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During adolescence, the brain is particularly vulnerable to sleep disruption, which may lead to long-term memory deficits and emotional
dysregulation. This study investigated the impact of REM sleep deprivation (REM-SD), applied specifically during the acquisition phase
of learning, on spatial memory, anxiety-like behavior, and hippocampal neurotrophic and oxidative status in adolescent rats. Male
adolescent Wistar Albino rats were subjected to a REM-SD protocol using the modified multiple platform method (MMPM), integrated
directly into the training phase of the Morris water maze (MWM). Animals were divided into three groups: Control, Pedestal Control, and
REM-SD. Anxiety-like behavior was assessed using the open field (OFT) and elevated plus maze (EPM) tests. Corticosterone levels and
hippocampal levels of nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), total oxidant status (TOS), total antioxidant
status (TAS), superoxide dismutase (SOD), and malondialdehyde (MDA) were analyzed by ELISA. REM-SD during the acquisition phase
significantly impaired memory performance in the MWM probe trial. In the OFT test, REM-SD rats exhibited increased anxiety-like
behavior, reflected by reduced time spent in the center zone, whereas the EPM demonstrated increased open-arm duration. These
behavioral alterations were accompanied by significantly elevated corticosterone levels. REM-SD was associated with reduced
hippocampal antioxidant status (decreased TAS and SOD), decreased NGF levels, and increased oxidative status (TOS). Our findings
demonstrate that exposure to the MMPM, together with REM sleep disruption and associated stress-related physiological responses,
was accompanied by alterations in memory performance, corticosterone levels, oxidative balance, and neurotrophic markers. The
observed behavioral changes, including alterations during late acquisition and impaired probe trial performance, may reflect combined
effects on learning- and memory-related processes.
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INTRODUCTION

Sleep is a daily rhythm regulated by the suprachi-
asmatic nucleus of the hypothalamus and is an essen-
tial need for all living (Adamantidis & de Lecea, 2023;
Huang et al., 2024). Sleep plays an important role in
the maintenance of many physiological functions,
including synaptic plasticity, memory consolidation,
metabolite removal, energy metabolism, hormone
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regulation, and the optimal functioning of the im-
mune system (Stickgold & Walker, 2005; Haack et al.,
2007; Meerlo et al., 2009; Luyster et al., 2012; Stich et
al., 2022). Sleep deprivation can be defined as insuf-
ficient sleep and has been associated with cognitive,
metabolic, and physiological disturbances in both
humans and experimental animals (Dickerman et al.,
2016; Xu et al., 2016; Neculicioiu et al., 2023; Amiri,
2023; Zieneldien & Kim, 2024). Studies show that the
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negative effects of sleep disruption on learning and
memory differ between young and older individuals.
Experimental evidence suggests that the cognitive
consequences of sleep disruption may vary across
developmental stages. Younger animals appear to be
particularly vulnerable to sleep loss, potentially due
to ongoing metabolic and neurodevelopmental pro-
cesses occurring during maturation (Wimmer et al.,
2013; Sengupta et al., 2017; Pasula et al., 2018; Kon-
akanchi et al., 2023; Neculicioiu et al., 2023; Zhang et
al., 2025). Previous studies indicate that sleep depri-
vation increases oxidative stress in different brain re-
gions, possibly through the production of reactive ox-
ygen species in both humans and animals (Tufik et al.,
2009; Villafuerte et al., 2015; Neculicioiu et al., 2023;
Konakanchi et al., 2023). A recent systematic review
and meta-analysis of experimental studies in rats and
mice further confirmed that sleep deprivation consis-
tently impairs memory performance and alters anx-
iety and depression-like behaviors, highlighting the
broad neurobehavioral consequences of sleep loss in
rodent models (Zhang et al., 2025).

REM sleep plays an important role in brain matu-
ration, memory consolidation, and the regulation of
neurotransmitter systems. In rodents, sleep architec-
ture consists of alternating non-rapid eye movement
(NREM) and rapid eye movement (REM) sleep stages.
REM sleep is characterized by prominent hippocam-
pal theta oscillations and neuronal activity associat-
ed with synaptic plasticity, emotional regulation, and
memory consolidation, making rodent models highly
valuable for investigating the neurobiological conse-
quences of REM sleep disruption (Meerlo et al., 2009;
Hutchison & Rathore, 2015; Levenstein et al., 2019;
Giri et al., 2021). Consequently, adolescent rodents
may exhibit increased vulnerability to the cognitive,
oxidative, and neuroendocrine consequences of REM
sleep disruption compared to mature adults (Sengup-
ta, 2013; Soto-Rodriguez et al., 2016; Murillo-Rodri-
guez et al,, 2021; Kang et al., 2024). Therefore, ado-
lescent rodents provide a particularly relevant exper-
imental model for investigating the neurobiological
consequences of REM sleep disruption and its impact
on memory-related processes.

REM-SD applied at different durations has been
shown to impair contextual memory retrieval and au-
ditory fear memory retention (Nasehi & Zarrindast,
2019). In addition, REM-SD was shown to impair con-
textual fear memory in a mouse model of fear condi-
tioning (Kim et al., 2021). These findings collective-
ly support the critical role of REM sleep in memory
consolidation and hippocampus-dependent cognitive
processes in preclinical studies. When sleep depriva-
tion occurs in mammals, a REM rebound effect occurs
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to compensate for REM sleep loss (Machado & Suchec-
ki, 2016). A significant challenge in REM-SD research is
the “REM rebound” effect, a homeostatic mechanism
in which the brain increases REM sleep intensity and
duration following a period of deprivation. In many
rodent learning paradigms, including the MWM and
fear conditioning studies, REM sleep deprivation pro-
tocols are commonly applied either before behavioral
acquisition or immediately after training sessions to
investigate the effects of sleep loss on memory consol-
idation processes (Walsh et al., 2011; Yang et al., 2019;
Nasehi & Zarrindast, 2019; Kim et al., 2021). This sepa-
ration often allows the subject to experience rebound
sleep during the testing or consolidation intervals,
which may mask the deleterious effects of the initial
deprivation rather than truly mitigating them. Howev-
er, it is important to acknowledge that platform-based
REM sleep deprivation paradigms, including the mod-
ified multiple platform method (MMPM), may also in-
duce stress-related neuroendocrine and physiological
alterations beyond REM sleep loss itself. Furthermore,
MMPM predominantly targets REM sleep but may also
induce a concomitant reduction in slow-wave sleep,
indicating that the method cannot be considered ex-
clusively REM-selective. These methodological con-
siderations have been widely discussed in the sleep
deprivation literature and should be considered when
interpreting behavioral and molecular outcomes.

In the present study, we aimed to investigate the
effects of REM sleep deprivation applied specifically
during the learning phase on memory performance
in male adolescent rats. By utilizing the MWM task
and integrating the REM-SD protocol directly into the
training days, we sought to eliminate the rebound
sleep confounder. Additionally, we assessed behavior-
al changes and measured serum corticosterone levels
as well as hippocampal levels of NGF, BDNF, MDA, SOD,
TAS, and TOS.

METHODS
Animals

A total of 24 male Wistar albino rats (postnatal day
28) were included in the experimental protocol. The
experimental procedures were conducted in accor-
dance with the animal welfare regulations adopted
by Mersin University. Ethical approval was obtained
from the Institutional Animal Care and Use Commit-
tee of Mersin University (Approval No. 2023/05, dated
April 10, 2023).

The animals were housed in the Physiology Labo-
ratory of Mersin University Faculty of Medicine. They
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had unrestricted access to water and standard labo-
ratory chow. The housing conditions were controlled,
with temperature and a 12-hour light/dark cycle
maintained. Prior to the initiation of the experimen-
tal procedures, the subjects were permitted to accli-
matize to the laboratory environment for one week.
The animals were randomly assigned to three exper-
imental groups (n=8 per group): control (C), pedestal
control (PC), and REM-SD. The sample size was de-
termined based on the findings of previous studies
that employed REM sleep deprivation paradigms and
behavioral outcome measures in rodents. Addition-
ally, ethical principles were considered to minimize
animal usage. Investigators were aware of group al-
location during animal assignment and experimental
procedures due to the nature of the REM sleep depri-
vation protocol. Behavioral data were collected using
an automated tracking system (EthoVision; Noldus
Information Technology, Wageningen, The Nether-
lands). Biochemical analyses were executed using
coded samples to minimize observer bias during out-
come assessment and data analysis. The experimental
procedure is illustrated in Fig. 1.
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REM sleep deprivation procedure

The REM sleep deprivation procedure was induced
by subjecting rats to the modified multiple platform ap-
paratus throughout the 4-day acquisition phase of the
MWM test, with the exception of the daily training ses-
sions. Rats in the PC group were housed in the same
apparatus as the REM-SD group but on larger platforms
that allowed normal sleep, including REM sleep. This
condition was utilized to regulate for environmental
exposure and non-specific stress associated with the
sleep deprivation apparatus. The control rats remained
in their home cages during the experiment (Suer et al.,
2011; Sahin et al., 2019). No unexpected health issues
were observed during the procedure.

REM sleep deprivation was induced using the modi-
fied multiple platform method, which was adapted from
Sahin et al. (2021). The animals assigned to the REM-SD
condition were placed in a Plexiglass apparatus con-
taining multiple small platforms, each measuring 6 cm
in diameter. The apparatus comprised eleven platforms
positioned above water maintained at 24 + 1°C, with
the water level adjusted approximately 1 cm below the

Fig. 1. Experimental timeline of the study. Following habituation on Day 0, rats underwent daily Morris Water Maze (MWM) acquisition trials during Days
1-4 concurrently with REM sleep deprivation using the modified multiple platform method. On Day 5, the probe trial, behavioral tests (OFT and EPM), and

sample collection procedures were performed.
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platform surface. The animals had unrestricted access
to food and water, and were able to move between plat-
forms during the procedure. During REM sleep, a re-
duction in postural muscle tone may result in contact
with the water surface, thereby interrupting REM sleep
episodes. Although electroencephalograms (EEGs) and
electromyograms (EMGs) were not performed to elec-
trophysiologically confirm the suppression of REM
sleep, the modified multiple platform method is widely
used as an established experimental paradigm for in-
ducing REM sleep deprivation in rodents (Machado et
al., 2004; Suchecki et al., 2000).

Assessment of spatial learning and memory in
the Morris water maze test

Spatial learning was assessed using the MWM si-
multaneously with the REM-SD protocol throughout
the four-day acquisition period. The experimental
procedure was adapted from the original method de-
scribed by Morris (1981). Behavioral testing was con-
ducted during the light phase (8:00 a.m.- 1:00 p.m.). The
apparatus consisted of a circular stainless-steel tank
(150 cm in diameter, 60 cm in height) filled with water
maintained at 22 + 1°C. For analysis, the pool was virtu-
ally separated into four equivalent sectors (northeast,
northwest, southeast, and southwest) within the track-
ing software without the use of physical partitions.
A submerged escape platform (10 cm in diameter) was
placed 1.5 cm below the water surface in the center of
the southwest quadrant. At the start of each trial, the
subjects were placed into the pool facing the wall. Spa-
tial learning performance was monitored using an au-
tomated video tracking system (EthoVision; Noldus In-
formation Technology, Wageningen, The Netherlands)
(Sahin et al., 2019).

Learning phase

The MWM protocol was executed over a period of
five days, and the experimental paradigm incorpo-
rated a visible platform. On the first day of the ex-
periment, the platform was positioned at a depth of
1.5 cm below the water surface in all four quadrants
and the central area. When a rat failed to locate the
platform within the designated time frame of 120 s,
the experimenter intervened by guiding the rat onto
the platform using a wooden stick, after which the rat
was permitted to rest for a period of 10 s. During the
four acquisition days (days 2-5), each rat received five
trials per day (60 s per trial, with a 5 min inter-tri-
al interval). Following the conclusion of the training
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session, the animals were gently dried and returned
to their home cages. The platform remained in the
southwest quadrant throughout this phase. When the
rat found the platform, the trial was terminated. The
total distance moved (cm), velocity (cm/s), and escape
latency (s) were recorded by the tracking system (Sa-
hin et al., 2019).

Probe trial (Memory assessment)

Spatial memory was assessed during the probe ses-
sion that was conducted after the acquisition period.
The hidden platform was removed from the southwest
quadrant, and animals were introduced into the maze
from the northern release point for a single 60-second
trial. Time spent in the target area was used as an in-
dicator of memory retention for the platform location.
Subsequent to the completion of the probe trial, the
rats underwent open field and elevated plus maze test-
ing in sequence on the same day. To avoid confounding
effects of acute behavioral testing, blood and hippo-
campal tissue samples were collected within 0-2 min
after completion of the behavioral procedures under
standardized conditions.

Assessment of locomotor activity
and anxiety-related behavior in
the open-field test (OFT)

Anxiety-related behavior and locomotor activity
were evaluated using the open field test. The appara-
tus consisted of a black opaque plexiglass arena mea-
suring 100 x 100 x 40 cm. For the purpose of analysis,
the tracking software virtually separated the arena
into central and peripheral regions. Each animal was
individually placed into the arena and allowed to ex-
plore freely for 10 min. Following completion of each
session, the apparatus was cleaned using 20% ethanol
solution. Behavioral parameters including center zone
entries, duration spent in the center area, and total dis-
tance travelled were automatically recorded using the
EthoVision video tracking system (Noldus Information
Technology) (Keloglan Musuroglu et al., 2022).

Assessment of anxiety-like and risk-taking
behavior in the elevated plus maze test (EPM)

The elevated plus maze was utilized to assess ex-
ploratory and anxiety-related responses. The maze
comprised two open and two closed arms, construct-
ed from opaque black plexiglass. Open arms measured
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50 x 5 cm, whereas enclosed arms had identical dimen-
sions with surrounding 40 cm high walls. Each rat was
placed in the maze for 5 min. After each session, the
maze was cleaned with 20% ethanol. Behavioral param-
eters including time spent in the open arms, open arm
entries, time spent in closed arms, closed arm entries,
total arm entries, distance moved, and velocity were
automatically recorded using the EthoVision XT video
tracking system (Keloglan Musuroglu et al., 2022).

The collection of hippocampus samples

At the conclusion of behavioral testing, the rats
were deeply anesthetized via intraperitoneal injection
of ketamine (100 mg/kg) and xylazine (10 mg/kg) based
on body weight. Brain tissues (e.g., hippocampus) were
then rapidly removed for subsequent biochemical anal-
yses. The brain tissue was removed and carefully isolat-
ed in a petri dish containing ice-cold phosphate buffer
solution (PBS buffer) at 4°C and kept on ice. Both right
and left hippocampus tissues were collected. The tis-
sues were stored at -80°C until the day of ELISA analysis
for NGF, BDNF, MDA, SOD, TAS, and TOS levels.

Enzyme linked immunosorbent assay (ELISA)

Intracardiac blood collection was performed in all
experimental groups, including the control group, the
pedestal control group, and the REM-SD group. Serum
was isolated by means of a centrifugal process (1000 x g,
10 min) and subsequently preserved at -20°C prior to
biochemical analysis. The quantification of corticoste-
rone levels was performed using an ELISA assay kit sup-
plied by BT LAB (Catalog No: EA0036Ra). The removal of
residual blood from the hippocampal tissues was con-
ducted by rinsing them with ice-cold phosphate-buff-
ered saline (PBS). The subsequent homogenization of
the tissues in ice-cold PBS was performed using a tis-
sue homogenizer. The homogenates were subsequent-
ly subjected to a centrifugation process at 5000 x g for
a duration of 5 min at a temperature of 4°C. Thereaf-
ter, the resulting supernatants were meticulously col-
lected for the purpose of ELISA analysis. The levels of
NGF, BDNF, MDA, SOD, TAS, and TOS levels were mea-
sured using commercial rat ELISA kits (BT LAB, China;
Cat. No. E0539Ra, E0476Ra, E0156Ra, E0168Ra, E1710Ra,
and E1512Ra) in accordance with the manufacturer’s
instructions. Absorbance was measured using a mi-
croplate reader, and concentrations were calculated
from standard curves generated for each assay. Marker
concentrations were expressed according to the units
provided by the commercial ELISA kits (NGF, BDNF, and
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SOD: ng/mL; TAS and TOS: U/mL; MDA: nmol/mL). Hip-
pocampal tissues were processed using the same ho-
mogenization protocol for all samples. Total protein
content was not determined; therefore, analyte con-
centrations were reported as measured in the tissue
homogenates without further normalization.

Statistical analysis

All statistical evaluations were conducted using
SPSS. The assumption of normality was examined sep-
arately for each group by using the Shapiro-wilk test.
The data are expressed as mean values * standard de-
viation. Since all variables met the assumptions of
normality, parametric statistical analyses were ap-
plied. Post hoc multiple comparisons were performed
using Tukey’s test where appropriate. Within-subject
measurements to trial days (first, second, third, and
fourth days) in the MWMT were analyzed using re-
peated-measures ANOVA. The Sphericity assumptions
were evaluated during repeated-measures ANOVA anal-
yses, and Greenhouse-Geisser corrections were applied
where appropriate. The statistical significance of the
results was determined by the p-value, with results
deemed to be statistically significant when p<0.05. It is
imperative to note that no animals or data points were
excluded from the analysis. Prior to the initiation of
the experiment, inclusion and exclusion criteria were
formally established. For all behavioral and biochemi-
cal analyses, the exact number of animals included in
each experimental group was n=8.

RESULTS

The present study aimed to evaluate the effects of
REM sleep deprivation during spatial learning in rats.
The assessment of memory performance was conduct-
ed using the MWM, locomotor activity and anxiety-re-
lated behavior were examined using the OFT and EPM
test respectively. Furthermore, serum corticosterone
concentrations were measured, and the levels of NGF,
BDNF, MDA, SOD, TAS, and TOS in the hippocampus
were examined.

REM sleep deprivation damaged the memory
function in the MWM test
Learning phase (Acquisition trials: Distance, speed and latency)

A repeated-measures analysis of variance (ANOVA)
with Greenhouse-Geisser correction was conducted to
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ascertain the effects of group and day on distance trav-
eled during the learning phase. This analysis revealed
no significant group x day interaction (F; 395,=0.913,
n2,=0.080, p=0.461). A substantial main effect of day was
identified (F0, 505,=14.766, N%,=0.413, p<0.001). Sub-
sequent post hoc comparisons across days (collapsed
across groups) revealed that distance traveled was sig-
nificantly higher on day 1 compared to day 3 (p=0.003)
and day 4 (p=0.012), and on day 2 compared to day 3
(p=0.007) and day 4 (p=0.032). These findings indicate
a progressive reduction in path length over train-
ing days, regardless of group (Fig. 2A). No significant
group x day interaction was observed (F(,, 45.2=1.280,
n2,=0.109, p=0.298), but a significant main effect of day
was present (F(,s 451,=11.094, n2,=0.346, p<0.001) for ve-
locity (Fig. 2B).
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A repeated-measures analysis of variance (ANOVA)
with Greenhouse-Geisser correction was conducted
to examine the effects of group and day on escape
latency. This analysis revealed a significant group x
day interaction (F(, 4 43.47=4.245, n%,=0.288, p=0.005), as
well as a significant main effect of day (F(,.07. 43.47=5.374,
n2,=0.204, p=0.008). Subsequent post hoc compari-
sons across days (collapsed across groups) indicated
that escape latency was significantly higher on day 1
compared to the other days (p<0.010), and on day 2
compared to days 3 and 4 (p<0.010). No significant
group differences were observed on day 1 (F,, ,,=0.971,
p=0.395), day 2 (F, ,).1.188, p=0.325), or day 3
(F(, ,=2.300, p=0.125). On the fourth day, a significant
group effect was identified (F, ,,=3.814, n?,=0.266,
p=0.038). Subsequent post hoc comparisons indicated

Fig. 2. Morris water maze performance during the acquisition and probe phases. (A) Distance traveled during the 4-day acquisition phase. A significant
effect of day was observed (p<0.001). (B) Swimming velocity during the acquisition phase. A significant effect of day was observed (p<0.001). (C) Escape
latency during the acquisition phase. A significant effect of day was observed (p<0.001) and *p<0.05 vs. Control. (D) Time spent in the target quadrant

during the probe test. *p<0.05 vs. Control (C).
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that the REM-SD group demonstrated a significantly
higher escape latency compared to the control group
(p=0.033, Cohen’s d=1.18) (Fig. 2C).

Probe trials: Percentage of time spent in the target quadrant

On the probe trial (platform removed), a one-way
ANOVA revealed significant differences among the
three groups in the percentage of time spent in the tar-
get quadrant (F, ,,=4.214, n2,=0.286, p=0.030) (Fig. 2D).
Post hoc comparisons (Tukey’s HSD) showed that the
REMSD group spent significantly less time in the tar-
get quadrant compared to the control group (p=0.026,
Cohen’s d=1.23) indicating that REM sleep depriva-
tion substantially impaired spatial memory retention.
No significant differences were observed between the
REM-SD and pedestal control groups or between the
control and pedestal control groups (p>0.05).
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Behavioral assessment of anxiety-like
behavior and locomotor activity in OFT

To determine whether REM-SD affects anxiety-like
behavior, all groups were subjected to OFT. In the
open field test, the center entries, time spent in the
center and the total distance moved were analyzed
as behavioral outcomes. A one-way analysis of vari-
ance (ANOVA) revealed that there were no statisti-
cally significant group differences in distance moved
(Fo, =1.68, 1%,=0.138, p=0.210) (Fig. 3C). However,
significant differences were found for center dura-
tion (F(, ,1)=8.85, 12,=0.180, p=0.002) and center entries
(F, 21)=5.54, 1n?%,=0.136, p=0.012). Post hoc comparisons
showed that REM-SD rats spent less time in the center
compared to the control group (p=0.001) and made few-
er crossings into the center compared to the control
group (p=0.010) (Fig. 3A, Fig. 3B).

Fig. 3. Open field test parameters assessing anxiety-like behavior and locomotor activity. (A) Frequency of center entries. *p<0.05 vs. Control (C) group.
(B) Time spent in the center zone. *p<0.05 vs. Control (C) group. (C) Total distance moved. No statistically significant differences were observed (p>0.05).

Data are presented as mean + SD.
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Behavioral assessment of anxiety-like
and risk-taking behavior in EPM

A one-way analysis of variance (ANOVA) revealed
a significant difference between groups in the time in
open arms (F, ,=4.84, n2,=0.315, p=0.018). Subsequent
post hoc comparisons indicated that the REM-SD group
spent a significantly higher proportion of time in open
arms compared to the control group (p=0.030, Cohen’s
d=1.19), and the PC group spent a greater proportion of
time compared to the control group (p=0.014, Cohen’s
d=1.88). No significant difference was observed between
the REM-SD and PC groups (p>0.05) (Fig. 4A). However,
the frequency of open arms entries did not demonstrate
a statistically significant difference among the groups
(F,2n=2.81,1?,=0.211, p=0.083) (Fig. 4B), suggesting that
the increased time in open arms was not accompanied
by an increase in the number of entries.

For closed arm measures, ANOVA revealed a signif-
icant difference among groups in the time in closed
arms (Fg, ,,)=7.08, n?,=0.403, p=0.004). Subsequent post
hoc comparisons (Tukey’s HSD) indicated that both the
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REM-SD group (mean difference=38.1 s, p=0.004, Co-
hen’s d=1.87) and the PC group (mean difference=28.7 s,
p=0.008, Cohen’s d=1.39) (Fig. 4C) demonstrated a sig-
nificant reduction in time in closed arms compared to
the control group. No significant difference was ob-
served between the PC and REM-SD groups (mean differ-
ence=9.4 s, p=0.800, Cohen’s d=0.40). No significant dif-
ferences were observed in closed arm entries (F, ,,=0.19,
n2,=0.018, p=0.830) (Fig. 4D), total arm entries (F, ,,=0.64,
Nn2,=0.058, p=0.539) (Fig. 4E), percentage of open arm en-
tries (F, ,,=2.02, n2,=0.162, p=0.158) (Fig. 4F), distance
moved (F, ,,=0.12, n2,=0.011, p=0.887) (Fig. 4G), or veloc-
ity (F, ,=1.01, n2,=0.088, p=0.381) (Fig. 4H), suggesting
that the observed differences were not accompanied by
detectable changes in locomotor activity measures.

Evaluation of the corticosterone level
A one-way analysis of variance (ANOVA) revealed

a significant difference in serum corticosterone lev-
els among groups (F, ,,)=7.57, n2,=0.419, p=0.003). Sub-

Fig. 4. Elevated plus maze (EPM) behavioral parameters. (A) Time spent in the open arms. *p<0.05 vs. control. (B) Frequency of open arm entries. (C) Time
spent in closed arms (%) *p<0.05 vs. control (D) Closed arm entries, (E) Total arm entries, (F) % open arm entries, (G) Distance moved, (H) Velocity.
No statistically significant differences were observed (p>0.05). Data are presented as mean + SD.
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sequent post hoc comparisons (Tukey’s HSD) revealed
that the REM-SD group had significantly higher corti-
costerone levels compared to the PC group (mean dif-
ference = 4.97 ng/mL, p=0.003, Cohen’s d=1.64) (Fig. 5)
and compared to the control group (mean difference
= 3.37 ng/mlL, p=0.044, Cohen’s d=1.21). No significant
difference was observed between the control and PC
groups (mean difference = 1.61 ng/mL, p=0.449, Cohen’s
d=0.87).

Hippocampal Neurotrophic Factors

A one-way analysis of variance (ANOVA) revealed
a significant difference among groups for NGF levels
(Fe, 21)=6.23, n2,=0.372, p=0.008). A significant reduction
in NGF was observed in the REM-SD group compared
to the control group (p=0.010, Cohen’s d=1.31) (Fig. 6A).
No significant group differences were observed in BDNF
levels (F, ,,)=0.75, n2,=0.067, p=0.484) (Fig. 6B).

The differences in TAS among the groups were sta-
tistically significant (F, ,,.4.96, n2,=0.321, p=0.017). Post
hoc comparisons showed that TAS was significantly
lower in the REM-SD group compared to the control
group (p=0.015, Cohen’s d=1.28) (Fig. 6C). No significant
group differences were found in MDA levels (F, ,;=0.04,
n2,=0.004, p=0.958) (Fig. 6D).

A one-way analysis of variance (ANOVA) revealed
a significant difference SOD activity among groups
(F, 21=7.14, 1?,=0.405, p=0.004). SOD levels were sig-
nificantly lower in the REM-SD group compared to
the control group (p=0.003, Cohen’s d=1.50) (Fig. 6E).
A one-way analysis of variance (ANOVA) revealed a sig-
nificant difference in TOS among the groups (F, ,;=4.54,
n2,=0.302, p=0.023). Post hoc comparisons (Tukey’s HSD)
showed that the REM-SD group had significantly higher
TOS levels compared to the control group (p=0.026, Co-
hen’s d=1.12) (Fig. 6F).

DISCUSSION

The present study examined the effects of exposure
to the REM sleep deprivation (REM-SD) paradigm during
the acquisition phase of learning on spatial memory
performance and neurobiological markers in male ado-
lescent rats. REM sleep deprivation did not completely
impair acquisition performance, as all groups exhibited
comparable improvements in escape latency, distance
traveled, and swimming velocity across training days.
These findings indicate that REM-SD did not fully block
the ability to learn the platform location. Our acqui-
sition trial data showed that REM-SD particularly af-
fected performance on the final acquisition day (Day 4),
during which REM-SD rats exhibited significantly high-
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Fig. 5. Serum corticosterone levels (ng/ml). Data are shown as mean + SD.
*p<0.05 compared to Control; **p<0.05 compared to PC. No significant
difference was observed between Control and PC (p>0.05).

er escape latencies compared to controls. This finding
is consistent with those reported by Yang et al. (2019)
who reported that sleep deprivation impairs spatial
learning during the later stages of MWM acquisition
training. Importantly, REM-SD did not completely pre-
vent acquisition learning, as animals improved across
training days; however, the increased escape latency
observed on Day 4 suggests altered learning efficiency
during the late acquisition phase. These changes may
be associated with the impaired memory retention ob-
served during the probe trial. Previous studies have
similarly reported that REM sleep deprivation para-
digms may differentially affect acquisition and reten-
tion processes depending on deprivation duration and
timing. For instance, Walsh et al. (2011) reported that
short-term REM sleep deprivation following training
did not significantly impair MWM acquisition perfor-
mance. Our findings indicated that the REM-SD group
demonstrated impaired memory retention during the
probe trial when compared to the control group. In
support of this, Soto-Rodriguez et al. (2016) reported
that a single 72-hour REM-SD episode triggers dele-
terious effects that persist for at least 21 days, char-
acterized by impaired spatial memory (Barnes maze)
and a sustained increase in hippocampal apoptosis in
mice. Together, these findings suggest that REM sleep
deprivation during development may have persistent
effects on memory-related processes across different
behavioral paradigms. The significant group x day in-
teraction observed in the latency data suggests that the
observed differences are unlikely to be fully explained
by detectable locomotor alterations and may instead
be related to changes in learning performance across
training days.
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Fig. 6. Alterations in hippocampal oxidative stress markers and neurotrophic factors. (A) Nerve Growth Factor (NGF). *p<0.05 vs. Control (C).
(B) Brain-Derived Neurotrophic Factor (BDNF). No statistically significant differences were observed (p>0.05). (C) Total Antioxidant Status (TAS). *p<0.05
vs. Control (C) group. (D) Malondialdehyde (MDA). No statistically significant differences were observed (p>0.05). (E) Superoxide Dismutase (SOD).
*p<0.05 vs. Control (C) group. (F) Total Oxidant Status (TOS). *p<0.05 vs. Control (C). Data are presented as mean + SD.

We observed no substantial differences in locomo-
tor-related parameters across both the OFT and the
EPM, including total distance traveled, velocity, and
total arm entries. These findings suggest that overall
locomotor alterations were unlikely to account for the
observed impairments in MWM performance, although
subtle motor or motivational influences cannot be
completely excluded. The OFT revealed that the sub-
jects exhibited a marked reduction in time spent in
the central area and a concomitant decrease in center
entries. These changes suggest increased anxiety-like
behavior following REM-SD. The EPM results demon-
strated an augmented time spent in the open arms in
the REM-SD group, which may suggest an alteration in
anxiety-related exploratory behavior.

From a translational perspective, the increased ex-
ploration of the open arms observed in REM sleep-de-
prived rats may be relevant to the growing clinical ev-
idence linking insufficient sleep with greater risk-tak-
ing propensity. Although the elevated plus maze is pri-
marily used to assess anxiety-like behavior, increased
open-arm exploration may also reflect reduced avoid-
ance of potentially threatening environments and
a greater tendency to approach risky or aversive con-

texts, rather than anxiolysis alone. This interpretation
is particularly noteworthy in light of the systematic
review and meta-analysis by Short and Weber (2018),
which included 26 studies comprising 579,380 adoles-
cents and demonstrated that insufficient sleep was asso-
ciated with 1.43-fold greater odds of risk-taking. More-
over, Gulia et al. (2015) reported increased open-arm ex-
ploration and greater mobility in the EPM in weanling
rats born to sleep-deprived dams, interpreting these
changes as indicative of reduced risk assessment and
increased risk-taking behavior. Similarly, Cortese et al.
(2010) reported increased open-arm exploration follow-
ing sleep deprivation in rats, suggesting reduced fear-
fulness and increased risk-taking behavior. Thus, the
increased open-arm time observed in the present study
may not necessarily reflect reduced anxiety alone, but
may also indicate altered risk assessment or behavior-
al disinhibition. The similar EPM pattern observed in
the pedestal control group further suggests that pro-
cedural or stress-related factors associated with the
MMPM may have contributed to this response. Further-
more, Suchecki et al. (2002) discovered that paradoxi-
cal sleep (PS) deprivation could result in a reduction of
anxiety-like behavior in the plus maze. As indicated by
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the existing body of literature, there is a prevalence of
inconsistencies in anxiety-related behavioral assays.
These inconsistencies underscore the notion that dis-
tinct tests may be more appropriate for the assessment
of specific aspects of emotional behavior (Cevik et al.,
2025). Furthermore, experimentally induced REM sleep
deprivation in rodents does not fully reproduce the
complexity of adolescent sleep disturbances in humans,
Therefore, these findings should be considered as pro-
viding mechanistic insight rather than direct evidence
of equivalent effects in adolescents.

The neuroendocrine findings provide evidence to
support the hypothesis that exposure to the REM-SD
paradigm is associated with elevated corticosterone
levels in the REM-SD group. An increase in corticoste-
rone may be indicative of an activation of stress-relat-
ed physiological responses, which have been demon-
strated to be sensitive to both sleep disruption and
procedural stressors such as immobilization and isola-
tion. An increase in corticosterone may be indicative of
an activation of stress-related physiological responses,
which have been demonstrated to be sensitive to sleep
disturbances (Haack et al., 2007; Tufik et al., 2009). In
the present study, elevated corticosterone levels were
observed alongside reduced hippocampal NGF levels
and impaired memory performance. An important con-
sideration is the potential contribution of nonspecific
stress associated with the MMPM procedure. Although
the pedestal control group did not differ from controls
in the OFT or MWM, both the PC and REM-SD groups
showed increased open-arm and reduced closed-arm
time in the EPM, suggesting that procedural factors
associated with the paradigm may have contributed to
this behavioral response. In contrast, corticosterone
levels were significantly higher in REM-SD rats than in
both control and PC rats, indicating a more pronounced
HPA-axis response under the REM-SD condition. Thus,
although the overall findings support an effect of
REM-SD, the contribution of procedure-related stress,
particularly to the EPM findings, cannot be excluded
completely.

At the molecular level, exposure to the REM-SD par-
adigm was associated with a significant oxidative im-
balance in the hippocampus, as indicated by increased
TOS and decreased TAS and SOD activity. Qualitatively
similar oxidative changes have been reported following
various sleep deprivation paradigms, including studies
showing that sleep loss can enhance reactive oxygen
species production (Villafuerte et al., 2015). In the pres-
ent study, while significant alterations were observed
in TAS, TOS, and SOD levels, MDA levels did not differ
significantly among groups. Furthermore, our results
indicate that exposure to the REM-SD paradigm is as-
sociated with alterations in hippocampal neurotrophic
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markers, particularly NGF levels. Previous studies have
shown that stress-induced HPA axis activation can de-
crease NGF levels via mineralocorticoid and glucocorti-
coid receptor signaling (Smith et al., 1995). In the pres-
ent study, the most pronounced reduction in NGF levels
was observed in the REM-SD group compared with the
PC group. Sleep deprivation paradigms have previous-
ly been linked to reductions in neurotrophins expres-
sion, which may impair neuronal resilience and plas-
ticity (Meerlo et al., 2009). The observed dissociation
between NGF and BDNF levels—with only NGF showing
a significant reduction—suggests that the present par-
adigm may differentially affect neurotrophic factors in
the hippocampus. However, the functional implications
of this dissociation remain unclear and require further
investigation in paradigms that can isolate REM-specif-
ic effects.

LIMITATIONS

The MMPM, while widely used to induce REM sleep
deprivation, may simultaneously trigger multiple
physiological and stress-related responses beyond se-
lective REM sleep loss itself. Although the MMPM pre-
dominantly suppresses REM sleep, it is not complete-
ly selective for this sleep stage. Electrophysiological
studies have demonstrated marked REM sleep suppres-
sion and a pronounced REM rebound following depri-
vation, while alterations in slow-wave sleep may also
occur (Suchecki et al., 2000). Therefore, in the absence
of EEG/EMG monitoring in the present study, the ob-
served effects cannot be attributed exclusively to REM
sleep loss, and a contribution of alterations in other
sleep stages cannot be excluded. The study was con-
ducted exclusively in male adolescent rats, limiting the
generalizability of the findings across sexes and devel-
opmental stages. Future studies should explore sex dif-
ferences and the involvement of additional molecular
pathways, including synaptic proteins.

CONCLUSIONS

The present findings indicate that exposure to the
REM-SD paradigm during the acquisition phase was as-
sociated with behavioral and molecular alterations re-
lated to memory performance. By applying the REM-SD
procedure during the learning period, the present
study examined the effects of sleep disruption in con-
junction with the associated procedural and physiolog-
ical factors of the modified multiple platform method
during memory acquisition. This design also minimized
the potential confounding influence of REM rebound.



Acta Neurobiol Exp 2026, 86: 198-210

ACKNOWLEDGMENTS

This study was supported by the Scientific and
Technological Research Council of Turkey (TUBITAK)
under project number 2209-1919B012217724.

REFERENCES

Adamantidis, A. R., & de Lecea, L. (2023). Sleep and the hypothalamus.
Science, 382, 405-412. https://doi.org/10.1126/science.adh8285

Amiri, S. (2023). Sleep quality and sleep-related issues in industrial
workers: A global meta-analysis. International journal of Occupa-
tional Safety and Ergonomics, 29, 154-167. https://doi.org/10.1080/
10803548.2021.2024376

Cevik, O. S., Yildirim, D. D., Uzun, C., & Horata, E. (2025). Contribution of
distinctive outcome measures to the assessment of anxiety in the open
field: A meta-analysis of factors mediating open-field test variability
in rodent models of anxiety. Behavioural Brain Research, 490, 115612.
https://doi.org/10.1016/j.bbr.2025.115612

Cortese, B. M., Mitchell, T. R, Galloway, M. P., Prevost, K. E., Fang, J., Moore,
G.J., & Uhde, T. W. (2010). Region-specific alteration in brain glutamate:
Possible relationship to risk-taking behavior. Physiology & Behavior,
99(4), 445-450. https://doi.org/10.1016/j.physbeh.2009.12.005

Dickerman, B. A., Markt, S. C., Koskenvuo, M., Hublin, C., Pukkala, E.,
Mucci, L. A., & Kaprio, J. (2016). Sleep disruption, chronotype, shift work,
and prostate cancer risk and mortality: A 30-year prospective cohort
study of Finnish twins. Cancer Causes & Control, 27, 1361-1370. https://
doi.org/10.1007/s10552-016-0815-5

Giri, S., Ranjan, A., Kumar, A., Amar, M., & Mallick, B. N. (2021). Rapid eye
movement sleep deprivation impairs neuronal plasticity and reduces
hippocampal neuronal arborization in male albino rats: Noradrena-
line is involved in the process. Journal of Neuroscience Research, 99,
1815-1834. https://doi.org/10.1002/jnr.24838

Gulia, K. K., Patel, N., & Kumar, V. M. (2015). Increased ultrasonic vocal-
izations and risk-taking in rat pups of sleep-deprived dams. Physiology
& Behavior, 139, 59-66. https://doi.org/10.1016/j.physbeh.2014.11.019

Haack, M., Sanchez, E., & Mullington, J. M. (2007). Elevated inflammatory
markers in response to prolonged sleep restriction are associated with
increased pain experience in healthy volunteers. Sleep, 30, 1145-1152.
https://doi.org/10.1093/sleep/30.9.1145

Huang, L., Zhu, W., Li, N., Zhang, B., Dai, W., Li, S., & Xu, H. (2024). Functions
and mechanisms of adenosine and its receptors in sleep regulation. Sleep
Medicine, 115, 210-217. https://doi.org/10.1016/j.sleep.2024.02.012

Hutchison, I. C., & Rathore, S. (2015). The role of REM sleep theta activity
in emotional memory. Frontiers in Psychology, 6, 1439. https://doi.org/
10.3389/fpsyg.2015.01439

Kang, J. Y., Lee, J. S., Wang, J. H., & Son, C. G. (2024). Sleep deprivation in
adolescent mice impairs long-term memory till early adulthood via
suppression of hippocampal astrocytes. Sleep, 47, zsae143. https:/
doi.org/10.1093/sleep/zsae143

Keloglan Musuroglu, S., Ozturk, D. M., Sahin, L., Cevik, O. S., & Cevik, K.
(2022). Environmental enrichment as a strategy: Attenuates the anxiety
and memory impairment in social isolation stress. International Journal
of Developmental Neuroscience, 82, 499-512. https://doi.org/10.1002/
jdn.10205

Kim, S. M., Jun, D. W., Kim, Y. H., Lee, S. M., Park, S. |, Lee, J. H., Kim, H. J.,
& Kim, Y. S. (2021). REM sleep deprivation impairs learning and mem-
ory by attenuating O-GIcNAcylation in mouse hippocampus. Interna-
tional Journal of Molecular Sciences, 22, 7991. https://doi.org/10.3390/
ijms22157991

Konakanchi, S., Raavi, V., MI, H. K., & Shankar, V. (2023). Impact of
chronic sleep deprivation and sleep recovery on hippocampal oli-

REM-SD effects on behavior and oxidative stress 209

godendrocytes, anxiety-like behavior, spatial learning and memory
of rats. Brain Research Bulletin, 193, 59-71. https://doi.org/10.1016/
j.brainresbull.2022.12.002

Levenstein, D., Watson, B. O., Rinzel, J., & Buzsaki, G. (2019). NREM sleep
in the rodent neocortex and hippocampus reflects excitable dy-
namics. Nature Communications, 10, 2478. https://doi.org/10.1038/
s41467-019-10327-5

Luyster, F.S., Strollo, P.J., Jr., Zee, P. C., & Walsh, J. K. (2012). Sleep: A health
imperative. Sleep, 35, 727-734. https://doi.org/10.5665/sleep.1846

Machado, R. B., Hipdlide, D. C., Benedito-Silva, A. A., & Tufik, S. (2004).
Sleep deprivation induced by the modified multiple platform technique:
Quantification of sleep loss and recovery. Brain Research, 1004(1-2),
45-51. https://doi.org/10.1016/j.brainres.2004.01.019

Machado, R. B., & Suchecki, D. (2016). Neuroendocrine and peptidergic
regulation of stress-induced REM sleep rebound. Frontiers in Endocri-
nology, 7, 163. https://doi.org/10.3389/fendo.2016.00163

Meerlo, P., Mistlberger, R. E., Jacobs, B. L., Heller, H. C., & McGinty, D. (2009).
New neurons in the adult brain: The role of sleep and consequenc-
es of sleep loss. Sleep Medicine Reviews, 13, 187-194. https://doi.org/
10.1016/j.smrv.2008.07.004

Morris, R. G. (1981). Spatial localization does not require the presence
of local cues. Learning and Motivation, 12, 239-260. https://doi.org/
10.1016/0023-9690(81)90020-5

Murillo-Rodriguez, E., Millan-Aldaco, D., Cicconcelli D., Giorgetti, V.,
Arankowsky-Sandoval, G., Alcaraz-Silva, J., & Torterolo, P. (2021).
Sleep-wake cycle disturbances and NeuN-altered expression in adult
rats after cannabidiol treatments during adolescence. Psychopharma-
cology, 238, 1437-1447. https://doi.org/10.1007/s00213-021-05784-8

Nasehi, M., & Zarrindast, M. R. (2019). Abolishment of fear memory-dis-
ruptive effects of REM sleep deprivation induced by harmane in mice.
Behavioural Brain Research, 364, 399-407. https://doi.org/10.1016/
j.bbr.2019.02.024

Neculicioiu, V. S., Colosi, I. A., Costache, C., Toc, D. A, Sevastre-Berghian, A.,
Colosi, H. A., & Clichici, S. (2023). Sleep deprivation-induced oxidative
stress in rat models: A scoping systematic review. Antioxidants, 12(8),
1600. https://doi.org/10.3390/antiox12081600

Pasula, E.Y., Brown, G. G., McKenna, B.S., Mellor, A,, Turner, T., Anderson, C.,
& Drummond, S. P. A. (2018). Effects of sleep deprivation on component
processes of working memory in younger and older adults. Sleep, 41,
zsx213. https://doi.org/10.1093/sleep/zsx213

Sahin, L., Cevik, O. S., Cevik, K., Guven, C., Taskin, E., & Kocahan, S. (2021).
Mild regular treadmill exercise ameliorated the detrimental effects
of acute sleep deprivation on spatial memory. Brain Research, 1759,
147367. https://doi.org/10.1016/j.brainres.2021.147367

Sahin, L., Cevik, O. S., Koyuncu, D. D., & Kocahan, S. (2019). Caffeine as
a potential arousal enhancer: Altered NMDA subunit gene expression
without improving cognitive performance in REM sleep deprived rats.
Cellular and Molecular Biology, 65, 63-68. https://doi.org/10.14715/
cmb/2019.65.2.10

Sengupta, A., Rhoades, S. D., Kim, E. J., Nayak, S., Grant, G. R., Meerlo, P.,
& Weljie, A. M. (2017). Sleep restriction induced energy, methylation
and lipogenesis metabolic switches in rat liver. International journal
of Biochemistry & Cell Biology, 93, 129-135. https://doi.org/10.1016/
j.biocel.2017.08.014

Sengupta, P. (2013). The laboratory rat: Relating its age with human’s. In-
ternational Journal of Preventive Medicine, 4, 624-630. PMID: 23930179.

Short, M. A., & Weber, N. (2018). Sleep duration and risk-taking in adoles-
cents: A systematic review and meta-analysis. Sleep Medlicine Reviews, 41,
185-196. https://doi.org/10.1016/j.smrv.2018.03.006

Smith, M. A., Makino, S., Kvetnansky, R., & Post, R. M. (1995). Stress and glu-
cocorticoids affect the expression of brain-derived neurotrophic factor
and neurotrophin-3 mRNAs in the hippocampus. Journal of Neuroscience,
15,1768-1777. https://doi.org/10.1523/JNEUROSCI.15-03-01768.1995

Soto-Rodriguez, S., Lopez-Armas, G., Luquin, S., Ramos-Zufiiga, R.,
Jauregui-Huerta, F., Gonzalez-Perez, O., & Gonzalez-Castafieda, R. E.


https://doi.org/10.1126/science.adh8285
https://doi.org/10.1080/10803548.2021.2024376
https://doi.org/10.1080/10803548.2021.2024376
https://doi.org/10.1016/j.physbeh.2009.12.005
https://doi.org/10.1007/s10552-016-0815-5
https://doi.org/10.1007/s10552-016-0815-5
https://doi.org/10.1002/jnr.24838
https://doi.org/10.1016/j.physbeh.2014.11.019
https://doi.org/10.1093/sleep/30.9.1145
https://doi.org/10.1016/j.sleep.2024.02.012
https://doi.org/10.3389/fpsyg.2015.01439
https://doi.org/10.3389/fpsyg.2015.01439
https://doi.org/10.1093/sleep/zsae143
https://doi.org/10.1093/sleep/zsae143
https://doi.org/10.1002/jdn.10205
https://doi.org/10.1002/jdn.10205
https://doi.org/10.3390/ijms22157991
https://doi.org/10.3390/ijms22157991
https://doi.org/10.1016/j.brainresbull.2022.12.002
https://doi.org/10.1016/j.brainresbull.2022.12.002
https://doi.org/10.1038/s41467-019-10327-5
https://doi.org/10.1038/s41467-019-10327-5
https://doi.org/10.5665/sleep.1846
https://doi.org/10.1016/j.brainres.2004.01.019
https://doi.org/10.3389/fendo.2016.00163
https://doi.org/10.1016/j.smrv.2008.07.004
https://doi.org/10.1016/j.smrv.2008.07.004
https://doi.org/10.1016/0023-9690(81)90020-5
https://doi.org/10.1016/0023-9690(81)90020-5
https://doi.org/10.1007/s00213-021-05784-8
https://doi.org/10.1016/j.bbr.2019.02.024
https://doi.org/10.1016/j.bbr.2019.02.024
https://doi.org/10.3390/antiox12081600
https://doi.org/10.1093/sleep/zsx213
https://doi.org/10.1016/j.brainres.2021.147367
https://doi.org/10.14715/cmb/2019.65.2.10
https://doi.org/10.14715/cmb/2019.65.2.10
https://doi.org/10.1016/j.biocel.2017.08.014
https://doi.org/10.1016/j.biocel.2017.08.014
https://doi.org/10.1016/j.smrv.2018.03.006
https://doi.org/10.1523/JNEUROSCI.15-03-01768.1995

210 Ceviketal.

(2016). Rapid eye movement sleep deprivation produces long-term det-
rimental effects in spatial memory and modifies the cellular composi-
tion of the subgranular zone. Frontiers in Cellular Neuroscience, 10, 132.
https://doi.org/10.3389/fncel.2016.00132

Stich, F. M., Huwiler, S., D'Hulst, G., & Lustenberger, C. (2022). The poten-
tial role of sleep in promoting a healthy body composition: Underlying
mechanisms determining muscle, fat, and bone mass and their asso-
ciation with sleep. Neuroendocrinology, 112, 673-701. https://doi.org/
10.1159/000518691

Stickgold, R., & Walker, M. P. (2005). Memory consolidation and reconsol-
idation: What is the role of sleep? Trends in Neurosciences, 28, 408-415.
https://doi.org/10.1016/j.tins.2005.06.004

Suchecki, D., Palma Duarte, B., & Tufik, S. (2000). Sleep rebound in ani-
mals deprived of paradoxical sleep by the modified multiple plat-
form method. Brain Research, 875, 14-22. https://doi.org/10.1016/
S0006-8993(00)02531-2

Suchecki, D., & Tufik, S. (2000). Social stability attenuates the stress in the
modified multiple platform method for paradoxical sleep deprivation
in the rat. Physiology & Behavior, 68, 309-316. https://doi.org/10.1016/
S0031-9384(99)00181-X

Suchecki, D., Tiba, P. A., & Tufik, S. (2002). Hormonal and behavioural re-
sponses of paradoxical sleep-deprived rats to the elevated plus maze.
Journal of Neuroendocrinology, 14, 549-554. https://doi.org/10.1046/
j.1365-2826.2002.00792.x

Suer, C., Dolu, N., Artis, A. S., Sahin, L., Yilmaz, A., & Cetin, A. (2011). The ef-
fects of long-term sleep deprivation on the long-term potentiation in the
dentate gyrus and brain oxidation status in rats. Neuroscience Research,
70, 71-77. https://doi.org/10.1016/j.neures.2011.01.008

Tufik, S., Andersen, M. L., Bittencourt, L. R., & Mello, M. T. (2009). Paradoxical
sleep deprivation: Neurochemical, hormonal and behavioral alterations.

Acta Neurobiol Exp 2026, 86: 198-210

Evidence from 30 years of research. Anais da Academia Brasileira de Cién-
cias, 81, 521-538. https://doi.org/10.1590/S0001-37652009000300016
Villafuerte, G., Miguel-Puga, A., Rodriguez, E. M., Machado, S., Manjarrez, E.,
& Arias-Carrién, O. (2015). Sleep deprivation and oxidative stress in
animal models: A systematic review. Oxidative Medicine and Cellular Lon-
gevity, 2015, 234952. https://doi.org/10.1155/2015/234952

Walsh, C. M., Booth, V., & Poe, G. R. (2011). Spatial and reversal learning in
the Morris water maze are largely resistant to six hours of REM sleep
deprivation following training. Learning & Memory, 18, 422-434. https://
doi.org/10.1101/Im.2218111

Wimmer, M. E., Rising, J., Galante, R. J., Wyner, A., Pack, A. I, & Abel, T.
(2013). Aging in mice reduces the ability to sustain sleep/wake states.
PLoS ONE, 8, e81880. https://doi.org/10.1371/journal.pone.0081880

Xu, J.. Zhu, Y., Fu, C,, Sun, J., Li, H., Yang, X,, Li, W., Qin, W., Shi, D., & Tian, J.
(2016). Frontal metabolic activity contributes to individual differences
in vulnerability toward total sleep deprivation-induced changes in cog-
nitive function. Journal of Sleep Research, 25, 169-180. https://doi.org/
10.1111/jsr.12354

Yang, S. Q., Jiang, L., Lan, F., Wei, H. J., Xie, M., Zou, W., & Tang, X. Q.
(2019). Inhibited endogenous H2S generation and excessive autopha-
gy in hippocampus contribute to sleep deprivation-induced cognitive
impairment. Frontiers in Psychology, 10, 53. https://doi.org/10.3389/
fpsyg.2019.00053

Zhang, X, Liu, C. W., Sheng, X, Jiang, Y., Zhang, S., Mo, X., & Ding, F. (2025).
Sleep deprivation affects memory function, depression and anxiety-like
behaviours in rats and mice: a systematic review and meta-anal-
ysis. Brain Communications, 7(5), fcaf309. https://doi.org/10.1093/
braincomms/fcaf309

Zieneldien, T., & Kim, J. (2024). Sleep deprivation. Canadian Medical Educa-
tion Journal, 15, 128. https://doi.org/10.36834/cmej.79534


https://doi.org/10.3389/fncel.2016.00132
https://doi.org/10.1159/000518691
https://doi.org/10.1159/000518691
https://doi.org/10.1016/j.tins.2005.06.004
https://doi.org/10.1016/S0006-8993(00)02531-2
https://doi.org/10.1016/S0006-8993(00)02531-2
https://doi.org/10.1016/S0031-9384(99)00181-X
https://doi.org/10.1016/S0031-9384(99)00181-X
https://doi.org/10.1046/j.1365-2826.2002.00792.x
https://doi.org/10.1046/j.1365-2826.2002.00792.x
https://doi.org/10.1016/j.neures.2011.01.008
https://doi.org/10.1590/S0001-37652009000300016
https://doi.org/10.1155/2015/234952
https://doi.org/10.1101/lm.2218111
https://doi.org/10.1101/lm.2218111
https://doi.org/10.1371/journal.pone.0081880
https://doi.org/10.1111/jsr.12354
https://doi.org/10.1111/jsr.12354
https://doi.org/10.3389/fpsyg.2019.00053
https://doi.org/10.3389/fpsyg.2019.00053
https://doi.org/10.1093/braincomms/fcaf309
https://doi.org/10.1093/braincomms/fcaf309

