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Chronic sleep deprivation induces spatial memory
impairment, chromatolysis, and histoarchitectural changes
in the CA3 region of the hippocampus
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Abstract

BACKGROUND AND AIM: Sleep is a vital bodily function involving the activity of brain networks. Disruption in

Website:
jecajournal.com

sleep patterns can lead to problems with memory and even changes in brain structure. Hence, this study aimed
to assess the effects of chronic sleep deprivation on spatial memory and histopathological changes in the CA3
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region of the hippocampus of adult male Wistar rats.

METHODOLOGY: 12 male rats were divided into two groups of six rats each. Group (1) received 2ml/kg of distilled
water, while Group Il were sleep-deprived for 18 hours daily for 21 consecutive days using the modified multiple
platform method. The Morris water maze test was conducted to assess spatial learning and memory. At the end
of the experiment, the rats were euthanized using 75mg/kg of ketamine hydrochloride intraperitoneally, and the
brain tissues were harvested. Hippocampal tissue homogenate of some rats were used to assess glutamate levels,
whereas, the whole brains of the remaining rats were fixed, and processed using Haematoxylin & Eosin, and Cresy!
Fast Violet stains to demonstrate the general histoarchitecture and Nissl substance expression in the hippocampal
CA3 regions respectively. Cavalieri’s principle was employed for estimation of the number of pyramidal cells in
the CA3 region of the hippocampus of Wistar rats.

RESULTS: There was a significant increase (p<0.001) in the time spent locating the escape platform in the sleep-
deprived group compared to the control group in the MWM test. No significant difference (p>0.05) was observed
in hippocampal glutamate activity levels when the sleep deprived group was compared with the control group.
Histological findings revealed degenerative changes such as cytoplasmic vacuolation, karyorrhexis and pyknosis
in the pyramidal cells of the CA3 region of the hippocampus of Wistar rats. Additionally, the number of pyramidal
cells in the CA3 region was significantly decreased (p>0.05) in the sleep-deprived group compared to the control.
Furthermore, the Nissl substance in the hippocampal sections of the sleep-deprived group exhibited a significant
(p>0.05) decrease in staining intensity compared to the control group, suggesting disruptions in neuronal function
and protein synthesis.

CONCLUSION: The findings of this study revealed spatial memory impairment, histological alterations, reduced
pyramidal cell count, and protein depletion in the CA3 region of the sleep-deprived rats.
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INTRODUCTION

as perception, memory, and executive function
remain unclear (Killgore, 2010; Kusztor et
al.,2019). Sleep deprivation is also associated with
the development of multiple health risks, which
can reduce quality of life and increase mortality
(Grandner et al., 2011).

Various factors contribute to sleep deprivation,
including lifestyle factors like shift work, stress,
and the use of electronic devices before bed,
which can disrupt melatonin secretion (Gamble et
al., 2014; Abbot et al., 2020). The aging process
also disrupts sleep physiology and reduces total
sleep time (Ohayon et al., 2004). Individuals with
sleep disorders, such as insomnia, restless leg

Sleep deprivation is a widespread problem in

modern society, with significant impacts on
cognitive performance that are only beginning to
be understood scientifically (Killgore, 2010; Khan
and Aljadali, 2023; Ochai et al.,, 2024). The
prevalence of excessive daytime sleepiness due to
sleep deprivation ranges from 9% to 24%, and it is
a leading cause of visits to sleep clinics (Ng et al.,
2005; Kolla et al., 2020).

While it is well-established that insufficient sleep
leads to slower response times and increased
variability in performance, particularly for
measures of alertness, attention, and vigilance,

the effects on higher-level cognitive abilities, such

syndrome, periodic limb movements, and sleep-
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breathing disorders, are also prone to sleep deprivation (Sateia,
2014; Roth, 2007; Bassetti et al., 2015).

The consequences of sleep deprivation are significant, with an
increased risk of major road traffic accidents and occupational-
related accidents and errors (Horne & Reyner, 1995; Dinges,
1995). Despite the large proportion of our lives spent sleeping,
there is still little scientific consensus on the exact function of
sleep (Siegel, 2005). Some individuals view sleep as merely a
minor inconvenience in the daily routine, preferring to devote
time to more productive, lucrative, or entertaining pursuits
(Tempesta et al., 2018; Ferrara & De Gennaro, 2001). This attitude
often leads people to trade sleep for additional time to devote to
work, school, or social demands (Patel & Hu, 2008). Additionally,
insufficient sleep is widespread in certain professions, such as
medical residents, military personnel, and shift workers
(Williamson & Feyer, 2000).

The consequences of sleep deprivation extend far beyond a mere
inconvenience. It can have significant impacts on behavior, mood,
cognitive performance, and motor function (Durmer & Dinges,
2005). Studies have shown that sleep deprivation negatively affect
long-term memory, working memory, attention, executive
function, and decision-making processes (Eugene & Masiak, 2015;
Durmer & Dinges, 2005).

Sleep deprivation is known to have a detrimental effect on
physical and psychological functions (Krause et al., 2017). Rapid
eye movement (REM) sleep deprivation, in particular, has been
shown to influence insight, attentiveness, and memory functions
regulated by brain areas such as the neocortex, hippocampal
formation, and amygdala (Goldstein & Walker, 2014). The
hippocampus and dentate gyrus, which play key roles in mediating
short-term and long-term memory as well as spatial recognition,
are also affected by sleep deprivation (Deng et al., 2010).

Given the widespread prevalence of sleep deprivation and its far-
reaching consequences, scientific study of its effects can provide
valuable insights, not only about the nature and function of sleep
but also practical importance of enhancing the health and well-
being of workers who must perform optimally despite the periods
of little to no sleep (William D.S. Killgore, 2010). Therefore, this
study aims to investigate the effects of chronic sleep deprivation
on spatial memory, glutamate levels in the brain, protein
synthesis, and the histology of the hippocampus in a rat model.

MATERIALS AND METHODS

Ethical approval

The study protocol, including the ethical treatment and care of the
experimental animals, was reviewed and approved by the Ethics
Committee on Animal Use and Care at Ahmadu Bello University,
Zaria with approval number ABU/CAUC/2024/034.

Experimental design

For this study, a total of 12 apparently healthy male rats weighing
between 150-200 g were obtained from the Animal House Centre,
Department of Human Anatomy, Faculty of Basic Medical
Sciences, Ahmadu Bello University, Zaria. They were housed in
clean cages and provided with a standard pellet diet (rat chow-
vital feed) as well as unrestricted access to clean drinking water.
The rats were then divided into two groups, with each group
comprising six animals. Group | served as the control group and
received 2 ml/kg of body weight of distilled water throughout the
experiment. Group Il rats were subjected to 18 hours of sleep
deprivation daily from 2:00 pm to 8:00 am, for a consecutive
period of 21 days.

Rapid Eye Movement-Sleep Deprivation Procedure

The sleep deprivation protocol utilized in this study employed a
modified multiple-platform method using a rapid eye movement
(REM) technique. The setup consisted of a Plexiglas water tank
measuring 127.0 cm in length, 44.0 cm in width, and 45.0 cm in
height, containing 15 cylindrical platforms spaced horizontally and
vertically at distances of 13 cm and 10 cm, respectively. The tank
was filled with 1 cm of water, and six Wistar rats from the same
cage were placed in each tank for 18 hours daily, with access to
food and water. When the rats entered REM sleep and
experienced a loss of muscle tone, they would touch the water
and wake up. This model did not restrict the rats' movement or
isolate them socially (Javad-Moosavi et al., 2017).

Morris Water Maze Test (MWM test)

The spatial learning and memory of the rats was assessed using
the Morris Water Maze (MWM) test, as described by Barnhart et
al. (2015) and Mahdipour et al. (2022). The MWM setup consisted
of a black circular pool (136 cm in diameter, 60 cm high, and 30
cm deep) filled with water (23-25 °C) and located in the center of
a small room. A circular platform (10 cm in diameter and 28 cm
high) was submerged about 2cm beneath the water surface in the
center of the northeast quadrant. The rats performed a trial on
each of the five consecutive days, where they were placed in the
pool and allowed to swim until they found and remained on the
platform for 20 seconds. Rats that failed to find the platform
within 60 seconds were guided to it. On the sixth day, the platform
was removed, and the rats were allowed to swim for 60 seconds,
with the time spent and distance traveled in the target quadrant
(Q1) being compared among the groups. (Ekpo et al., 2023;
Onimisi et al., 2024). The test was carried out by 2 pm daily
throughout the experiment.

Animal euthanization

After the experiment, the animals were humanely euthanized
through an intraperitoneal injection of 75 mg/kg ketamine
hydrochloride. After the animals were anesthetized, their skulls
were carefully opened along the midline to access the tissues. The
hippocampus, a specific region of interest, was meticulously
dissected and separated from any surrounding tissues. A portion
of the hippocampal tissues was homogenized and used for the
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assessment of glutamate levels, while the remaining tissues were
immersed in a 10% formal saline solution for 24 hours to ensure
proper fixation. Following the fixation process, the prepared
tissue samples were transferred to the histology laboratory at the
Department of Human Anatomy, Ahmadu Bello University in Zaria,
where they underwent staining with H&E (hematoxylin and eosin)
to facilitate the visualization and study of the general histology of
the hippocampus.

Evaluation of glutamate activity levels

The hippocampal tissues were homogenized in 0.1M phosphate
buffered 7.4 pH solution and immediately centrifuge at 3000rpm.
The supernatant obtained was used to evaluate the concentration
of glutamate in the hippocampus using a rat standard-ELISA kit
purchased from Fine Test Company, Wuhan Fine Biotech Co. LTD,
Wuhan, China) following the manufacturer's instructions.

Light Microscopy and Cresyl fast violet stain.

The brain tissues underwent a series of processing steps, including
fixation, dehydration, clearing, infiltration, and finally embedding
in paraffin wax. Sectional slices (5-6 um) were cut from the
embedded tissue blocks, mounted on glass slides, and stained
using hematoxylin and eosin to visualize the overall histological
cytoarchitecture of the hippocampal areas, as well as Cresyl violet
staining to detect the presence of Nissl material within the
hippocampus (Carson, 1990). The processed slides from each
group were examined under a light microscope, and
photomicrographs were captured using an AmScope MD 900
digital microscope camera at magnifications of 250 for the H&E
and Cresyl-stained samples, respectively.

Quantification of Nissl substance in the hippocampus

To assess the quantity of Nissl substance in CA3 pyramidal
neurons, Cresyl fast violet (CFV) stain was utilized, a highly
effective stain that specifically targets neuronal cell bodies (Yurt
et al., 2018; Ekpo et al., 2024). The staining intensity of the CFV-
stained micrographs was measured as a means to quantify the
reactivity of Nissl substances, following the instructions provided
by the manufacturer (Eluwa et al., 2013). The Image J region of
interest (ROI) manager tool for analysis of specific areas of
micrographs was employed to limit bias values resulting from non-
identical image quality (image acquisition setting and exposure
time) (Amber et al., 2020). The modal gray values for three ROI
was obtained, means computed and analyzed.

Estimation of pyramidal cell number in the CA3 region of the
hippocampus

An unbiased estimation technique, known as the physical
fractionator method was employed, to determine the pyramidal
cell number in the CA3 hippocampal region of Wistar rats (Bolon
& Butt, 2011; Gundersen et al., 1988). The hippocampus of the
Wistar rat per group was isolated, processed and sectioned at 8
um after pilot study on how many slices could be derived. Tissue
sections were selected using systematic uniform random sampling

method. The sections derived were stained using H and E stain. To
count the number of pyramidal cells, a transparent counting
frame with acceptance and rejection region was used on the two
consecutive sections. One of the section planes was taken as the
“look up” section and the other as the “reference” section.
Pyramidal cells were selected in the reference section and
counting was done in the look up section, pyramidal cells that
appear in the reference section but not in the lookup section were
also counted. The total number of pyramidal cells was then
computed using the formula as reported by Gundersen et al.,
1988.

Data analysis

The data was analyzed using IBM SPSS Statistics software (version
14.0 for the window evaluation) where an independent sample t-
test was conducted on the results, which were presented as mean
+ standard error. A p-value <0.05 was considered significant.

RESULTS

Spatial learning and memory of Wistar rats following sleep
deprivation

In the present study, there was a significant increase (p<0.001) in
the time spent in locating the escape platform in the sleep-
deprived group when compared to the control group (Figure 1).

Hippocampal glutamate activity levels of Wistar rats following sleep
deprivation

No significant difference (p>0.05) was observed in hippocampal
glutamate activity levels when the sleep deprived group was
compared with the control group. (Figure 2).

Histological assessment of the CA3 region of the hippocampus
following sleep deprivation

Histological analysis of the hippocampal CA3 region in Wistar rats,
using hematoxylin and eosin staining, revealed normal
histoarchitecture with large and sparsely distributed pyramidal
neurons in the control group. In contrast, the sleep-deprived
group exhibited a disoriented histoarchitecture in the CA3 region,
accompanied by clear degenerative changes, such as cytoplasmic
vacuolation, karyorrhexis and pyknosis. (Figure 3).

Estimation of pyramidal cell number in the CA3 region of the
hippocampus

The result of the pyramidal cell count showed that the number of
pyramidal cells in the CA3 of the hippocampus of the Wistar rats
significantly decreased (p< 0.0001) in the sleep-deprived group
when compared to the control group (Figure 4).

Nissl substance expression in the CA3 region of the hippocampus
following sleep deprivation

The Nissl substance of hippocampal sections of the control group
revealed the normal appearance of distinct, intensely stained CA3
region when compared to the sleep-deprived group which
showed chromatolysis. The result of Cresyl Fast Violet staining
intensity revealed a decrease in the staining intensity in the sleep
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deprived group when compared to the control group suggesting
protein depletion (Figure 5 and 6).
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Figure 1: Morris water maze latency for Wistar rats following
chronic sleep deprivation. n=5; mean = SEM, Student t-test, Tukey
post hoc test, * statistically different (p<0.05). Control (2ml/kg of
distilled water), SD= sleep deprivation(18hours), MWM= Morris
Water Maze.
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Figure 2: Hippocampal glutamate (GLU) activity levels of Wistar
rats following sleep deprivation. n=5; mean + SEM, Student t-test,
Tukey post hoc test, not statistically different (p>0.05). Control
(2ml/kg of distilled water), SD= sleep deprivation (18hours).

). (A) Control group (2 ml/kg distilled water) with normal

histoarchitecture of the CA3. Large and sparse pyramidal cells. (B) Chronic sleep deprived (18 hours) group with marked disorientation
of the histoarchitecture and neuronal degeneration. Sleep deprivation (SD); Cytoplasmic Vacuolation (V); Karyorrhexis (K); Pyknosis (PK)
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Figure 4: The CA3 pyramidal cell count of the hippocampus of
sleep-deprived Wistar rats. n=5; mean + SEM, Student t-test,
Tukey post hoc test, * statistically different (p<0.05). Control
(2ml/kg of distilled water), SD= sleep deprivation (18hours).
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Figure 5: Section of the hippocampus (CA3) of Wistar rat. CFV (Mag x250). (A) The control group (iml/kg distilled water) with normal
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appearance of Nissl granules. (B) Chronic sleep deprived (18 hours) group showing depletion of Nissl granules (arrows). Sleep deprivation

(SD); Cresyl Fast Violet (CFV) stain; Chromatolysis (arrow).
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Figure 6: The CA3 Cresyl Fast Violet Staining Intensity of Sleep
Deprived Rats. n=5; mean + SEM, Student t-test, Tukey post hoc
test, * statistically different (p<0.05). Control (2ml/kg of distilled
water), SD= sleep deprivation (18hours).

DISCUSSION

Deficits or impairments in memory are typically associated with
hippocampal pathologies (Belayev et al., 2018). One of the most
popular tasks in behavioural neuroscience for investigating the
brain mechanics and psychological processes of spatial learning
and memory is the Morris water maze (Vorhees et al., 2021). The
time it takes to find the escape platform in the Morris Water Maze
test is a good indicator of learning and memory skills when
compared to pre-experiment session performance. The results of
this study showed an increase in the time taken for Wistar rats in
the sleep-deprived group to locate the escape platform when
compared to the control group, which suggests learning and
memory impairment. This could be attributed to oxidative stress,
which may have lowered acetylcholine levels at the synaptic cleft
and hampered hippocampal synaptic connections. According to
reports, acetylcholine decrease impairs memory and learning in
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experimental animals (Bauer et al., 2017). Rahman et al. (2010)
found that acetylcholine depletion was the cause of the deficit in
spatial learning and memory observed in the experimental mice.
The results of this investigation are consistent with those of
Yabesh et al. (2014), who noted memory impairment in Wistar
rats after sleep deprivation where the radial arm maze error
scores of sleep-deprived Wistar rats were significantly higher than
those of the control group.

Comparing 48-hour sleep-deprived rats to a control group, Li et al.
(2009) found that the former group had less retention of learned
spatial reference memory in the Morris water maze.

The primary excitatory neurotransmitter in the central nervous
system is glutamate. An estimated 40% of synapses release it, and
it is in charge of a variety of neurological processes, such as
memory, cognition, behavior, movement, sensation, and the
development of neural networks (Riedel et al., 2003). For long-
term potentiation (LTP), which underlies synaptic plasticity in the
hippocampal regions, glutamate is an essential neurotransmitter.
Changes in the brain's glutamate neurotransmitter levels have a
profound effect on cognitive function and can lead to a number of
neurological and psychiatric conditions. Excitotoxicity, or
overstimulation of glutamate receptors, especially the NMDA (N-
methyl-D-aspartate) receptors, can result from high glutamate
levels. This overstimulation can cause an excessive calcium influx
into neurons, which can cause oxidative stress, mitochondrial
dysfunction, and ultimately, neuronal damage or death (Yang et
al., 2011; Gasiorowska et al., 2021; Zhang et al., 2023). However,
low glutamate levels in the hippocampus can damage these
hippocampal-dependent cognitive processes, making it difficult to
perform tasks including contextual fear conditioning, object-place
recognition, and spatial navigation. Deficits in learning and
memory formation can result from hippocampus neurons'
inability to undertake these activity-dependent modifications
when glutamate levels are low (Menard and Quirion, 2012).

The current study's findings did not show any statistical difference
in glutamate activity levels between the sleep-deprived group and
the control. This result conflicts with that of Panaccione et al.
(2017), who observed that, in comparison to control rats, sleep-
deprived rats exhibited a significant decrease in the expression of
type-2 metabotropic glutamate (mGlu2) receptors in the
hippocampus.

The major pyramidal cell fields in the hippocampus, the
hippocampal CA1 and CA3 areas, are crucial for the establishment
of memory (Lee et al., 2004; Leutgeb et al., 2005). Cognitive
impairment may result from neurotoxic injuries or from
pharmacologically inactivating these regions (Lee & Kesner 2004;
Daumas et al. 2005). Quality sleep promotes neural plasticity,
which in turn helps the brain and cognitive processes.
Consequently, insufficient sleep causes unfavorable brain changes
that affect cellular and molecular levels (Fjell and Walhovd, 2010;
Tuyet et al., 2017). Hematoxylin and eosin microscopy used in this

investigation showed that the histoarchitecture of the
hippocampal CA3 region appeared normal with large and sparsely
distributed pyramidal cells with intact cytoplasm. Conversely, the
sleep-deprived group showed significant disorientation of the
histoarchitecture of the CA3 region along with vacuolation,
pyknosis, and karryohexsis, which are signs of substantial
neuronal degenerative alterations. The altered histoarchitecture
of the CA3 area in the sleep deprived group may be the
consequence of elevated oxidative stress and neuroinflammation.
The hippocampus produces more reactive oxygen species (ROS)
when it is sleep-deprived over an extended period. The buildup of
reactive oxygen species (ROS) beyond the endogenous
antioxidant capacity can initiate and maintain an inflammatory
response, harming cellular constituents such proteins, lipids, and
DNA, and ultimately leading to apoptosis (Verma et al., 2021).
Sleep deprivation can also affect neurogenesis and synaptic
plasticity through oxidative stress, which can change the structure
and function of the hippocampal regions (Momoh et al., 2024).
The results of this investigation are in line with those of Suresh et
al. (2022), who found that sleep deprivation impairs memory and
other cognitive functions by causing degenerative changes in the
hippocampal region.

In biomedical research, unbiased stereology is acknowledged as
the optimal approach for quantitative histology. It is employed to
precisely measure the area and volume of biological structures or
regions, as well as the number of cells and fiber lengths. Lack of
sleep has been demonstrated to significantly affect the
hippocampal cell count estimation (Suntsova, 2003; Havekes et
al., 2016; Raven et al., 2019). Results of this study showed that the
sleep-deprived group had a significantly lower number of
pyramidal cells in the CA3 region when compared to the control
group. A possible reason for this finding could be sustained
oxidative stress, which can activate microglia and cause them to
secrete proinflammatory cytokines, both of which significantly
increase the risk of neuronal injury (Chen et al., 2023).

This result is consistent with a study by Guzman-Marin et al.
(2006) that found sleep deprivation inhibits the growth of cells in
the dorsal DG of the hippocampal region. Additionally, it has been
shown that sleep deprivation reduces neurogenesis and
hippocampal cell proliferation in the dorsal and ventral
hippocampus (Murata et al., 2018). Furthermore, it has been
documented that prolonged sleep deprivation causes
morphological alterations in the hippocampus and other brain
regions of rodents, with the hippocampus shrinking most
prominently. But in lab mice, brief period of sleep deprivation
does not seem to have an impact on the size of the hippocampus
(Guzman-Marin et al., 2006; Tung et al., 2005; Mueller et al.,
2008).

Rough endoplasmic reticulum aggregates called Nissl granules are
found in the cell bodies of neurons and are an essential part of the
physiological machinery that controls protein production in
neurons. They are essential for the synthesis of proteins that are
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necessary for the structure and function of neurons. According to
Bhati et al. (2023), these granules are enriched in ribosomes,
which create a characteristic cytoplasmic inclusion in the neuronal
soma. A decrease in metabolic activity, such as that seen in stroke,
trauma, or neurodegenerative illnesses like Alzheimer's, can result
in neuronal injury, damage, or degeneration, as indicated by the
depletion of Nissl material (Bhati et al., 2023). Lack of sleep has a
profound effect on a cell's ability to synthesize proteins, changing
its functionality. This is brought on by elevated oxidative stress
and inflammatory reactions in the brain, which can damage the
endoplasmic reticulum's structure and function, hence lowering
protein production in important brain areas (Vaccaro et al., 2020;
Coulson et al., 2022).

Reduced Cresyl fast staining intensity in the sleep-deprived alone
group indicated a decrease in the expression of Nissl material,
according to the histochemical evaluation of the CA1 and CA3
areas using Cresyl fast violet stain. Axon damage or neuronal
exhaustion brought on by intense or protracted stimulation,
including long-term sleep deprivation, reduces the amount of
Nissl bodies in the body. This modification, known as
chromatolysis, lowers the RNA level and happens concurrently
with nuclear migration to the periphery of the perikaryon (Ajibade
et al., 2009). As demonstrated by the results of the Morris water
maze test and the degree of glutamate activity, this study
concluded that long-term sleep deprivation led to an impairment
in spatial memory. In the hippocampal CA3 region, there were also
noticeable changes in histoarchitectural features, which were
followed by a notable decrease in the number of pyramidal cells.
Additionally, the CA3 region's histochemical test revealed protein
loss. In light of the negative impacts that sleep has on the nervous
system, this study encourages people to get adequate sleep in
order to maintain good health and prevent neurological
conditions.
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