and VPA
reversed alterations in NGF levels in the frontal cortex of rats that
showed manic-like behavior induced by OUA. Therefore, the modula-
tion of NGF seems to be an important target for mood stabilizers,
protecting the brains of BD patients.

The effects of GDNF are associated with dopaminergic neurons (Lin
et al., 1993; Oglodek et al., 2016). Decreases in GDNF levels were re-
ported in the blood of BD patients during a manic episode (Takebayashi
et al., 2006). In the present study, decreases in GDNF levels were ac-
companied by manic-like behaviors. Li and VPA prevented the manic-
like behavior induced by PSD and protected the brains of mice against
GDNF decreases. A previous study demonstrated that Li or VPA treat-
ment reversed and prevented manic-like behavior and increased GDNF
levels in the brains of rats submitted to ouabain administration (Varela
et al., 2015). These findings suggest a relationship between manic-like
behavior, alterations in GDNF levels, and the therapeutic effects of Li
and VPA.

In conclusion, alterations in sleep through the PSD protocol induced
manic-like behavior in rats and induced changes in neurotrophic factor
levels. The administration of Li and VPA protected against behavioral
and neurotrophic alterations induced by PSD. Therefore, it seems that
neurotrophic factors and sleep are essential targets to treat BD.
However, more studies are necessary to better understand these me-
chanisms.

5. Limitations of the study

The authors discuss some points of the manuscript using circadian
rhythm disruption, but the circadian rhythm itself was not evaluated in
this study. However, sleep is part of the circadian rhythm, once it is the
total period of one day; consequently, PSD affects the circadian rhythm.
The present study did not use female rats; therefore, it is important to
study differences in PSD and neurotrophin alterations among sexes.
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