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Abstract

Background Rapid-eye movement (REM) sleep deprivation (SD) can induce manic-like behaviors in rodents. On the other
hand, lithium, as one of the oldest drugs used in neuropsychiatric disorders, is still one of the best drugs for the treatment
and control of bipolar disorder. In this study, we aimed to investigate the role of chronic short-term REM SD in the induction
of manic-like behaviors in female rats.

Methods The rats were exposed to REM SD for 14 days (6 hours/day). Lithium was intraperitoneally injected at the doses
of 10, 50, and 100 mg/kg. Results: REM SD induced hyperactivity and OCD-like behavior, and decreased anxiety, depres-
sive-like behavior, and pain subthreshold. REM SD also impaired passive avoidance memory and decreased hippocampal
brain-derived neurotrophic factor (BDNF) expression level. Lithium at the doses of 50 and 100 mg/kg partly and completely
abolished these effects, respectively. However, lithium (100 mg/kg) increased BDNF expression level in control and sham
REM SD rats with no significant changes in behavior.

Conclusions Chronic short-term REM SD may induce a mania-like model and lead to OCD-like behavior and irritability. In
the present study, we demonstrated a putative rodent model of mania induced by chronic REM SD in female rats. We suggest
that future studies should examine behavioral and mood changes following chronic REM SD in both sexes. Furthermore,
the relationship between manic-like behaviors and chronic REM SD should be investigated.
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Introduction

Mania or hypomania in full or subsyndromal forms is one of
the most important features of bipolar disorder (Dubovsky
2015). The structure of mania has been based on three
fundamental features in humans: euphoria, pressured
speech, and hyperactivity (Kraepelin 1913). Comorbidity
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of mania with other disorders is common, particularly with
attention deficit hyperactivity disorder (ADHD), followed by
oppositional defiant disorder, agoraphobia, panic disorder,
generalized anxiety disorder, alcohol dependence, and drug
abuse (Kessler et al. 2005).

In rodents, hyperactivity has been approved as the most
important feature of manic-like behavior (Valvassori et al.
2022; Wohr 2022). Although there are some methods
using drugs to induce a rodent model of mania, however,
drugs (for example, ketamine or amphetamine) can affect
behavioral data and other cognitive functions. Also, a
rodent model of mania without manipulation of mood
processes by drugs may be more similar to a human model
of mania. Rapid-eye movement (REM) sleep deprivation
(SD) can induce manic-like behaviors in rodents. Previous
study has reported that REM SD induces hyperactivity
and decreases depressive-like behavior in rodents (Chen
et al. 2022). Furthermore, it has been shown that 36 hours
paradoxical SD leads to manic-like behaviors in male
mice (Dal-Pont et al. 2019).
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The pathophysiology of mania is not completely
understood. Three neurotransmitters have been considered
as the most important neurotransmitters involved in the
pathophysiology and treatment of mood disorders including
norepinephrine, dopamine, and serotonin (Miklowitz and
Johnson 2006). Furthermore, low levels of norepinephrine
and dopamine are closely related to depression models,
while mania is related to high levels of norepinephrine and
dopamine. In addition, both mania and depression are tied to
low levels of serotonin, a neurotransmitter that regulates the
level and function of norepinephrine and dopamine (Alex and
Pehek 2007; Szabo and Blier 2002). It has been suggested
that mood disorders should be explained by changes in the
level of neurotransmitters in the synaptic cleft. However, this
hypothesis may not be accurate, as the time course of drug
responses suggests that altered receptor sensitivity is more
likely responsible for symptom stabilization than changes
in absolute neurotransmitter levels (Thase et al. 2002).
Therefore, drugs that change both neurotransmitter level and
receptor sensitivity can be more useful.

Lithium is one of the most effective drugs for the
treatment of bipolar disorder and mania. Previous studies
have shown that lithium reverses manic-like behaviors
induced by ketamine in rodents (Ettenberg et al. 2020; Gao
et al. 2021). It has also been reported that lithium treatment
attenuates ketamine-induced manic-like behavior in male
rats (Krug et al. 2019). Although the molecular mechanisms
underlying the therapeutic effects of lithium have not been
well investigated, it appears that lithium can reverse mania
by increasing protein kinase B (Akt), and phosphorylation
and inhibition of glycogen synthase kinase-3 (GSK-3) activity
(Beaulieu et al. 2004; Liu et al. 2013). Studies have shown that
overexpression of GSK-3beta leads to manic-like behaviors in
mice (Prickaerts et al. 2006). In addition, it has been shown
that brain-derived neurotrophic factor (BDNF) is involved in
the antimanic effect of lithium (Gideons et al. 2017).

BDNF is the most important neurotrophin in the central
nervous system (CNS) (Huang and Reichardt 2001; Yamada
and Nabeshima 2003). Neurotrophins are critical modulators
of neural survival, development, function, and plasticity
(McAllister et al. 1999; Sofroniew et al. 2001). BDNF may be
involved in the pathophysiology of mania and the therapeutic
effects of lithium. Previous studies have shown that both
manic and depressive states in patients with bipolar disorder
are significantly related to reduced BDNF serum level
(Fernandes et al. 2015; Tunca et al. 2014). While, lithium
treatment can elevate BDNF serum level in bipolar patients
(de Sousa et al. 2011), and BDNF level in different parts of
the rat brain (Fukumoto et al. 2001; Jornada et al. 2010).

According to the mentioned findings, in the present study,
we aim to investigate the potential effect of chronic REM SD
on the induction of manic-like behaviors and hippocampal
BDNF level in female rats.
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Material and method
Animals

Seventy-two female Wistar rats (170-180g, 7-8 weeks old)
were used in this study. The rats were housed six per Plexiglas
cage (25%50%25cm), and a 12h:12h light/dark cycle (lights
on at 7:00h) and stable temperature (22+1°C) were observed.
Each experimental group consisted of six female rats. All
the rats were born and bred in Cognitive Neuroscience Lab,
Medicinal Plants Research Center, Institute of Medicinal
Plants, ACECR, Karaj, Iran. Also, all the rats had free access
to food and water and all the experiments were done during
the light hours (9:00 a.m. to 3:00 p.m.). Our experimental
protocol was designed in accord with National Research
Council (US) Committee for the Update of the Guide for the
Care and Use of Laboratory Animals (2011).

Drug

Lithium chloride was purchased from Tehrandarou Com-
pany, Tehran, Iran. Lithium was dissolved in normal saline
and intraperitoneally injected at the doses of 10, 50, and
100 mg/kg. Lithium doses were selected based on previous
studies (Rygula et al. 2015).

REM SD apparatus

REM SD apparatus (the multiple-platform apparatus, Tajhiz-
Gostar Omid Iranian Co, Tehran, Iran) was used to induce
REM SD. The multiple platform apparatus was a water tank
(90x50%50 cm) with several circular platforms with 7 cm
diagonal. The surface of the platforms was 2 cm above the
water. The rats were placed in the apparatus and during the
experiment, they were free to move through the tank. When
the rats fell asleep, and when the REM phase began, they fell
into the water and woke up (due to REM-induced muscles
relaxation). This process induced REM SD in rats. Note that,
platforms with a larger diagonal (15 cm) were provided for
sham of REM SD rats, in which the rats had normal sleep. The
temperature of the water was standard and monitored during
the experiment (Javad-Moosavi et al. 2020; Lahimgarzadeh
et al. 2022). Duration of REM SD was 6h for 14 days. Note
that, this apparatus had a limitation. In addition to complete
deprivation of REM sleep, non-REM sleep is also decreased
about 30% during using this apparatus (Machado et al. 2004).

Open field test

The open field test (OFT) (Tajhiz-Gostar Omid Iranian
Co, Tehran, Iran) was used to assess locomotor activity of
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rats. This apparatus consisted of clear perspex container
box (height: 30x30x40cm) divided into 16 equal-sized
squares. Locomotor activity was evaluated as distance
traveled (cm) during 300s (Mahdavi et al. 2021). Although
which behavior in OFT measures anxiety is controversial,
anxiety level was measured by recording the time spent
in the four middle squares of the field (a preference to
stay close to the walls of the field considered as anxiety)
(Ennaceur 2014).

Marble burying test

Marble burying test is used to assess obsessive-compulsive
disorder (OCD)-like behavior in rodents. In this test,
standard glass toy marbles (assorted styles and colors, 15
mm diameter, 5-6 g in weight) gently put on the surface of
the bedding in 2 rows of 5 marbles (10 marbles). Note that,
marble burying test involves the placement of any number of
marbles (usually between 4 and 25, depending on the zone
configuration of the marble-burying arena) (de Brouwer
et al. 2019). The duration of the test was 30 minutes. More
buried marbles were considered as OCD-like behavior.

Hot plate apparatus

Hot plate apparatus measures the pain subthreshold in
rodents. This apparatus was a sheet getting hot by electric
current (Tajhiz-Gostar Omid Iranian Co, Tehran, Iran). At
first, hot plate sheet was cleaned by ethanol 70%. Then,
each rat was placed on the hot sheet. The start time was
determined and as soon as the rats started to lick their
paws or change their steps, the pain subthreshold was
recorded. The temperature of the apparatus was set at
50 °C. The cut-off time was 100 seconds (Mahdavi et al.
2021).

Forced swim test

In this study, forced swim test (FST) was conducted to
evaluate depressive-like behavior of rats during 5 minutes.
FST uses a cylindrical transparent container that is filled with
water (20-22°C) up to 2/3 of it. Each rat was float inside
the cylindrical transparent container. During 5 minutes,
immobility and climbing duration were measured. The
duration of immobility was considered as depressed mood
(Kordestani-Moghadam et al. 2020). Of note, climbing
is defined as active vertical movement of the forepaws
directed towards the sides of the chamber and immobility
is characterized by the lack of movement except that which
is necessary to keep the subject's nose above the water level
(Carr and Lucki 2010). Both behaviors are important to
evaluate the mood state of the rats.

Shuttle box apparatus

Shuttle box apparatus is used to assess passive avoidance mem-
ory in rats (Khakpoor et al. 2021; Torabi et al. 2022). Shut-
tle box apparatus consisted of two equal-sized compartments
(25%25%25 cm), including a light and a dark compartment
with a grid floor and Plexiglas walls that were separated by
a guillotine door. Passive avoidance memory evaluation had
two phases: training and test. In the training session, each rat
was placed into the light compartment for a 60-second period.
After opening the guillotine door and a complete entrance of
the rat into the dark compartment, the door was closed and a
0.6 mA foot electric shock was delivered for 2 seconds through
the grid floor. Twenty seconds later, the rat was transferred to
its cage. The test session was performed 24h after training. In
the test session, each rat was placed into the light compartment.
The step-through latency to enter the dark compartment was
measured as a positive index of memory function. The cut-off
time was 300 seconds (Rezaie et al. 2020).

Experimental groups

The present study consisted of 12 groups (each group con-
sisted of 6 female rats):

Group 1: control group (with no intervention).

Group 2: lithium 10 mg/kg group (only received i.p.
injection of lithium, 10 mg/kg for 14 days).

Group 3: lithium 50 mg/kg group (only received i.p.
injection of lithium, 50 mg/kg for 14 days).

Group 4: lithium 100 mg/kg group (only received i.p.
injection of lithium, 100 mg/kg for 14 days).

Group 5: sham group (placed in the REM SD apparatus
with large platforms, 6h/d for 14 days).

Group 6: sham+ lithium 10 mg/kg group (placed in the
REM SD apparatus with large platforms, 6h/d for 14 days,
and received i.p. injection of lithium, 10 mg/kg for 14 days).
Group 7: sham + lithium 50 mg/kg group (placed in the
REM SD apparatus with large platforms, 6h/d for 14 days,
and received i.p. injection of lithium, 50 mg/kg for 14
days).

Group 8: sham + lithium 100 mg/kg group (placed in the
REM SD apparatus with large platforms, 6h/d for 14 days,
and received i.p. injection of lithium, 100 mg/kg for 14
days).

Group 9: REM SD group (placed in the REM SD appa-
ratus and deprived from REM phase, 6h/d for 14 days).
Group 10: REM SD group + lithium 10 mg/kg group
(placed in the REM SD apparatus and deprived from
REM phase for 6h/d for 14 days, and received i.p. injec-
tion of lithium, 10 mg/kg for 14 days).
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Group 11: REM SD group + lithium 50 mg/kg group
(placed in the REM SD apparatus and deprived from
REM phase for 6h/d for 14 days, and received i.p. injec-
tion of lithium, 50 mg/kg for 14 days).

Group 12: REM SD group + lithium 100 mg/kg group
(placed in the REM SD apparatus and deprived from
REM phase for 6h/d for 14 days, and received i.p. injec-
tion of lithium, 100 mg/kg for 14 days).

REM SD was done every day: 9:00 a.m. to 3:00 p.m.
(on the last day, REM SD was performed from 9:00 a.m. to
1 p.m., due to the behavioral tests). Behavioral tests were
performed as follows (30 min after REM SD):

Open field test, hot plate test, marble burying test, forced
swim test, and shuttle box (training). 24h later, test session
of the shuttle box was done. The hippocampus extraction
was done 1h after the last behavioral test.

Real-time PCR
Total RNA extraction and preparation of cDNA

Total RNA was extracted from 100 mg of the hippocampus
by Qiazol (Qiazol lysis reagent, USA) in a sterilized RNase-
free tube. NanoDrop ND-100 spectrophotometer (Thermo
Scientific, Waltham, MA, USA) evaluated the concentration
and purity of RNA by the ratio of the absorbance at 260 nm
and 280 nm (A 260 /A 280). RNA was converted into com-
plementary DNA (cDNA) by DNase I first strand synthesis
system for RT-PCR (Fermentase, Germany), according to
the manufacturer's recommendations.

Real-time PCR reactions were done using Takara SYBR
Premix Ex Taq II (Tli RNaseH Plus) (2X conc.) in a final

ACP target (Mean control—Mean sample)
) g p / (E

Ratio = (E target reference)

volume of 20 pl on StepOnePlus Real-Time PCR System
(Applied Biosystems). 2 pl of the synthesized cDNA was
used in all reactions. The annealing temperature optimized
for primers pairs was 64 °C. For quantification of target
gene, standard curve method was applied. All the samples
were loaded in duplicate and the mean data were used for
further analysis. The specificity of PCR products was veri-
fied by observing a single peak in melting curve analysis.
For complementary length verification, PCR products were
visualized on 2.5% agarose gel (Malboosi et al. 2020).

Oligonucleotide set design

GAPDH was used as the housekeeping gene to normalize
target gene expression. The primers that were used for
the real-time PCR was BDNF. In order to measure the
quantity of the target gene in each sample, first we had to
identify the cycle at the fluorescence sample which was
reached to a preset threshold that was appreciably above
the background. Then, the cycle number was referred to a
standard curve presents in each run of amplification. The
data obtained from all the studied groups were normalized
against the housekeeping gene (GAPDH). GenX (version
2.0.0) software (“MultiD Analyses AB” was the first
company with focus on multidimensional data analyses.)
was used to analyze data and detect significant differences
in relative expression levels between samples and the
control group. In order to use the software, the amount of
RT PCR efficiencies (E) and the mean crossing point (CP)
deviation between two groups are needed. Normalizing the
target gene expression against the reference gene is done
according to the following equation (Table 1):

ACP reference (Mean control—Mean sample)

Statistical analyses

SPSS software (V.26) was used to analyze data. One-way
ANOVA, two-way ANOVA, and post hoc Tukey’s were
used to compare groups. Data were expressed as mean
+ SD and P<0.05 was considered as the level of statis-
tical significance. One-way ANOVA was used to assess
significant differences between control groups. Two-way
ANOVA was used to assess significant difference between
four groups of control and sham REM SD, or between
four groups of sham REM SD and REM SD. This type of
analysis leads to more correct and accurate comparisons,
because REM SD group is compared with its most similar
group (sham REM SD), not with controls (Rezaie et al.
2020; Torabi et al. 2022). Post hoc Tukey’s was used to
measure the exact differences between groups.
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Results
Locomotor activity
The results of one-way ANOVA showed that there is no

significant difference between control groups (F; ,; = 0.84,
P>0.05). The results of two-way ANOVA showed that

Table 1 The primers used for the Real-time PCR

Primer Sequence (5" —3")

BDNF F: 5>-GGACATATCCATGACCAGAAAGA-3’
R: 5’-GGCAACAAACCACAACATTATCG-3’

GAPDH F: 5’-CATTCTTCCACCTTTGATGCTG-3’

R: 5>-TGGTCCAGGGTTTCTTACTCC-3’
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there is no significant difference between control and sham
groups [the effect of sleep (F; 45 = 0.04, P>0.05); the effect
of lithium (F; 44 = 2.25, P>0.05); the effect of sleep*lithium
(F53 490 = 0.01, P>0.05)]. The results of two-way ANOVA
showed that there is a significant difference between sham
and REM SD groups [the effect of sleep (F; 4, = 164.24,
P<0.001); the effect of lithium (F3.40 = 29.22, P<0.001);
the effect of sleep*lithium (F; 4o = 18.83, P<0.001)]. Post
hoc Tukey test also showed that traveled distance in the
open field was increased in REM SD group in comparison
with sham group (P<0.001), and in REM SD + lithium
10 mg/kg group in comparison with sham group + lithium
10 mg/kg (P<0.001), and in REM SD + lithium 50 mg/kg
group in comparison with sham group + lithium 50 mg/kg
(P<0.01), indicating that locomotor activity was increased
in all these groups (hyperlocomotion). However, traveled
distance in the open field was decreased in both REM SD +
lithium 50 mg/kg and REM SD + lithium 100 mg/kg groups
in comparison with REM SD group (P<0.001), indicating
that locomotor activity was decreased in all these groups
(hypolocomotion) (Fig. 1).

Anxiety
The results of one-way ANOVA showed that there is a sig-

nificant difference between control groups (F; ,; = 10.85,

Fig. 1 Locomotor activity in
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P<0.001). Post hoc Tukey test showed that time spent in
middle squares was decreased in rats received lithium 100
mg/kg in comparison with control (P<0.001) and lithium
10 mg/kg groups (P<0.01), indicating anxiety-like behav-
ior. The results of two-way ANOVA showed that there is a
significant difference between control and sham groups only
for the effect of lithium [the effect of sleep (F 44 = 0.90,
P>0.05); the effect of lithium (F; 4, = 24.19, P<0.001); the
effect of sleep*lithium (F; 4, = 0.50, P>0.05)]. Post hoc
Tukey test also showed that time spent in middle squares
was decreased in sham + lithium 50 mg/kg (P<0.05) and
sham + lithium 100 mg/kg (P<0.001) in comparison with
sham group, indicating anxiety-like behavior. Anxiety level
was also increased (reduced time spent in middle squares)
in sham + lithium 100 mg/kg group in comparison with
sham + lithium 10 mg/kg (P<0.001). The results of two-
way ANOVA showed that there is a significant difference
between sham and REM SD groups for the effect of sleep
and the effect of lithium [the effect of sleep (F, 4o = 58.05,
P<0.001); the effect of lithium (F; 4, = 12.93, P<0.001);
the effect of sleep*lithium (F; 4, = 2.56, P>0.05)]. Post hoc
Tukey test also showed that time spent in middle squares
was increased in REM SD group in comparison with sham
group (P<0.001), and in REM SD + lithium 10 mg/kg
group in comparison with sham group + lithium 10 mg/kg
(P<0.001), and in REM SD + lithium 50 mg/kg group in
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comparison with sham group + lithium 50 mg/kg (P<0.01),
and in REM SD + lithium 100 mg/kg group in comparison
with sham group + lithium 100 mg/kg (P<0.05), indicating
decreased anxiety-like behavior. Also, time spent in mid-
dle squares was decreased in REM SD + lithium 50 mg/kg
in comparison with REM SD group and with REM SD +
lithium 10 mg/kg group (P<0.01), and in REM SD + lithium
100 mg/kg groups in comparison with REM SD group and
with REM SD + lithium 10 mg/kg group (P<0.001), indicat-
ing anxiety-like behavior (Fig. 2).

OCD-like behavior

The results of one-way ANOVA showed that there is no
significant difference between control groups (F; ,; = 0.74,
P>0.05). The results of two-way ANOVA showed that there
is no significant difference between control and sham groups
[the effect of sleep (F 49 = 0.16, P>0.05); the effect of lith-
ium (Fj 49 = 0.43, P>0.05); the effect of sleep*lithium (F; 4o
= 0.16, P>0.05)]. The results of two-way ANOVA showed
that there is a significant difference between sham and REM
SD groups [the effect of sleep (F; 49 = 70.94, P<0.001);
the effect of lithium (F; 4, = 13.18, P<0.001); the effect of
sleep*lithium (F; 4o = 12.48, P<0.001)]. Post hoc Tukey
test also showed that marbles buried was increased in REM
SD group in comparison with sham group (P<0.001), and

Fig.2 Anxiety level in the rats
of control groups, sham groups,
and REM SD (mania) groups.
*#%P <0.001, **P <0.01, and
*P <0.05 in comparison with
its’ control group (control

or sham or mania group);
MAP <(.001 and MP <0.01

in comparison with related
group received lithium 10 mg/
kg (control +lithium 10 mg/
kg or sham + lithium 10 mg/kg
or mania+ lithium 10 mg/kg);
@@@P<0.001, @@P<0.01,
and @P <0.05 in comparison
with respective group in sham
groups (n=6) [grey dots: indi-
vidual data points]
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in REM SD + lithium 10 mg/kg group in comparison with
sham group + lithium 10 mg/kg (P<0.001), and in REM SD
+ lithium 50 mg/kg group in comparison with sham group
+ lithium 50 mg/kg (P<0.01), indicating OCD-like behav-
ior. However, marbles buried was decreased in both REM
SD + lithium 50 mg/kg and REM SD + lithium 100 mg/
kg groups in comparison with REM SD group (P<0.001),
indicating decreased OCD-like behavior. Also, OCD-like
behavior was decreased in both REM SD + lithium 50 mg/
kg (P<0.01) and REM SD + lithium 100 mg/kg (P<0.001)
groups in comparison with REM SD + lithium 10 mg/kg
group (Fig. 3).

Immobility (depressive-like behavior)

The results of one-way ANOVA showed that there is no
significant difference between control groups (F; 53 = 0.55,
P>0.05). The results of two-way ANOVA showed that
there is no significant difference between control and sham
groups [the effect of sleep (F, 49 = 2.95, P>0.05); the effect
of lithium (F; 4 = 0.40, P>0.05); the effect of sleep*lithium
(F3,40 = 0.38, P>0.05)]. The results of two-way ANOVA
showed that there is a significant difference between sham
and REM SD groups [the effect of sleep (F; 4 = 20.09,
P<0.001); the effect of lithium (F; 4, = 11.79, P<0.001);
the effect of sleep*lithium (F; 4o = 11.07, P<0.001)]. Post
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Fig.3 OCD-like behavior in the rats of control groups, sham groups,
and REM SD (mania) groups. ***P <0.001 in comparison with its’
control group (mania group); “AP <0.001 and P <0.01 in compar-
ison with related group received lithium 10 mg/kg (mania+ lithium
10 mg/kg); @@@P<0.001 and @@P <0.01 in comparison with
respective group in sham groups (n=6) [grey dots: individual data
points]

hoc Tukey test also showed that immobility was decreased in
REM SD group in comparison with sham group (P<0.001),
and in REM SD + lithium 10 mg/kg group in comparison
with sham group + lithium 10 mg/kg (P<0.001), indicat-
ing antidepressant effect. Also, immobility was increased in
both REM SD + lithium 50 mg/kg and REM SD + lithium
100 mg/kg groups in comparison with both REM SD and
REM SD + lithium 10 mg/kg groups (P<0.001), indicating
depressive-like behavior. However, it cannot be interpreted
as a state of depression because lithium treatment only
restored REM SD effects on immobility, while showed no
significant difference compared with controls or sham REM
SD rats. Therefore, it seems that lithium reversed the effect
of REM SD on immobility rate in FST, but not the induction
of depressive behavior (Fig. 4).

Climbing

The results of one-way ANOVA showed that there is a
significant difference between control groups (F;,; =
6.90, P<0.01). Post hoc Tukey test showed that climbing
was increased in lithium 100 mg/kg group in comparison
with control (P<0.01) and with lithium 10 and 50 mg/kg
(P<0.05). The results of two-way ANOVA showed that
there is a significant difference between control and sham
groups for the effect of sleep and the effect of lithium
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[the effect of sleep (F, 49 = 5.10, P<0.05); the effect of
lithium (F; 4, = 7.03, P<0.01); the effect of sleep*lithium
(F;3 49 = 2.72, P>0.05)]. Post hoc Tukey test showed that
climbing was decreased in sham + lithium 100 mg/kg in
comparison with lithium 100 mg/kg group (P<0.05). The
results of two-way ANOVA showed that there is a signifi-
cant difference between sham and REM SD groups [the
effect of sleep (Fy 49 = 8.80, P<0.01); the effect of lithium
(F3.40 = 5.13, P<0.01); the effect of sleep*lithium (F; 4
= 90.27, P<0.001)]. Post hoc Tukey test also showed that
climbing was increased in REM SD + lithium 10 mg/kg
group in comparison with sham + lithium 10 mg/kg group,
and with REM SD group (P<0.01). Furthermore, climb-
ing was decreased in REM SD + lithium 50 mg/kg group
(P<0.05), and in REM SD + lithium 100 mg/kg group
(P<0.01), in comparison with REM SD + lithium 10 mg/
kg group (Fig. 5).

Pain subthreshold

The results of one-way ANOVA showed that there is a sig-
nificant difference between control groups (F; 53 = 3.89,
P<0.05). Post hoc Tukey test showed that pain subthresh-
old was increased in lithium 100 mg/kg group in com-
parison with control and with lithium 10 mg/kg (P<0.05).
The results of two-way ANOVA showed that there is a

Fig.5 Climbing in the rats of
control groups, sham groups,
and REM SD (mania) groups.
**P <0.01 in comparison with
its’ control group (control or
mania group); P <0.01 and
AP <0.05 in comparison with
related group received lithium
10 mg/kg (control + lithium

10 mg/kg or mania + lithium
10 mg/kg); @ @P <0.01 and
@P <0.05 in comparison with
respective group in control

or sham groups; #P <0.05 in
comparison with related group
received lithium 50 mg/kg
(control + lithium 50 mg/kg)
(n=06) [grey dots: individual
data points]
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significant difference between control and sham groups
for the effect of lithium [the effect of sleep (F, 44 = 0.62,
P>0.05); the effect of lithium (F3,40 = 8.37, P<0.001); the
effect of sleep*lithium (F; 4y = 0.17, P>0.05)]. Post hoc
Tukey test showed that pain subthreshold was increased
in sham + lithium 100 mg/kg in comparison with lithium
100 mg/kg group and with sham group (P<0.05), indicating
analgesic effect. The results of two-way ANOVA showed
that there is a significant difference between sham and REM
SD groups for the effect of sleep and the effect of lithium
[the effect of sleep (F; 4o = 90.59, P<0.001); the effect of
lithium (F; 49 = 17.80, P<0.001); the effect of sleep*lithium
(F540 = 1.11, P>0.05)]. Post hoc Tukey test also showed
that pain subthreshold was decreased in REM SD group in
comparison with sham group (P<0.001), and in REM SD
(mania-like) + lithium 10 mg/kg group in comparison with
sham + lithium 10 mg/kg group (P<0.01), and in REM
SD + lithium 50 mg/kg group in comparison with sham
+ lithium 50 mg/kg group (P<0.01), and in REM SD +
lithium 100 mg/kg group in comparison with sham + lith-
ium 100 mg/kg group (P<0.05), indicating hyperalgesia.
Furthermore, pain subthreshold was increased in REM SD
+ lithium 50 mg/kg group (P<0.01), and in REM SD +
lithium 100 mg/kg group (P<0.001), in comparison with
REM SD group. Also, pain subthreshold was increased in
REM SD + lithium 50 mg/kg group (P<0.05), and in REM
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SD + lithium 100 mg/kg group (P<0.001), in comparison
with REM SD + lithium 10 mg/kg group, indicating an
analgesic effect (Fig. 6).

Passive avoidance memory

The results of one-way ANOVA showed that there is no
significant difference between control groups (F; 53 = 0.08,
P>0.05). The results of two-way ANOVA showed that there
is no significant difference between control and sham groups
[the effect of sleep (F, 4o = 0.08, P>0.05); the effect of lith-
ium (F; 4, = 0.19, P>0.05); the effect of sleep*lithium (F; 4
= 0.55, P>0.05)]. The results of two-way ANOVA showed
that there is a significant difference between sham and REM
SD groups for the effect of sleep and the effect of lithium
[the effect of sleep (F; 49 = 12.51, P<0.001); the effect of
lithium (F; 4o = 3.19, P<0.05); the effect of sleep*lithium
(F3,40 = 1.43, P>0.05)]. Post hoc Tukey test also showed that
passive avoidance memory was impaired in REM SD group
in comparison with sham group (P<0.001), and in REM SD
+ lithium 10 mg/kg group in comparison with sham group
+ lithium 10 mg/kg (P<0.001). However, passive avoidance
memory was restored in both REM SD + lithium 50 mg/kg
and REM SD + lithium 100 mg/kg groups in comparison

Fig.6 Pain perception
subthreshold in the rats of
control groups, sham groups,
and REM SD (mania) groups.
##%P <0.001, **P <0.01, and
*P <0.05 in comparison with
its” control group (control

or sham or mania group);
AMAP <0.00, MP<0.01, and
AP <0.05 in comparison with
related group received lithium
10 mg/kg (control + lithium
10 mg/kg or sham + lithium
10 mg/kg or mania+ lithium
10 mg/kg); @@@P <0.001,
@@P<0.01, and @P<0.05
in comparison with respective
group in sham groups (n="6)
[grey dots: individual data
points]
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with both REM SD group and REM SD + lithium 10 mg/
kg group (P<0.001) (Fig. 7).

Hippocampal BDNF level

The results of one-way ANOVA showed that there is a sig-
nificant difference between control groups (F; 53 = 62.35,
P<0.001). Post hoc Tukey test also showed that BDNF
level was increased following administration of lithium
(100 mg/kg) (P<0.001). The results of two-way ANOVA
showed that only the effect of lithium was significant
(F3,40 = 178.96, P<0.001), while the effect of sleep (F 4
= 2.57, P>0.05) and the effect of sleep*lithium (F; 4 =
2.45, P>0.05) was not significant. Post hoc Tukey test also
showed that BDNF was increased in sham group received
lithium 100 mg/kg compared to controls received lithium
100 mg/kg (P<0.05). The results of two-way ANOVA
showed that there is a significant difference between sham
and REM SD groups for the effect of lithium (F; 4,
442.89, P<0.001) and the effect of lithium*sleep (F; 4o =
11.29, P<0.001), while the effect of sleep (Fy 40 = 2.99,
P>0.05)] was not significant. Post hoc Tukey test also
showed that BDNF was decreased in REM SD group in
comparison with sham group (P<0.001), and in REM SD
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Fig.7 Passive avoidance
memory performance in the
rats of control groups, sham
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tivity, decreased anxiety level in the open field test, and e

decreased immobility (depressive-like behavior). Also,
REM SD dramatically decreased pain subthreshold, sug-
gesting an increased irritability. However, REM SD rats
showed OCD-like behavior by burying more marbles than
other rats. In addition, REM SD impaired passive avoid-
ance memory. BDNF expression level in the hippocampus
was also decreased in REM SD rats, while administra-
tion of lithium (50 mg/kg) restored BDNF level (reached
BDNEF levels in control rats). Also, administration of
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Fig.8 Hippocampal BDNF level in the rats of control groups, sham
groups, and REM SD (mania) groups. ***P <0.001 and **P <0.01 in
comparison with its’ control group (control or sham or mania group);
AMAP<(0.001 and "MP<0.01 in comparison with related group
received lithium 10 mg/kg (control +lithium 10 mg/kg or sham + lith-
ium 10 mg/kg or mania+ lithium 10 mg/kg); + + + P <0.001 in com-
parison with related group received lithium 50 mg/kg (control + lith-
ium 10 mg/kg or sham+lithium 10 mg/kg); @ @@P <0.001 and
@P <0.05 in comparison with respective group in control or in sham
groups (n=6) [grey dots: individual data points]
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lithium (100 mg/kg) increased BDNF expression level to
a greater extent.

Lithium effects in non-REM SD rats

Our data showed that lithium (100 mg/kg) increased anxi-
ety-like behavior, climbing, pain subthreshold, and BDNF
expression level in control and sham REM SD rats. There
are some studies showing that lithium may lead to anxiety-
like behaviors in rats. Previous study has shown that pre-
natal exposure of lithium (30 mg/kg) induces anxiety-like
behavior in rats (Kakhki et al. 2023). Lithium at high doses
(toxic doses) may lead to hypolocomotion and anxiety-like
behavior in rats (Hanak et al. 2017). Furthermore, it has
been shown that lithium can induce long-lasting increases
in anxiety-like behavior in pre-adolescent rats (Youngs et al.
2006). However, some studies have shown the anxiolytic
effects of lithium (Samad et al. 2019; Torabi et al. 2022;
Wang et al. 2023). Also, previous research has shown that
lithium has no effect on freezing (anxiety-like) behavior in
a rat model of conditioned fear stress (Muraki et al. 1999).
Therefore, there seems to be inconsistency regarding the role
of lithium in mediating anxiety-like behavior. In the present
study, we showed that lithium dose-dependently normalized
anxiety-like behavior changes in REM SD rats. However, we
did not assess REM SD effects on lithium efficacy. We only
showed that REM SD induced a possible manic-like state;
while, lithium at the doses of 50 and 100 mg/kg abolished
it. Of note, there is not enough evidence in this field. Pre-
vious research has shown that three sessions of 48h REM
SD in male rats increase locomotor activity and decrease
anxiety-like behavior (manic-like state), while lithium treat-
ment does not affect anxiety changes, although it prevents
REM SD-induced hyperlocomotion (Andrabi et al. 2020).
We suggest that future studies should investigate the inter-
action effect of REM SD (especially in different durations)
and lithium on anxiety and other behavioral parameters in
both sexes. On the other hand, lithium can be used for the
treatment of some aspects of neuropathic pain (Banafshe
et al. 2012). It has been shown that lithium may induce a
long-lasting analgesia in neuropathic mice via increasing
beta-endorphin in the brain (Weinsanto et al. 2018). Also,
early studies have reported the analgesic effects of lithium
(Quinn and Marsden 1986; Tosca et al. 1981). We also
showed that BDNF level was increased following lithium
(100 mg/kg) administration in control and sham REM SD
rats. As mentioned, lithium may increase the expression
level of BDNF. A past study has shown that chronic lith-
ium increases BDNF expression level in the brain of rats
(Fukumoto et al. 2001). It has been revealed that lithium
increases BDNF level in the hippocampus of a rat model
of mania (induced by D-amphetamine) (Frey et al. 2006a).
Other study has also reported that the neuroprotective effect

of lithium may be related to the increased level of BDNF
(Omata et al. 2008). Our data also showed that lithium at
the highest dose increased BDNF expression level in all rats.

REM SD and mania

Both total SD and REM SD have deleterious effects on a
wide-range of cognitive and behavioral functions. There
are numerous preclinical and clinical studies showing the
impairment effects of SD on cognitive performance and
the mood state (Klumpers et al. 2015; Li et al. 2021; Looti
Bashiyan et al. 2021; Torabi et al. 2022). It has been shown
that 24h SD increases anxiety and depression, and decreases
BDNF level in healthy volunteers (Li et al. 2021). Previous
study has shown that chronic 4-week SD in rats leads to
anxiety- and depressive-like behaviors, and cognitive decline
(Li et al. 2023). Furthermore, SD induces depressive- and
anxiety-like behaviors in forced swim test (FST), tail sus-
pension test (TST), and elevated plus maze test (EPMT)
in rats (Kang et al. 2021). It has also been revealed that
SD impairs spatial learning and memory in rats (Zheng
et al. 2024). In addition, 24h but not 4h SD impairs spatial
memory performance in male rats (Kholghi et al. 2023).
REM SD also affects cognitive and behavioral functions.
It has been shown REM SD for 24h significantly attenu-
ates memory acquisition in male Wistar rats (Javad-Moosavi
et al. 2020). Furthermore, 24h REM SD impairs spatial and
passive avoidance memory in rats (Mahdavi et al. 2021). Of
note, the effects of total SD and REM SD on cognitive and
behavioral functions are inconsistent and many studies have
shown the improvement effects of both in some conditions
(Maturana et al. 2015; Sikkens et al. 2019; Trautmann et al.
2018; Vaseghi et al. 2021).

On the other hand, REM SD may lead to manic-like state.
REM SD is a non-pharmacological method that induces
manic-like model in rodents. Previous studies have shown
that REM SD induces manic-like behaviors in rats (Andrabi
et al. 2020; Valvassori et al. 2017b). For example, it has
been revealed that REM SD may lead to manic-like behav-
iors in rats via induction of mitochondrial dysfunction (Kim
et al. 2022). Other study has shown that REM SD induces
hyperactivity, reduces anxiety-like behavior, and leads to
abnormal dyadic social interaction in rats (Andrabi et al.
2020). Note that, a decrease in sleep duration is not only a
core manifestation of mania, but also a trigger for a manic
episode (Gold and Kinrys 2019; Melo et al. 2017). Previ-
ous research has shown REM density changes in manic
patients with reduced sleep (Zangani et al. 2020). It has been
revealed that disruptions in circadian rhythms are underlie
the disorder course of bipolar disorder (Gold and Kinrys
2019). Furthermore, irregular circadian rhythms may be
related to episodes of mania and depression (Gold and Kin-
rys 2019).
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Our data also showed that REM SD decreased BDNF
level. Several studies have shown that SD decreases BDNF
level. For example, 7-day SD reduces the level of BDNF
and TrkB in the hippocampus of mice (Hwang et al. 2019).
24h SD decreases the level of BDNF in the CAl region of
the hippocampus in rats, leading to the impairment of long-
term memory (Zagaar et al. 2013). Previous study has also
shown that 24h REM SD reduces BDNF level in the hip-
pocampus and the prefrontal cortex (Mahboubi et al. 2019).
However, several inconsistent results have been reported
(Vaseghi et al. 2021). Although mania has a complex patho-
physiology, decreased BDNF level has been implicated as
a mechanism involved in manic/bipolar disorder (Jornada
et al. 2010). Previous study has reported that BDNF plays a
central role in the progression of bipolar disorder (Grande
et al. 2010). BDNF serum level is decreased during manic
and depressive episodes in both treated and drug-free sub-
jects, suggesting that BDNF levels are negatively corre-
lated with the severity of manic and depressive symptoms
(Cunha et al. 2006; Fernandes et al. 2009). It has been shown
that BDNF levels in manic patients are significantly lower
than healthy controls, while this difference vanished after
successful treatment (Tramontina et al. 2009). Therefore,
decreased BDNF expression level may be involved in the
induction of manic-like behaviors following REM SD.

REM SD rats showed decreased anxiety
and depressive-like behavior, while showed
OCD-like behavior

Our data also showed that REM SD rats had decreased anx-
iety-like behavior that is not unexpected in manic phase.
Patients with mania often show easy distractibility, lack
of concentration, illogical condensations, hyperactivity or
severe mobility, delusions of grandiosity, flight of ideas,
irritability, and elevated or euphoric mood (Jain and Mitra
2022). Furthermore, it has been reported that the rate of anx-
iety disorders is the lowest among bipolar I patients (manic
episodes that last for at least 7 days or manic symptoms
that are so severe that the person needs immediate medical
care), and the highest in the bipolar II patients (Rihmer et al.
2001). It has also been suggested that bipolar I patients have
a relatively low rate of comorbid anxiety disorders (Rihmer
et al. 2001). A previous meta-analysis study has reported
that anxiety disorder comorbidity is lower in bipolar I than
bipolar II (Yapici Eser et al. 2018). Furthermore, mood
lability, anxiety, guilt, suicidality, and irritability are the
only symptoms significantly more common in the mixed
episodes; however, grandiosity and euphoric mood (but not
anxiety) are more often observed in the pure manic group
(Cassidy et al. 1998). On the contrary, previous study has
shown the association of anxiety disorders with the manic
phase of bipolar disorder in bipolar patients (Das 2013). It
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has also been shown that adults with manic episodes have an
approximately equivalent relative risk of developing anxiety
disorders (Olfson et al. 2017).

Our data also showed that depressive-like (immobility)
was decreased, while climbing was not changed in REM SD
rats. As mentioned, (see section "Forced swim test"), climb-
ing is defined as active vertical movement of the forepaws
directed towards the sides of the chamber. Both immobility
and climbing may show the mood state of a rat. Although
immobility (depressive-like behavior) was decreased in
REM SD rats, climbing was not changed. We can suggest
that hyperlocomotion induced by REM SD may affect the
climbing data (although still the immobility was evident).
Also, REM SD rats showed OCD-like behavior in the marble
burying test. OCD has been classified as an anxiety disorder
in DSM-III, DSM-III-R, and DSM-1V (Bartz and Hollander
2006). But although OCD has been previously considered
as an anxiety disorder, many studies have suggested that
this category can change (Bartz and Hollander 2006; Stein
et al. 2010). In fact, anxiety disorders and OCD have a close
relationship, and 90% of patients with OCD have coexisting
psychiatric diagnoses, most commonly are anxiety disor-
ders (Fenske and Petersen 2015). An association of anxi-
ety symptoms with greater severity in acute mania has been
demonstrated (Gonzalez-Pinto et al. 2012). In the present
study, REM SD rats showed decreased anxiety level in the
open field test in comparison with control, while they had
also hyperlocomotion. We suggest that evaluating anxiety
level in the open field test can be influenced by hyperloco-
motion. Therefore, we cannot definitely conclude that REM
SD rats had decreased anxiety, because hyperlocomotion
can affect the rats’ performance for evaluating anxiety. Of
note, conducting other behavioral tests like elevated plus
maze or light/dark transitions may be necessary for future
accurate results. However, marble burying test showed a
type of obsessive-compulsive-like behavior for REM SD
rats. Previous study has reported a comorbidity of OCD and
mania (Kalra et al. 2002). It has been revealed that some
antidepressants including clomipramine, fluoxetine, and cit-
alopram induce mania in OCD patients (Berk et al. 1996).
Other study has declared that comorbidity of OCD in bipolar
disorder is well documented (Zutshi et al. 2007). On the
other hand, the potential effect of antidepressants on REM
SD-induced OCD-like behavior has not been investigated. In
the present study, lithium (as a mood stabilizing medicine)
could restore OCD-like behavior induced by REM SD, but
no article has been published in this field for antidepres-
sants. This is the first study evaluating the effect of REM
SD-induced mania on OCD-like behaviors in rats, and has
shown a possible comorbidity of OCD and mania in female
rats. However, a definitive interpretation of “manic” effects
based on simple behavioral readouts in the present study
may be not entirely reliable, because manic-like state in
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rodents and humans may be different. Albeit more detailed
studies are needed, as previous study declared, bipolar-OCD
comorbidity needs further investigations in order to provide
more solid evidences to give patients a more precise clinical
diagnosis and a more targeted therapeutic approach (Mucci
et al. 2018).

Decreased pain subthreshold in REM SD rats

Our data showed that REM SD rats had lower pain sub-
threshold than controls. Pain perception change in mania
is a complicated issue. Previous research has shown that
mania decreases perceived pain intensity in patients with
chronic pain (Boggero and Cole 2016). It has been reported
that >64% of chronic pain patients with bipolar disorder
recall experiencing decreased pain intensity during manic
or hypomanic states, characterized by elevated energy,
reduced need for sleep, and positive affect (Travaglini et al.
2020). Note that, when the manic phase resolves, increases
in pain have been usually observed, contributing to a cycle
of overactivity and pain. Therefore, it’s not unexpected that
patients with bipolar pain often report higher pain intensity
and interference than patients with pain with other mood
disorders including major depressive disorder (Goldstein
et al. 2009). On the other hand, previous research has shown
that mania, characterized by positive affect, can dramati-
cally decrease perceived pain intensity (Boggero and Cole
2016). It seems that this effect occurs via the affective (vs.
the somatosensory) pathways of the pain system; however,
this effect should be more investigate in further research
(Boggero and Cole 2016). It has been shown that pain sub-
threshold in bipolar patients is lower than control or patients
with schizophrenia (Atik et al. 2007).

Note that, REM SD often leads to hyperalgesia (Roehrs
et al. 2006). Other study has shown that REM SD leads to a
significant increase in the behavioral responses to noxious
mechanical, thermal, and electrical stimuli in rats (Hakki
Onen et al. 2001). Furthermore, it has been shown that REM
SD increases pain-related behavior and malondialdehyde
(MDA) level in the thalamus of rats (Anis Syahirah et al.
2022). Thus, decreased pain subthreshold in REM SD rats
may be related to the effect of sleep deprivation. Overall,
pain perception changes in manic or hypomanic phase have
not been well investigated and the results are not sufficient.

Impaired memory in REM SD rats

As the results showed, REM SD rats had impaired memory
performance. There is a large number of studies showing
impairment effect of REM SD or SD on memory function
(Lahimgarzadeh et al. 2022; Looti Bashiyan et al. 2021;
Mahdavi et al. 2021; Sur and Lee 2022; Torabi et al. 2022;
Yan et al. 2022). However, we used REM SD to induce a

manic model, not to investigate its’ effect on memory func-
tion. Evidence has shown that mania impairs memory and
other cognitive functions. Previous research has reported
that bipolar patients show cognitive impairments regardless
of the phase of disorder (Vrabie et al. 2015). Also, during a
manic episode, they showed higher impairments in verbal
and working memory, executive function/reasoning, and
problem solving (Vrabie et al. 2015). Other study has shown
that executive function and verbal memory are impaired in
bipolar patients (Martinez-Aran et al. 2004). Importantly,
it has been revealed that verbal retrieval impairments can
be considered as stable vulnerability indicators in bipolar
disorder, while verbal encoding impairments are manic state
indicators (Fleck et al. 2003). Furthermore, disrupted epi-
sodic memory for events encoded during mania has been
reported in bipolar patients (King et al. 2013). Therefore,
manic state can attenuate memory performance. On the
other hand, REM SD by itself, significantly impairs mem-
ory function via suggested mechanisms including attenuat-
ing neurogenesis (Khodaverdiloo et al. 2021), decreasing
the level of molecular factors such as BDNF and cAMP
response element-binding (CREB) protein (Guo et al. 2016),
increasing neuroinflammation (Ugalde-Muniz et al. 2022),
and increasing oxidative stress (Alzoubi et al. 2017). In the
present study, REM SD decreased BDNF expression level in
the hippocampus. BDNF is significantly involved in memory
function (Bekinschtein et al. 2008; Cefis et al. 2019). There
are many studies shown the importance of BDNF function
for memory performance (Fang et al. 2019; Mizoguchi et al.
2020; Zhang et al. 2015). Recovery of BDNF level is a criti-
cal mechanism for restoring memory function (Lee et al.
2020). Therefore, decreased BDNF level in REM SD rats
may be involved in memory impairment.

Moderate and high doses of lithium restored REM
SD effects with respect to BDNF level

The results showed that lithium at the doses of 50 and 100
mg/kg, partly and completely revered REM SD effects
on behaviors and BDNF level, respectively. As we know,
lithium is a potent mood stabilizer used for the treatment
of bipolar disorder and for the decrease of mood swing
(Sampogna et al. 2022). Although lithium has been used for
many decades, its’ mechanism of action has not been well
understood. Lithium is mostly prescribed for the treatment of
mania (Cade 1949). Also, lithium is useful for the treatment
of major depression, particularly for augmentation of antide-
pressants (Crossley and Bauer 2007), aggressive behaviour
(Sheard et al. 1976), and for preventing suicide risk (Grof
and Grof 1990). Early studies have suggested that lithium
normalizes the increased residual sodium during episodes
of depression and mania in bipolar disorder (Coppen 1967).
Importantly, lithium can decrease the resting membrane
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potential and reduce neuronal excitability (Schou 1957).
Other study has reported that lithium depolarizes the rest-
ing membrane potential back to the normal level, while in
bipolar disorder, the resting membrane potential seems to be
hyperpolarized (Thiruvengadam 2001). On the other hand,
studies have found that bipolar patients treated with lithium
have larger cortical and hippocampal volumes (Hajek et al.
2012; Moore et al. 2000). It should be noted that lithium is
neuroprotective both in vivo and in vitro (Alda 2015). With
respect to structural changes of brain in bipolar patients, it
has been suggested that neuroprotective effect of lithium
may be responsible for its mood stabilizing properties (Alda
2015). Furthermore, one of the most important neuropro-
tective effects of lithium is the suppression of stress effects
on the brain (Gray and McEwen 2013). Lithium can also
significantly restore brain neuroplasticity in bipolar disorder
(Alda 2015). All these effects can be involved in attenuating
manic state symptoms.

As mentioned, lithium restored the effect of REM SD on
BDNF level. BDNF is associated with the mechanism of
action of antidepressants and mood stabilizers (Castren and
Rantamaki 2010). It has been reported that BDNF expression
is significantly increased in the cerebral cortex and hippocam-
pus after chronic antidepressant treatment (Schmidt et al.
2008). Chronic but not acute lithium treatment also increases
intracellular BDNF protein levels in neuronal culture (Emamg-
horeishi et al. 2015). It has been shown that 5-day (but not
3 or 7-day) lithium treatment (1mM) increases intracellular
BDNF protein levels in rat cortical neuronal culture (Yasuda
et al. 2009). Lithium administration increases the expression
of BDNF in the rodent brain (Fukumoto et al. 2001), especially
in the hippocampus (Frey et al. 2006b) and the frontal cor-
tex (Jacobsen and Mork 2004). Importantly, the neurotrophic
effect of lithium in cortical neurons requires BDNF expres-
sion (Hashimoto et al. 2002). It has been declared that lithium
increases TrkB activation and expression of BDNF (Pedersen
et al. 2009), which supports the role of BDNF in bipolar dis-
order and/or mania. It has also been suggested that BDNF, as
a protein involved in neuronal survival, dendritic branching,
and synaptic plasticity (Huang and Reichardt 2001), is lower
in the brain and serum of bipolar patients (Cunha et al. 2006;
Monteleone et al. 2008). Previous study has shown that BDNF
expression in the hippocampus and amygdala of manic-like
rats is significantly decreased (Jornada et al. 2010). While,
under both conditions, lithium normalizes the decreased level
of BDNF (Jornada et al. 2010; Wu et al. 2014). Increased neu-
ronal BDNF induced by lithium may be complementary to its
ability to improve neuronal plasticity in glial cells. Impaired
neuroplasticity has been indicated as an important feature of
BD that is related to a deficiency in BDNF (Kapczinski et al.
2008); while, lithium induces a therapeutic effect, maybe via
restoring BDNF level.
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Limitations

(1) One of the limitations of the present research is related
to control, sham, and REM SD groups. The rats of
these groups did not receive any injection, while saline
injection (rather than no injection) may be a more accu-
rate control group to compare with lithium groups.

(2) Multiple platform apparatus for the induction of REM
SD has a limitation. It has been reported that multi-
ple platform apparatus may also decrease non-REM
sleep (about 30%) (Eydipour et al. 2020; Machado et al.
2004). We did not use EEG (electroencephalogram) to
assess the efficiency of the apparatus to induce REM
SD (Mahdavi et al. 2021), but previous studies have
shown that rats are deprived of the REM phase using
this apparatus (Eydipour et al. 2020; Javad-Moosavi
et al. 2020; Kang et al. 2013; Tripathi and Jha 2022).

(3) In addition, we showed that lithium (100 mg/kg)
increased BDNF level in all rats (control, sham-REM
SD, and REM SD). However, this effect did not induce
a significant change in the rats’ behavior. Although
increased BDNF expression level in REM SD rats
exposed to the high dose of lithium may be involved
in the restoration of REM SD effects, but increased
BDNF expression level in control and sham-REM SD
rats exposed to the high dose of lithium with no signifi-
cant behavioral changes may question the role of BDNF
in modulating manic-like features induced by chronic
REM SD. Also, we can focus on the possible role of
other neurotrophins like nerve growth factor (NGF),
glial cell line-derived neurotrophic factor (GDNF),
neurotrophin-3, or neurotrophin-4. The role of other
molecular factors and neurotransmitters in the modu-
lation of manic-like features may also be important.
On the other hand, lithium can affect the expression
level of these neurotrophins (Simoes et al. 2017; Var-
ela et al. 2015), although other studies have shown no
effect (Dal-Pont et al. 2019; Valvassori et al. 2017a).
Therefore, conflicting reports on the effect of lithium
on neurotrophins could reinforce this limitation.

(4) Finally, the level of gonadal hormones was not meas-
ured, whereas the phase of the estrous cycle can affect
the performance of female rats in behavioral tests.

Conclusion

In conclusion, our data showed that 6h/d REM SD for 14
days induced hyperactivity and decreased anxiety, depressive-
like behavior, and BDNF level. Also, REM SD significantly
decreased pain subthreshold and induced OCD-like behavior. In
addition, REM SD impaired memory performance. On the other
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hand, moderate and high doses of lithium partly or completely
reversed REM SD effects on behavioral functions and BDNF
level. We can suggest that hyperlocomotion (as a manic-like
feature in rodents) may affect the results of the FST (depressive-
like behavior) and OFT (anxiety-like behavior). But on the other
hand, it seems that chronic REM SD can induce a manic-like
state in female rats, characterized by hyperlocomotion and
reduced anxiety. However, we also showed OCD-like behavior
in REM SD rats. Of note, previous studies have shown the
comorbidity of OCD and mania (bipolar disorder) (Bertolin
et al. 2021; Chen and Dilsaver 1995; Dilsaver et al. 1994). In the
present study, we showed a possible manic-like model of rodents
induced by chronic REM SD in female rats characterized by
hyperlocomotion, OCD-like behavior, and decreased anxiety-
and depressive-like behaviors. We suggest that future studies
should investigate behavioral and mood changes following
chronic REM SD in both sexes, and should focus on the type
of mood disturbances induced by REM SD. The relationship
between the manic-like feature of mood and chronic REM SD
should also be investigated in future studies.
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