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Abstract

Sleep is essential for health: Adequate sleep is essential for healthy develop-
ment and sleep deprivation results in several consequences. Indeed, sleep dep-
rivation early in life is associated with poor behaviour and cognition, as well
as impaired mental and physical health. Preclinical studies have shown that
sleep deprivation alters several physiological functions later in life such as the
cardiovascular, immune and endocrine systems, resulting in altered oxidative
states. Most of the preclinical literature is focused on adult animals, and little
is known about oxidative alterations during development, especially in the
context of sleep deprivation. Hence, we adapted a classic and well-documented
model of sleep deprivation, paradoxical sleep deprivation using multiple
platforms, for juvenile rats and explored central and peripheral oxidative
parameters, as well as the behavioural consequences of sleep deprivation post-
weaning. We showed that 96 h of paradoxical sleep deprivation induced a sig-
nificant reduction in body weight, decreased sucrose preference—a behaviour
suggestive of anhedonia—and increased glucose and decreased cholesterol in
the plasma. In the brain, we observed a decrease in reduced glutathione levels
in the medial prefrontal cortex and an increase in thiobarbituric acid reactive
substance levels in the hypothalamus, indicating oxidative damage in these
regions. Taken together, our findings suggest that paradoxical sleep depriva-
tion during development induces anhedonic behaviour and promotes central
and peripheral alterations in oxidative parameters.
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1 | INTRODUCTION

Sleep is a behavioural state that is essential for health
considering the metabolic impairments that result from
sleep deprivation (Knutson et al., 2007). Indeed, sleep
deprivation activates neurobiological —mechanisms
involved in the stress response as well as oxidative
parameters (Gopalakrishnan et al., 2004). Even though
sleep is not yet fully understood, evidence suggests that it
is closely related to several physiological functions, such
as maintenance of the cardiovascular, immune and endo-
crine systems, and especially in the developing central
nervous system (Liew & Aung, 2021). Adequate sleep is
mandatory for optimal infant development, especially
during the early developmental phases (Alrousan
et al., 2022). Studies suggest that children who achieve
the recommended amount of sleep have improved beha-
vioural and cognitive functions, as well as improved
physical and mental health (Maski & Kothare, 2013). On
the other hand, sleep deprivation could be a risk factor
for cognitive issues and early overweight/obesity
(Taheri, 2006).

In addition, previous reports suggest increased
oxidative stress and neuroinflammation following
sleep deprivation (Atrooz et al, 2019; Villafuerte
et al.,, 2015), and there is a hypothesis that sleep may
induce antioxidant mechanisms, because, during wake-
fulness, we produce several free radicals as a result of
neuronal metabolism (Gopalakrishnan et al., 2004).
Therefore, sleep can play a protective role, as it acts
against these agents. Among these mechanisms, it is
worth mentioning reduced glutathione (GSH), which is
especially active in tissues with a high metabolic rate,
as well as catalase (CAT), glutathione peroxidase (GPx)
and superoxide dismutase (SOD), enzymes that act to
stabilize free radicals. These enzymes help attenuate
oxidative stress, which is characterized by an imbal-
ance between the prooxidant and antioxidant systems
(Villafuerte et al., 2015).

Most of the literature on animal models of sleep
deprivation has focused on adult animals, and little
is known about oxidative alterations throughout
development following sleep deprivation. Although
other experimental studies have employed different
sleep deprivation paradigms in juvenile rodents, this
study contributes to the literature with the adaptation
of a classic, inexpensive and well-documented
model of sleep deprivation for juvenile rats. We
explored metabolism and oxidative parameters in the
blood and the brain, as well as the behavioural conse-
quences of sleep deprivation during the post-weaning
period.
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2 | METHODS

21 | Animals

The present study was conducted following the guide-
lines of the International Council for Laboratory Animal
Science (ICLAS) and was approved by the Ethics Com-
mittee on Animal Use (CEUA) of Pontifical Catholic Uni-
versity of Rio Grande do Sul (PUCRS), Brazil
(registration #9389). Male Wistar rats were acquired from
the Center for Laboratory Animals at our university
(CeMBE, PUCRS), Brazil. All animals were housed in
standard plastic rat cages (22 x 16 x 14 cm) and kept
under constant room temperature (21 + 1°C), relative
humidity (55% + 5%) and ventilation. The rats were
maintained on a 12-h photoperiod (lights on from
7 a.m. to 7 p.m.) and supplied with rat food and water ad
libitum. The animals were placed in groups of six per
cage (with same-sex littermates). After P21, the rats were
weaned, and from P23 to P26, the rats were subjected to
the sleep deprivation protocol for 96 h. They were ran-
domly assigned to two experimental conditions, sleep
deprivation or home-cage controls (Suchecki &
Tufik, 2000). Moreover, the animals were weighed after
weaning and before the behavioural battery (P31). To
investigate the behavioural effects of sleep deprivation,
the rats were evaluated from P31 to P34 in the sucrose
preference, chocolate intake and social interaction tests.
The behavioural battery is described in detail below. The
rats were euthanized by guillotine 48 h after the end of
the protocols, and the brain and blood were processed
quickly for further analysis.

2.2 | Sleep deprivation

The rats were exposed to the paradoxical sleep depriva-
tion paradigm for 96 h in groups of six animals in a tank
with 15 platforms to avoid movement restriction and the
effects of social isolation (Alvarenga et al., 2008). This
method consists of placing a rat on a narrow platform
(in this study, adapted to 4 cm in diameter) surrounded
by water. In this condition, when animals lose muscle
tone when they reach paradoxical sleep, they fall into the
water, thus being awakened. In this model of selective
rapid eye movement (REM) sleep deprivation, animals
can achieve non-rapid eye movement (NREM) sleep ad
libitum, and, when falling into the water, the animal is
able to return to the platform. Throughout the duration
of this experimental protocol, a grid with food and water
was attached to the tank to allow animals to have food
and water ad libitum.
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Two days before the behavioural battery, the rats
were handled by a researcher who performed all the ani-
mal manipulations during the following days. The rats
were acclimated in the room for 30 min before the tests.
All tests were performed during the light cycle (9 a.m. to
2 p.m.). All apparatuses were cleaned with 70% ethanol
between rats to avoid any odour cues. Video was
recorded using a professional camera and then analysed
in the ANY-Maze software version 4.9 (ANY-Maze, Inc.,
Greensburg, PA, USA).

2.3 | Behavioural tests

2.3.1 | Sucrose preference test

To measure sucrose preference, the rats were water
restricted the night before the test during the light phase
(12 h of water restriction). On the following morning, the
rats were placed in individual cages for 1 h before starting
the test for habituation. Then, two bottles were placed in
the cage for 3 h, one with water and another with sucrose
solution (1%). To measure consumption, the bottles were
weighted before and after test, and sucrose preference
was calculated as [sucrose consumption/ (water
consumption + sucrose consumption)] x 100.

2.3.2 | Chocolate intake test

For the chocolate intake test, the rats were food restricted
the night before (12 h of food restriction) to motivate
them to consume chocolate, which is highly palatable.
The rats were habituated to chocolate for two consecutive
days in the home-cage environment to avoid novelty-
induced stress. Specifically, the rats were placed in indi-
vidual cages and exposed to small pieces of chocolate in a
small bottle lid. For 3 h, the rats were allowed to con-
sume the chocolate that had been weighed before and
after this period. To determine the intake, the body
weight was measured with a high precision balance
before and after the tests.

2.3.3 | Social interaction test

During this test, the rats were exposed for 2.5 min to
an empty cage in the centre of an open field. To avoid
novelty-induced stress, the rats were previously habitu-
ated for 30 min. Immediately after the 2.5-min explora-
tion period, a stranger animal (same sex, age and
weight) was added to the cage, and the total time
spent interacting with the stranger animal was
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measured. Interaction was considered to be sniffing,
nose poking and rearing in the cage. The interaction
ratio was defined as the time spent interacting with
the stranger divided by the time spent interacting with
the empty cage.

2.4 | Biochemical analysis

Biochemical analysis was performed on whole blood
samples collected in tubes with heparin. Blood was
centrifuged at 1000 g for 10 min, and plasma was
removed and frozen at —80°C until analysis. The levels
of glucose, cholesterol and triglycerides were deter-
mined with commercial kits (Labtest Diagndstica,
Brazil), according to manufacturer’s instructions, and a
spectrophotometer (Spectronic GENESYS 8, Thermo
Scientific).

2.5 | Oxidative stress

To analyse oxidative stress parameters in the brain, the
hypothalamus, medial prefrontal cortex (mPFC) and hip-
pocampus were dissected on an iced-chilled plated using
a free-hand dissection method according to atlas coordi-
nates (Paxinos & Watson, 2014). The regions were stored
at —80°C until molecular analysis. The tissue was
homogenized in 15 volumes (1:15, w/v) of sodium phos-
phate buffer, pH 7.4, and the homogenates were centri-
fuged at 750 g for 10 min at 4°C. The supernatant of the
sample was used for the GSH, thiobarbituric acid reactive
substance (TBARS) and CAT analyses. Total protein was
measured using a NanoDrop 1000 spectrophotometer
(Thermo Scientific).

2.5.1 | TBARS

TBARS is an index of lipid oxidation and indicates the
levels of malondialdehyde in the tissues. For the test,
10 pl of the brain region homogenate or plasma was
added to 10 pl of 12.4-mM sodium dodecyl sulphate and
400 pl of thiobarbituric acid. The mixture was warmed
for 30 min and centrifuged at 750g for 10 min at 25°C.
Then, the supernatant was collected and measured spec-
trophotometrically at 532 nm.

252 | Cat

CAT activity was determined based on the conversion of
hydrogen peroxide (H,0,) into water and oxygen. A
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reaction medium containing 102 pl of 30% H,O, and
100 pl of Triton X-100 was pipetted with 10 pl of
plasma and the hippocampus samples. The reaction was
measured at 240 nm immediately and after 1 min, in a
semiautomatic spectrophotometer. One CAT unit is char-
acterized as 1 pmol of H,0, consumed per minute.

2.53 | GSH

The reaction of GSH with the superoxide radical (-O,7)
produces an increase in oxygen consumption and the for-
mation of oxidized glutathione. For the analyses, 250 pl
of metaphosphoric was added to 10 pl of the brain region
homogenate or plasma. The mixture was centrifuged at
750g for 10 min at 4°C. Then, 650 pl of Na,HPO, and
100 pl of the colour reagent (5,5 -dithiobis-2-nitrobenzoic
acid) were added to 250 ul of the supernatant. The
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reaction was read at 412nm in a semiautomatic

spectrophotometer.

2.6 | Statistical analysis

All statistical analyses were performed using SPSS 20.0
(IBM Corp., Armonk, NY, USA), and the graphs were
prepared using Prism GraphPad 6.0 (GraphPad Software,
La Jolla, CA, USA). The normality of the variables was
verified using the Shapiro-Wilk test. To investigate the
effect of sleep deprivation on dependent variables, an
independent ¢ test was executed for each dependent vari-
able. To analyse the effects of sleep deprivation on weight
gain, a repeated-measures analysis of variance was
performed using the two groups as the between-subjects
variable and weight measures over time as the repeated-
measures variable. The data are expressed as mean
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FIGURE 3 Comparison of oxidative stress markers in the brain: (a) catalase (CAT) activity, (b) reduced glutathione (GSH)

concentration and (c) thiobarbituric acid reactive substances (TBARS) concentration. Hipp = hippocampus, Hypo = hypothalamus,
mPFC = medial prefrontal cortex. * p < 0.05. The results are expressed as mean =+ standard error of the mean.

+ standard error of the mean. The level of significance
was set at 5%.

3 | RESULTS

First, we looked at body weight gain between the groups
from P28 to P36. We found a significant group effect,
with rats exposed to sleep deprivation showing a
decreased body weight compared with rats from control
group [F(4, 112) = 43.571, p < 0.001; Figure la]. We

observed a significant reduction in sucrose preference in
sleep-deprived rats [t(28) = 3.016, p = 0.0054; Figure 1b].
However, sleep-deprived rats showed no differences in
chocolate intake or social interaction when compared
with control rats [t(28) = 0.388, p = 0.700, Figure 1c, and
t(28) = 0.687, p = 0.497, Figure 1d, respectively].

To investigate sleep deprivation effects on overall
metabolism and peripheral oxidative stress parameters,
we looked at circulating glucose, triglycerides, choles-
terol, CAT, GSH and TBARS in the plasma. We found a
significant increase in glucose levels of sleep-deprived
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rats compared with control rats [t(14) = 3.439, p = 0.004;
Figure 2a]. We also found a significant reduction in cho-
lesterol levels [t(14) = 3.395, p = 0.004; Figure 2b] but no
differences in plasma triglycerides [t(14) = 0.346,
p = 0.734; Figure 2c]. CAT activity in the plasma was sig-
nificantly different between the groups [t(14) = 4.405,
p = 0.0006; Figure 2d]. We also found a significant reduc-
tion in the GSH concentration in the plasma of sleep-
deprived rats [t(14) = 4.555, p = 0.0004; Figure 2e]
together with an increase in TBARS [t(14) = 2.584,
p = 0.0216; Figure 2f] compared with control rats.

In the brain, there were no differences between the
groups in CAT in the hypothalamus, mPFC and hippo-
campus [t(14) = 0.389, p =0.7026; t(14)= 0.841,
p = 0.4143; and t(14) = 1.797, p = 0.0939, respectively,
Figure 3a]. In addition, the GSH concentration in the
hypothalamus [t(14) = 0.930, p = 0.3681; Figure 3b] and
hippocampus [t(14) = 1.822, p = 0.0899; Figure 3b] were
not different between the groups, but the sleep-deprived
rats showed a significant reduction in GSH in the mPFC
[t(14) = 2.714, p = 0.0168; Figure 3b]. Finally, there was
a significant increase in TBARS levels in the hypothala-
mus of sleep-deprived rats compared with control rats
[t(14) = 2.164, p = 0.0482, Figure 3c], with no differences
in the mPFC and hippocampus [t(14) = 0.668, p = 0.5147
and t(14) = 1.181, p = 0.2573, respectively].

4 | DISCUSSION

In the present study, paradoxical sleep deprivation
induced significant alterations in peripheral and neuro-
nal oxidative stress parameters. We also found alterations
in the sucrose preference test compared with control rats,
a behaviour suggestive of anhedonia. In the brain of
sleep-deprived rats, we observed a decrease of GSH in the
mPFC and an increase in TBARS levels in the hypothala-
mus, indicating oxidative damage in these cerebral areas.
In the plasma of sleep-deprived animals, we found a sig-
nificant decrease in GSH levels and an increase in
TBARS levels and CAT activity. Moreover, compared
with control rats, sleep-deprived rats showed weight loss
and increased glucose and decreased cholesterol levels in
the plasma.

Researchers have already reported brain damage fol-
lowing sleep deprivation. Khadrawy et al. (2011) reported
the effect of paradoxical sleep deprivation for 72 h on oxi-
dative stress parameters in the cortex and hippocampus
of adult rats. Even though our study differs regarding the
hippocampus results, we did find a significant reduction
in GSH levels. D’Almeida et al. (2000) used adult rats and
found that GSH levels in the hypothalamus were signifi-
cantly decreased in vehicle-treated animals submitted to
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sleep deprivation compared with cage control rats. Para-
doxical sleep deprivation increases lipid peroxidation in
brain regions such as the PFC and hippocampus (Lima
et al., 2014). Moreover, Alzoubi et al. (2016) found a
reduction in hippocampal CAT activity with no differ-
ences in TBARS and GSH levels in that region. Notably,
those studies were carried out with adult animals. In
juvenile animals, we only found increased lipid
peroxidation in the hypothalamus, suggesting some time-
dependent alterations in brain lipid peroxidation. Ele-
vated CAT activity and TBARS levels and decreased GSH
levels in the plasma during the initial stages of restorative
sleep indicate that the body’s homeostatic mechanisms
are impacted by sleep deprivation. Increased lipid peroxi-
dation in brain regions results in free radical production
and, consequently, free radical-induced neuronal damage
(Villafuerte et al., 2015).

Consistent with our study, body weight variance is an
important effect of metabolic alterations following sleep
deprivation. Researchers have found significant body
weight loss on day 5 of sleep deprivation (Machado
et al., 2005). In addition to body weight variance, a reduc-
tion in the sucrose preference ratio in experimental ani-
mals relative to control animals is indicative of
anhedonia (Liu et al., 2018). An anhedonic condition
constitutes the core manifestation of depressive states
(Rygula et al.,, 2005). In agreement with the present
study, Andersen et al. (2009) analysed adult mice and
also reported reduced sucrose preference in sleep-
deprived animals, proposing that in a particular case of
circadian disruption, chronic sleep deprivation can lead
to depressive symptoms. The interplay between mental
illness such as depression and bipolar disorder and dis-
ruptions in circadian rhythms has been observed (Aydin
et al.,, 2013; Durmer & Dinges, 2005). Clinical research
indicates that acute sleep deprivation affects negative
mood states in adults (Babson et al., 2010). Indeed, wake
cycle alterations are by far the most widely reported
circadian disturbances related to depression (Berger
et al., 2003). Abundant evidence bolsters the view that
the sleep disorders give rise to the development of
depression (Geoffroy & Palagini, 2021; Roberts &
Duong, 2014). In addition, sleep deprivation has been
studied as a trigger of some mental disorders in humans
(Wehr, 1992).

Antioxidative stress mechanisms are important for
cognitive functions. Although we did not find alterations
in the hippocampus, chronic paradoxical sleep depriva-
tion has been demonstrated to result in mood-related
monoaminergic network fluctuations in the hippocam-
pus and striatum, as well as cognitive impairment.
Numerous animal and human studies have described
memory deficits following sleep deprivation (Alhaider
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et al., 2011; Alzoubi et al., 2016; Jiang et al., 2009;
Smith & Kelly, 1988; Vollert et al., 2011).

In conclusion, our data indicate that paradoxical sleep
deprivation in juvenile rats induces anhedonic behaviour
and reduces body weight throughout development. Fur-
thermore, increased glucose and decreased cholesterol in
the plasma of sleep-deprived animals support the possi-
bility of an altered metabolic condition that could
increase the risk for physical and mental illnesses later in
life. In addition, increased levels of oxidative markers in
the brain suggest that sleep deprivation induces periph-
eral alterations as well as oxidative damage in key brain
regions involved in the regulation of several cognitive
and behavioural functions.
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