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Abstract

Background: Sleep deprivation adversely affects both the central nervous system and immune function, leading to potential
alteration in behavioral and physiological responses. Objectives: To evaluate the impact of varying durations of sleep deprivation
on brain neurotransmitters and immune responses in male albino rats. Methods: A total of 32 rats were allocated into four groups:
control, 18-hour, 24-hour, and 72-hour sleep deprivation. Sleep deprivation was induced using gentle handling and environmental
noise. Brain levels of serotonin, GABA, and glutamate were measured, as well as serum markers including TNF-q, interleukin-6
(IL-6), and total antioxidant capacity (TAC). Inflammatory responses were also assessed through complete blood counts. Brain
tissues were processed using standard histological techniques and stained with H&E, followed by semi-quantitative lesion scoring
using image analysis software based on neuroglial pyknosis, vascular congestion, and perivascular edema, graded on a 0—100%
scale. Results: Serotonin levels initially decreased after 18 hours of sleep deprivation but normalized by 24 and 72 hours. Glutamate
levels rose progressively with longer deprivation, while GABA, TAC, and IL-6 remained stable across all durations. Sleep
deprivation triggered time-dependent immune changes, beginning with lymphocyte alterations and progressing to increased
monocytes and inflammatory ratios, along with elevated TNF-a levels. Histopathology showed time-dependent brain damage from
sleep deprivation, with severe vascular and glial changes at 72 hours, aligning with inflammatory marker elevations. Conclusions:
Sleep deprivation induces specific, duration-dependent alterations in neurotransmitter and immune profiles. Prolonged deprivation,
especially at 72 hours, may provoke neuroinflammatory and anxiety-related behavioral changes.
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INTRODUCTION cognitive decline, mood disorders, and weakened
immunity [1]. Key neurotransmitters (serotonin,
GABA, and glutamate) play crucial roles in sleep
regulation and brain balance. SD disrupts these
neurotransmitters, often decreasing serotonin and
GABA while increasing glutamate, which can lead to
behavioral and cognitive disturbances [2].
Additionally, SD negatively affects immune function

Sleep is essential for maintaining brain function,
immune health, metabolism, and emotional
regulation. However, sleep deprivation (SD) has
become increasingly common due to lifestyle factors
and is linked to various health issues, including
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by promoting inflammation through elevated
cytokines like TNF-o, contributing to increased
disease risk. Sleep deprivation is a significant public
health issue, with 30-35% of adults sleeping less than
6 hours per night and 10-15% experiencing chronic
insomnia, while 25-35% report occasional insomnia
[3]. Studies also indicate a reduction in average sleep
duration by up to 18 minutes per night over the past
three decades [4]. Sleep deprivation disrupts serotonin
(5-HT) synthesis and release by reducing the
availability of tryptophan—due to elevated cortisol—
and by decreasing the activity of tryptophan
hydroxylase (TPH), a key enzyme in serotonin
production. It also impairs the function of serotonergic
neurons in the raphe nuclei, lowering extracellular
serotonin levels in regions like the prefrontal cortex
and hippocampus [5]. Additionally, sleep deprivation
increases the expression of the serotonin transporter
(SERT), which enhances serotonin reuptake and
depletes synaptic levels [6]. GABA, the brain’s main
inhibitory neurotransmitter, is crucial for regulating
sleep. It is synthesized from glutamate via glutamic
acid decarboxylase (GAD), particularly GAD65 and
GADG67, which play roles in synaptic and metabolic
GABA production, respectively. GABA acts through
ionotropic and metabotropic receptors, with GABA
being central to sleep regulation. Sleep deprivation is
associated with reduced GABAergic tone, which
contributes to cortical hyperexcitability and impaired
sleep [7]. Glutamate serves as the principal excitatory
neurotransmitter and is crucial to learning and
memory processes [8]. Sleep deprivation elevates
extracellular glutamate levels by impairing its
clearance, especially via astrocytic excitatory amino
acid transporters (EAAT1 and EAAT2), leading to
excitotoxicity and neuronal stress [9]. This imbalance
contributes to disrupted neural plasticity and cognitive
deficits associated with sleep loss. Sleep deprivation
(SD) induces oxidative stress mainly through
increased ROS production and impaired clearance
[10,11]. Contributing factors include elevated
metabolism, stress hormone activation, mitochondrial
dysfunction, endoplasmic reticulum impairment, and
gut dysbiosis via Nox enzyme activation [10].
Normally, sleep reduces glucose metabolism and ROS
generation, but SD reverses this, leading to greater
oxidative damage and higher sensitivity to acute
oxidative stress [10,12]. Sleep deprivation (SD)
causes significant brain damage, particularly in
regions like the hippocampus, prefrontal cortex, and
amygdala. Key histopathological changes include
neuronal loss (via apoptosis and necrosis), oxidative
stress (marked by increased ROS and MDA and
reduced antioxidants like SOD and GSH) [13], and
neuroinflammation, with elevated pro-inflammatory
cytokines and microglial activation. Synaptic
dysfunction is also observed, with reduced synaptic
proteins (synaptophysin, PSD-95) and dendritic spine
loss [14,15]. SD disrupts blood-brain barrier integrity,
allowing harmful substances to enter the brain [16],
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and causes mitochondrial damage, impairing synaptic
energy metabolism [17]. These effects collectively
increase vulnerability to neurodegenerative diseases
like Alzheimer’s, linked to impaired clearance of -
amyloid and tau proteins [15,18]. Several key factors
contribute to sleep deprivation. Chronic health
conditions such as sleep apnea, asthma, diabetes, and
chronic pain can disrupt sleep. Disruptions in
circadian rhythms, especially in conditions such as
Alzheimer's and Parkinson's disease, also play a role.
Shift work and long working hours disrupt circadian
rhythms, especially among healthcare workers.
Adolescents are especially vulnerable due to social
jetlag and early school start times, compounded by
excessive screen exposure before bed. Additionally,
the use of substances like alcohol and caffeine can
interfere with sleep patterns [19]. Sleep deprivation
compromises both innate and adaptive immunity,
increasing vulnerability to infections and chronic
inflammation. It elevates pro-inflammatory cytokines
such as tumor necrosis factor alpha (TNF-a),
interleukin 6 (IL-6), and interleukin-1B(IL-1pB)
through activation of the NF-kB pathway, a key
mediator of stress-induced inflammation [20]. The
objectives of this study are to investigate how sleep
deprivation affects central nervous system (CNS)
function by measuring brain levels of serotonin,
GABA, and glutamate, and to examine its impact on
immune function by quantifying pro-inflammatory
biomarkers such as TNF-a and IL-6, along with other
blood-derived inflammatory markers.

METHODS
Study design and ethical approval

This is an experimental study design. Male Wistar
Albino rats, weighing between 230 and 350 grams,
were procured from the animal facility of the
University of Tikrit and accommodated in the College
of Pharmacy at the University of Sulaimani. The
subjects were housed in well-ventilated plastic
enclosures under standardized laboratory settings,
maintaining a temperature of 25+2°C and a consistent
light-dark cycle. The animals were given a regular
pellet meal and had unrestricted access to water. A
two-week acclimatization phase preceded the
commencement of the experiment. All procedures
were conducted in compliance with the Guidelines for
Animal Experimentation and received approval from
the Ethical Committee of the College of Pharmacy,
University of Sulaimani (Certificate no. PH151-25,
dated 22/01/2025). The study adhered to both
institutional and Canadian Council on Animal Care
(CCACQ) guidelines. The study comprised 32 male
Wistar rats, randomly assigned to four groups: control,
18-hour sleep deprivation, 24-hour sleep deprivation,
and 72-hour sleep deprivation. Each group contained
eight rats (Figure 1).
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Figure 1: Study design flowchart illustrating animal enrolment, group randomization, and duration of the study.

Sleep deprivation model

The rats faced complete sleep deprivation (SD) during
the daytime, starting at 10:00 AM. The SD was
implemented by using gentle handling techniques,
which included disturbing the bedding, mildly shaking
the cage, and softly touching the animals with a brush
when they attempted to sleep [21]. Additionally,
environmental noise was employed to keep the rats
awake. A speaker was installed inside the sound-
attenuating box housing the animals, connected to an
amplifier with a digital audio player (Model: GY-802
5.0 + EDR(A2DP)). The 15-minute noise sequence,
featuring random street sounds such as vehicle horns,
ambulance sirens, hammering, sudden braking, bells,
alarms, and airplane noises, was played repeatedly
over the 12-hour SD period. To avert habituation, the
auditory stimuli exhibited random variations in
duration, frequency (800-20,000 Hz), amplitude (85—
100 dB, with an average intensity of 85 dB), and
intervals between noises. This approach has been
shown to avoid causing cochlear damage in rodents
[22,23]. Also, light exposure was integrated into the
sleep deprivation procedure as an additional arousing
stimulus. During the SD period, rats were
continuously monitored, while control rats remained
undisturbed in their home cages, allowed to sleep
normally during the same timeframe [22-24].

Tissue homogenization and blood sampling

After the respective sleep deprivation periods, the rats
were anesthetized with chloroform as the anesthetic
agent. Following the euthanasia of the rats, roughly 5
milliliters of blood was obtained via heart puncture.
The blood was deposited in a tube and permitted to
coagulate. Subsequently, it was centrifuged at 3000
rpm for 20 minutes, and the resultant serum was
preserved at -20°C for later inflammatory and
oxidative stress biomarker analysis. Brain tissue was
harvested, and a portion of the brain tissue was rinsed
with ice-cold normal saline and subsequently
immersed in 25 ml of 10% formaldehyde to be used
for subsequent histopathological analysis. The
remaining portion, primarily the hypothalamus, was
excised and rinsed with ice-cold phosphate-buffered
saline (PBS) solution. Subsequently, it was
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homogenized with each gram of brain tissue, to which
nine milliliters of PBS was added in compliance with
the directives from the bioassay technology ELISA
kits. Homogenization was conducted via a
homogenizer apparatus. The homogenized samples
were immediately centrifuged at 5000 g for 5 min in a
chilled centrifuge, and the supernatant was collected
and stored at -80°C for later neurotransmitter
(serotonin, GABA, and glutamate) analysis.

Neurotransmitter biomarkers measurement

To measure neurotransmitter levels in brain tissue, an
enzyme-linked immunosorbent assay (ELISA) was
used for serotonin, GABA, and glutamate. Brain
tissue homogenates were prepared, and the
supernatant was analyzed using ELISA kits. The
supernatant of brain tissue homogenate was analyzed
using ELISA kits (Bioassay Technology Laboratory,
Shanghai, China) to quantify serotonin (Cat. No.
E0866Ra), GABA (Cat. No. EO102Ra), and glutamate
(Cat. No. E1474Ra). For serotonin, the procedure
involved adding the sample to pre-coated wells with
rat 5-HT antibodies, followed by incubation with
biotinylated 5-HT antibody and streptavidin-HRP.
After washing away unbound substances, a substrate
solution was added, and the optical density (OD) was
measured at 450 nm. Similarly, for glutamate, the
sample was added to pre-coated wells with rat GLM
antibodies, followed by biotinylated GLM antibody
and streptavidin-HRP. After incubation and washing,
a substrate solution was added, and the OD was
measured at 450 nm. For GABA, the sample was
added to wells coated with rat GABA antibodies,
followed by biotinylated GABA antibody and
streptavidin-HRP. After washing, a substrate solution
was added, and the OD was measured at 450 nm. The
OD values for each neurotransmitter corresponded to
their concentrations in the samples.

Measurement of inflammatory markers

Blood serum was used for measuring inflammatory
markers, including Interleukin 6 (IL-6), Tumor
Necrosis Factor Alpha (TNFA), and Total Antioxidant
Capacity (T-AOC). These markers were analyzed
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using ELISA kits from Bioassay Technology
Laboratory (Shanghai, China). Each analysis involved
binding the respective markers in the sample to a pre-
coated antibody on an ELISA plate, followed by
incubation with biotinylated antibodies and
streptavidin-HRP. The reaction was terminated by
adding a stop solution, and the absorbance was
measured at 450 nm to quantify the concentration of
each marker. Interleukin 6 (IL-6): The concentration
of IL-6 was measured using a pre-coated rat IL-6
antibody, followed by the binding with biotinylated
anti-IL-6 antibody and streptavidin-HRP. The
absorbance was measured at 450 nm. Tumor Necrosis
Factor Alpha (TNFA): TNFA was measured using a
pre-coated rat TNFA antibody, biotinylated anti-
TNFA antibody, and streptavidin-HRP, with
absorbance also read at 450 nm. Total Antioxidant
Capacity (T-AOC): T-AOC was quantified using a
pre-coated rat T-AOC antibody, biotinylated anti-T-
AOC antibody, and streptavidin-HRP. The
absorbance was quantified at 450 nm.

Histological analysis

At the last stage of the experiment, rats were subjected
to a fasting period of no less than 10 hours prior to
being humanely euthanized with an overdose of
inhaled chloroform. Following euthanasia, brain
tissue specimens were obtained for histological
analysis. Fixation and Dehydration: Brain specimens
were positioned in tissue cassettes and immersed in
10% neutral buffered formaldehyde for a duration of
48 hours. The specimens were further dehydrated by
exposure to increasing concentrations of ethanol
(50%, 60%, 70%, 90%, and 100%), followed by a
minimum of three stages of xylene clearance. The
tissue samples were infiltrated and embedded in
molten paraffin blocks at 60-70°C. The tissue blocks
were sliced into 5 pm sections utilizing a rotary
microtome. The pieces were affixed to glass slides,
dried with a tissue dryer, and subsequently
deparaffinized with xylene for 30 minutes. Following
drying in an oven at 50°C, the slides were stained with
Harris's hematoxylin and eosin solution. Final
Preparation: The stained sections were covered with a
slide and analyzed wusing a bright-field light
microscope.

Brain lesion scoring

In general, lesion grading and scoring for the rats were
assessed semi-quantitatively using image analysis
software (Am Scope, 3.7) in conjunction with a
microscope eyepiece camera (MD500, 2019), while
tissue samples were examined under a light
microscope (NOVEL XSZ-N107T, China). In
summary, pycnotic neuroglial cells in the cephalic
tissues were enumerated in ten randomly selected
microscopic fields at high-power magnification
(100X), and the mean percentage of the counted cell
counts was statistically calculated. The areas of
vascular congestion and perivascular edema were
measured in micrometers, after which the mean
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average was determined as a percentage and subjected
to statistical comparison. The average percentage of
all computed data was represented using the following
lesion scoring system: a score of 0-10% indicates no
lesions; a score of 10-25% denotes mild lesions; a
score of 25-50% signifies moderate lesions; a score of
50-75% reflects severe lesions; and a score of 75-
100% represents critical lesions.

Statistical analysis

The statistical analysis was performed using
GraphPad Prism 10. Measured parameters were
provided as mean+=SEM. For group comparisons, a
one-way ANOVA was used, followed by Tukey's
multiple comparison test. The results were statistically
significant when the p-value was less than 0.05. The
Shapiro-Wilk test was used to determine normality.

RESULTS

Sleep deprivation had varying effects on the three
neurotransmitters examined. Serotonin levels were
significantly affected after 18 hours of sleep
deprivation but returned to normal with longer
deprivation durations of 24 and 72 hours. GABA
levels remained stable regardless of sleep deprivation
duration (Figure 2A and B).

Serotonin ng/mi

Figure 2: Effect of sleep deprivation on A) serotonin level and B)
GABA level (n=8).

In contrast, glutamate levels increased progressively
with longer sleep deprivation periods. Total
Antioxidant Capacity remained stable across all sleep
deprivation durations (Figure 3A and B).

Glutamate ug/ml

TAC (U/ml)

Figure 3: Effect of sleep deprivation on A) Glutamate level and B)
TAC level (n=8).
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IL-6 levels were not significantly affected by sleep
deprivation at any duration, and TNF-o levels
remained unchanged after 18 and 24 hours but
significantly increased after 72 hours of deprivation
(Figure 4 A and B). Histopathological analysis of
brain tissue revealed structural changes and varying
lesion severity across all groups.
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Figure 4: Effect of sleep deprivation on A) IL-6 level and B) TNF-
o level (n=8).

L

Lesion severity increased progressively with longer
durations of sleep deprivation but remained below
critical levels. Animals subjected to 24 and 72 hours
of sleep deprivation exhibited moderate lesions (Table
1) (Figures 5-8). Significant alterations are observed
in markers like systemic inflammatory index (SII) (B),
neutrophil-to-lymphocyte ratio (NLR) (C), platelet-
to-lymphocyte ratio (PLR) (D), platelet-to-neutrophil
ratio (PNR) (E), lymphocyte-to-monocyte ratio
(LMR) (H), and monocyte-to-lymphocyte ratio
(MLR) (I), particularly in the 24h and 72h sleep-
deprived groups, suggesting a time-dependent
inflammatory response.

Figure 5: Photomicrograph of brain from a rat in the control group
(C OHr) with zero hour of sleep deprivation, present virtually typical
morphological structures, represented by intact neural cells (yellow
arrows) with deep purplish nuclei distributed normally within the
light pink, gray matter (GM). Besides, the section shows some non-
significant pyknotic glial cells (black arrow), together with the
presence of slight perineural edema (PE). H&E. Scale bar: 4 mm.

The 24h group often shows the lowest inflammatory
indices, while 72h deprivation elevates them, notably
in SII, NLR, and MLR, indicating a rebound or
compensatory pro-inflammatory shift. Markers such
as red cell distribution width (RDW) (A), red cell-to-
platelet ratio (RPR) (F), and neutrophil-to-eosinophil
ratio (NER) (G) show no significant differences (ns)
cross groups, implying they are less sensitive to sleep
deprivation effects (Figure 9. A-I).
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Figure 6: Photomicrograph of brain from a rat with 18 hours of
sleep deprivation (18Hr), demonstrate low grade of vascular
congestion (VC) mutual with trivial perivascular edema (yellow
arrows). Occurrence of typical pyramidal cell neurons (NE)
disseminated classically within a pinkish gray matter (GM). The
section also reveals the presence of numerous pycnotic glial cells
(black arrows). H&E. Scale bar: 4 mm.

_\\ BN

vl

Figure 7: Photomicrograph of brain from a rat with 24 hours of sleep
deprivation (24Hr), display slightly significant vascular dilation and
congestion (VC) with evident perivascular edema (yellow arrows), in
addition to the presence of low grade of pycnotic glial cells with slight
pericellular edematous transudation (black arrows). Furthermore, the
section expresses typically structured neural cell bodies (NE). H&E.
Scale bar: 4 mm.

- o

Figure 8: Photomicrograph of brain from a rat with 72 hours of
sleep deprivation (72Hr), reveal the presence of moderately
significant vascular engorgement and congestion (VC), together
with perivascular edema (yellow arrows). In addition to the
presence of perineuronal edema (PE), on the other hand, some
neurons (NE) bare normal morphological structures distributed with
gray matter (GM). H&E. Scale bar: 4 mm.
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Table 1: Semi quantitative assay of brain sections of the rats (n=8)

Perivascular Vascular Glial Lesion Scorin Lesion
Edema * Congestion Pycnotic Cells o g .
(Mean%)** (Mean %)** (Mean %)** W) Leting
(0 hr) Ct 3.72 % M 3.84%4 6.37 %4 0-10 % No lesion
(18 hrs) 14.63 % B 13.42% B 19.52 %% 10-25 % Mild
(24 hrs) 28.82 %€ 3229%°€ 36.79 % ¢ 25-50 % Moderate
(72 hrs) 3245%°¢ 42.67 %€ 41.61 % € 25-50 % Moderate

*Area of perivascular and vascular congestion edema were quantified in micrometers (um). Pyknotic cells were estimated in (%)
of calculated cell number. All morphometric parameters for lesion scoring were calculated as mean averages. ** Each value
indicates the average proportion of eight animals (n=8). # Statistical comparison across groups: Mean values with different capital
letters show significant differences (p< 0.05). (0 hr.) C: Control group with zero time of sleep deprivation; (18 hrs.): Animal
group with 18 hours of sleep deprivation; (24 hrs.): Animal group with 24 hours of sleep deprivation; (72 hrs.): Animal group with
72 hours sleep deprivation.

Figure 9 (A-I): Changes in inflammatory cell ratios following different durations of sleep deprivation. Parameters include Red Cell Distribution
Width (RDW), Systemic Inflammatory Index (SII), Platelet-to-Lymphocyte Ratio (PLR), Platelet-to-Neutrophil Ratio (PNR), Red Blood Cell-to-
Platelet Ratio (RPR), Neutrophil-to-Eosinophil Ratio (NER), Lymphocyte-to-Monocyte Ratio (LMR), and Monocyte-to-Lymphocyte Ratio
(MLR). One-way ANOVA was used to analyze statistical differences followed by Tukey's post hoc test. **significant differences (p< 0.05); ns:
non-significant differences.

DISCUSSION compensatory mechanisms to maintain homeostasis.

The analysis of brain serotonin levels revealed a
In this study we evaluated the impacts of sleep transient ~decrease at 18 hours of SD, with
deprivation on neurotransmitters (serotonin, GABA, normalization observed at 24 and 72 hours. This initial
and glutamate) in the brain tissue and inflammatory decline may be attributed to reduced ayailability .of
markers (TNF-alpha and IL-6) in the blood after tryptophan, the precursor for serotonin synthesis;
different short-term sleep-deprived periods (18, 24, increased monoamine oxidase (MAO) activity leading
and 72 hours). This study demonstrated that sleep to accelerated breakdown of serotonin into 5-HIAA
deprivation (SD) induces significant neurochemical [25]; disruption of the circadian regulation of
alterations, particularly in serotonin (5-HT), serotonergic neurons; and elevated cortisol levels that
glutamate, and GABA levels in the brain. These suppress  tryptophan hydroxylase. Supporting - this,
findings highlight the dynamic interplay between previous studies have observed significantly elevated
excitatory and inhibitory neurotransmission during 5-HIAA levels during and after SD, indicating
different durations of SD, as well as the brain’s enhanced serotonin turnover [26]. Interestingly,
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serotonin levels returned to baseline after 24 hours of
SD, suggesting the activation of compensatory
mechanisms. These may include upregulation of
tryptophan hydroxylase and serotonin transporter
(SERT) recycling pathways [27], the modulatory role
of orexinergic neurons on serotonergic tone in the
dorsal raphe nucleus [28], and HPA axis adaptation,
leading to reduced cortisol and restored serotonin
synthesis. In addition, increased dopaminergic and
noradrenergic activity during prolonged wakefulness
may further support serotonergic function [29]. By 72
hours of SD, serotonin levels stabilized, indicating
long-term neuroadaptive responses. These may
involve enhanced brain-derived neurotrophic factor
(BDNF) expression, which promotes synaptic
plasticity and serotonergic neuron resilience [30];
desensitization of 5-HT1A autoreceptors, thereby
reducing inhibitory feedback on serotonin release
[31]; and microglial adaptation that shifts from a pro-
inflammatory to a regulatory phenotype supporting
neuronal function [32]. In parallel, our findings
showed a consistent increase in glutamate levels in all
SD groups (18, 24, and 72 hours), with no significant
changes in GABA levels compared to the control.
These results are in agreement with prior studies
showing elevated glutamate and glutamine content in
the cerebral cortex, hippocampus, and thalamus
following sleep loss. The elevated glutamate levels
likely reflect increased neuronal activity and
excitability [33]. Despite this excitatory shift, GABA
levels remained stable, suggesting the presence of
compensatory mechanisms aimed at preserving
excitatory-inhibitory balance. These may include
increased activity of GABA-synthesizing enzymes
(e.g., glutamic acid decarboxylase) and reduced
GABA degradation [34], as well as sustained
GABAergic tone despite rising excitatory drive [35].
Additionally, SD may impair astrocytic function and
disrupt the glutamate-glutamine cycle, leading to
glutamate accumulation in the synaptic cleft without
altering GABA concentrations [36]. The elevated
glutamate levels may also be influenced by increased
neuronal firing during SD and by stress-induced
activation of the hypothalamic-pituitary-adrenal
(HPA) axis, which preferentially enhances glutamate
release [37]. These findings support the concept that
the brain employs adaptive plasticity, maintaining
GABA homeostasis to prevent over-inhibition while
allowing for elevated glutamatergic activity during
prolonged wakefulness [35]. Together, these results
suggest that neurotransmitter systems respond to sleep
deprivation in a temporally dynamic and
compensatory manner, highlighting their critical roles
in regulating brain function under physiological stress.
Serum TAC levels remained stable despite varying
durations of sleep deprivation, likely due to
compensatory mechanisms that preserve redox
balance. One such mechanism is the upregulation of
enzymatic antioxidants like superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase
(GPx), which work to neutralize excess reactive
oxygen species (ROS) generated during wakefulness
[38]. Furthermore, glutathione (GSH) metabolism
may adapt to oxidative stress through enhanced
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synthesis, maintaining antioxidant capacity despite
cellular stress [39]. Notably, oxidative stress from
sleep deprivation often affects specific brain regions
such as the hippocampus and cortex, while systemic
antioxidant levels remain unchanged [40]. Finally,
evidence suggests a redistribution of antioxidant
resources, with increased activity in high-demand
brain areas potentially supported by peripheral
antioxidant ~ mobilization = [40].  This  study
demonstrated that prolonged sleep deprivation,
particularly for 72 hours, significantly increases serum
TNFa levels. The elevation of this pro-inflammatory
cytokine correlates with cognitive deficits and
anxiety-like behaviors observed in sleep-deprived
animals, suggesting that TNFa is crucial in the
modulation of sleep, neuroinflammation, and
cognitive function [41]. The increase in TNFa is
associated with several mechanisms. First, sleep
deprivation triggers a strong inflammatory response,
characterized by TNFa elevation in the hippocampus
and activation of pro-inflammatory pathways.
Second, microglial activation in response to sleep loss
contributes to TNFa production, potentially
disrupting the balance between pro- and anti-
inflammatory signals and leading to emotional and
cognitive disturbances. Third, TNFa is known to
impair the integrity of the blood-brain barrier (BBB),
increasing  its permeability and facilitating
neuroinflammation [41]. Unlike TNFa, serum IL-6
levels did not show significant changes across
different durations of sleep deprivation. This finding
indicates a complex regulation of cytokine responses
to prolonged stress. One plausible explanation is the
compensatory  activity of  anti-inflammatory
cytokines, particularly IL-10, which suppresses 1L-6
production by inhibiting immune cell activation [42].
Additionally, stimulation of the hypothalamus-
pituitary-adrenal (HPA) axis during stress leads to
corticosterone release, which modulates cytokine
production and may blunt IL-6 responses [43]. The
differential sensitivity of cytokines also plays a role;
TNFa is an earlier and more robust responder to stress
compared to IL-6, which may require more severe or
chronic conditions to increase significantly. Finally,
IL-6 exhibits circadian fluctuations, and the timing of
blood sampling may have influenced detection,
potentially masking changes due to sleep deprivation
[44]. Sleep deprivation leads to significant immune
alterations, with total white blood cell (WBC) counts
increasing across all deprivation durations (18, 24, and
72 hrs), indicating general immune activation.
Lymphocyte counts were elevated at 18 hr and 24 hr
but returned to baseline at 72 hr, suggesting an initial
immune mobilization followed by possible
suppression during prolonged stress. Monocyte,
eosinophil, and basophil counts increased notably in
the 72 hr group, supporting a shift toward a pro-
inflammatory state, in line with elevated TNF-a levels
[45]. Inflammatory ratios revealed dynamic immune
changes. While the systemic inflammation index (SII)
and neutrophil-to-lymphocyte ratio (NLR) remained
stable, the platelet-to-lymphocyte ratio (PLR)
decreased at 18h and 24h due to lymphocyte elevation.
Conversely, at 72 hr, the lymphocyte-to-monocyte
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ratio (LMR) declined, and the monocyte-to-
lymphocyte ratio (MLR) increased, further indicating
systemic inflammation. These findings are consistent
with prior reports on immune dysregulation from
prolonged sleep loss [46]. Histopathological analysis
revealed progressive brain damage with longer sleep
deprivation. After 72 hr, marked vascular dilation,
perivascular edema, and glial cell pyknosis were
noted, though neurons remained structurally intact. In
contrast, 18 hr of deprivation showed only mild
alterations. These structural changes parallel the
biochemical markers of inflammation and reinforce
the time-dependent vulnerability of the brain to sleep
deprivation [47].

Conclusion

This study shows that total sleep deprivation
selectively alters neurotransmitter balance, immune
activity, and oxidative stress in a duration-dependent
manner. Serotonin showed transient changes, while
glutamate and TNF-o increased with prolonged
deprivation. Inflammatory cell ratios and monocytes
rose after 72 hours, reflecting systemic immune
activation. Future studies should assess additional
biomarkers (e.g., dopamine, IL-1p, ROS) and the
recovery phase to better understand the full scope and
reversibility of sleep deprivation-induced
physiological changes.

ACKNOWLEDGMENTS

The authors thank the College of Pharmacy, University of
Sulaimani for the logistic support. The presented data is
derived from the MSc thesis submitted by “Swara Karim
Salih” to the Department of Basic Sciences, College of
Pharmacy, University of Sulaimani as part of the
requirements of MSc degree in Medical Physiology.

Conflict of interests
The authors declared no conflict of interest.

Funding source
The authors did not receive any source of funds.
Data sharing statement

Supplementary data can be shared with the corresponding
author upon reasonable request.

REFERENCES

1. Irwin MR. Why sleep is important for health: a
psychoneuroimmunology perspective. Annu Rev Psychol.
2015;66:143-172.  doi:  10.1146/annurev-psych-010213-
115205.

2. Bjorvatn B, Grenli J, Hamre F, Serensen E, Fiske E, Bjorkum
AA, et al. Effects of sleep deprivation on extracellular
serotonin in hippocampus and frontal cortex of the rat.
Neuroscience. 2002;113(2):323-330. doi: 10.1016/s0306-
4522(02)00181-1.

3. Grandner MA. Epidemiology of insufficient sleep. In: Pack
AL LiQY, (Eds), Sleep and its Disorders. Dordrecht: Springer
Netherlands; 2022 [cited 2025 Jan 14]. p. 95-114. doi:
10.1007/978-94-024-2168-2_5.

35

10.

15.

20.

21.

22.

23.

Sleep-deprivation and neurotransmitters in rats

Ferrie JE, Kumari M, Salo P, Singh-Manoux A, Kivimaki M.
Sleep epidemiology--a rapidly growing field. Int J Epidemiol.
2011;40(6):1431-1437. doi: 10.1093/ije/dyr203.

Killgore WDS. Effects of sleep deprivation on cognition. In:
Progress in Brain Research. Elsevier; 2010 [cited 2024 Dec
25]. p. 105-29. doi: 10.1016/B978-0-444-53702-7.00007-5.
Vyazovskiy VV, Harris KD. Sleep and the single neuron: the
role of global slow oscillations in individual cell rest. Nat Rev
Neurosci. 2013;14(6):443-451. doi: 10.1038/nrn3494.
Gottesmann C. GABA mechanisms and sleep. Neuroscience.
2002;111(2):231-239. DOI: 10.1016/s0306-4522(02)00034-
9

Zhou Y, Danbolt NC. Glutamate as a neurotransmitter in the
healthy brain. J Neural Transm. 2014;121(8):799-817. doi:
10.1007/s00702-014-1180-8.

Tzingounis AV, Wadiche JI. Glutamate transporters:
confining runaway excitation by shaping synaptic
transmission. Nat Rev Neurosci. 2007;8(12):935-947. doi:
10.1038/nr2274.

Vaccaro A, Kaplan Dor Y, Nambara K, Pollina EA, Lin C,
Greenberg ME, et al. Sleep loss can cause death through
accumulation of reactive oxygen species in the gut. Cell.
2020;181(6):1307-1328. doi: 10.1016/j.cell.2020.04.049.
Marouf BH, Zalzala MH, Al-Khalifa II, Aziz TA, Hussain SA.
Free radical scavenging activity of silibinin in nitrite-induced
hemoglobin oxidation and membrane fragility models. Saudi
Pharm J. 2011 Jul;19(3):177-1783. doi:
10.1016/j.jsps.2011.03.006.

Mahmood NN, Rashid BM, Abdulla SK, Marouf BH,
Hamaamin KS, Othman HH. Effects of zofenopril and
thymoquinone in cyclophosphamide-induced urotoxicity and
nephrotoxicity in rats; The value of their anti-inflammatory
and antioxidant properties. J Inflamm Res. 2025;18:3657-
3676. doi: 10.2147/JIR.S500375.

Bushey D, Tononi G, Cirelli C. Sleep and synaptic
homeostasis: Structural evidence in drosophila. Science.
2011;332(6037):1576—1581. doi: 10.1126/science.1202839.
Tononi G, Cirelli C. Sleep and the price of plasticity: From
synaptic and cellular homeostasis to memory consolidation
and  integration.  Neuron. 2014;81(1):12-34.  doi:
10.1016/j.neuron.2013.12.025.

Tan BL, Norhaizan ME, Liew WPP, Sulaiman Rahman H.
Antioxidant and oxidative stress: A mutual interplay in age-
related diseases. Front Pharmacol. 2018;9:1162. doi:
10.3389/fphar.2018.01162.

Sun J, WuJ, Hua F, Chen Y, Zhan F, Xu G. Sleep deprivation
induces cognitive impairment by increasing blood-brain
barrier  permeability via CD44.  Front  Neurol.
2020;11:563916. doi: 10.3389/fneur.2020.563916.
Zhuravliova E, Barbakadze T, Jojua N, Zaalishvili E,
Shanshiashvili L, Natsvlishvili N, et al. Synaptic and non-
synaptic mitochondria in hippocampus of adult rats differ in
their sensitivity to hypothyroidism. Cell Mol Neurobiol.
2012;32(8):1311-1321. doi: 10.1007/s10571-012-9857-8.
Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, et
al. Sleep drives metabolite clearance from the adult brain.
Science. 2013;342(6156):373-377. doi:
10.1126/science.1241224.

Almondes KMD, Marin Agudelo HA, Jiménez-Correa U.
Impact of sleep deprivation on emotional regulation and the
immune system of healthcare workers as a risk factor for
COVID 19: Practical recommendations from a Task Force of
the Latin American Association of Sleep Psychology. Front
Psychol. 2021;12:564227. doi: 10.3389/fpsyg.2021.564227.
Irwin MR, Carrillo C, Olmstead R. Sleep loss activates
cellular markers of inflammation: Sex differences. Brain
Behav Immun. 2010;24(1):54-57. doi:
10.1016/1.bbi.2009.06.001.

Tadavarty R, Rajput PS, Wong JM, Kumar U, Sastry BR.
Sleep-deprivation induces changes in GABAB and mGlu
receptor expression and has consequences for synaptic long-
term depression. PLoS One. 2011;6(9):¢24933. doi:
10.1371/journal.pone.0024933.

Parrish JB, Teske JA. Acute partial sleep deprivation due to
environmental noise increases weight gain by reducing energy
expenditure in rodents. Obesity. 2017;25(1):141-146. doi:
10.1002/0by.21703.

Mavanji V, Teske JA, Billington CJ, Kotz CM. Partial sleep
deprivation by environmental noise increases food intake and



Salih et al

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

body weight in  obesity-resistant rats.
2013;21(7):1396—-1405. doi: 10.1002/0by.20182.
Rabat A, Bouyer JJ, Aran JM, Le Moal M, Mayo W. Chronic
exposure to an environmental noise permanently disturbs
sleep in rats: Inter-individual vulnerability. Brain Res.
2005;1059(1):72—82. doi: 10.1016/j.brainres.2005.08.015.
Fernstrom JD. Role of precursor availability in control of
monoamine  biosynthesis in  brain.  Physiol  Rev.
1983;63(2):484-546. doi: 10.1152/physrev.1983.63.2.484.
Menon JML, Nolten C, Achterberg EJM, Joosten RNIMA,
Dematteis M, Feenstra MGP, et al. Brain microdialysate
monoamines in relation to circadian rhythms, sleep, and sleep
deprivation — a systematic review, network meta-analysis, and
new primary data. J Circad Rhyth. 2019;17(1):1. doi:
10.5334/jcr.174.

Duman RS, Aghajanian GK. Synaptic dysfunction in
depression: ~ Potential  therapeutic  targets.  Science.
2012;338(6103):68-72. doi: 10.1126/science.1222939.
Tsujino N, Sakurai T. Role of orexin in modulating arousal,
feeding, and motivation. Front Behav Neurosci. 2013;7. doi:
10.3389/fnbeh.2013.00028.

Bornstein SR, Chrousos GP. Adrenocorticotropin (ACTH)-
and non-ACTH-mediated regulation of the adrenal cortex:
Neural and immune inputs. J Clin Endocrinol Metab.
1999;84(5):1729-1736. doi: 10.1210/jcem.84.5.5631.
Castrén E, Rantamaki T. The role of BDNF and its receptors
in depression and antidepressant drug action: Reactivation of
developmental plasticity. Develop Neurobiol.
2010;70(5):289-297. doi: 10.1002/dneu.20758.

Kaufman J, DeLorenzo C, Choudhury S, Parsey RV. The 5-
HTIA receptor in major depressive disorder. FEur
Neuropsychopharmacol. 2016;26(3):397-410. doi:
10.1016/j.euroneuro.2015.12.039.

Tremblay ME, Stevens B, Sierra A, Wake H, Bessis A,
Nimmerjahn A. The role of microglia in the healthy brain. J
Neurosci. 2011;31(45):16064—16069. doi:
10.1523/JNEUROSCI1.4158-11.2011.

Elmenhorst D, Mertens K, Kroll T, Oskamp A, Ermert J,
Elmenhorst E, et al. Circadian variation of metabotropic
glutamate receptor 5 availability in the rat brain. J Sleep Res.
2016;25(6):754-761. doi: 10.1111/jsr.12432.

Lee SE, Lee Y, Lee GH. The regulation of glutamic acid
decarboxylases in GABA neurotransmission in the brain.
Arch  Pharm  Res.  2019;42(12):1031-1039.  doi:
10.1007/s12272-019-01196-z.

Del Cid-Pellitero E, Plavski A, Mainville L, Jones BE.
Homeostatic changes in GABA and glutamate receptors on
excitatory cortical neurons during sleep deprivation and
recovery.  Front  Syst  Neurosci. 2017;11.  doi:
10.3389/fnsys.2017.00017.

Obesity.

36

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Sleep-deprivation and neurotransmitters in rats

Weigend S, Holst SC, Treyer V, O’Gorman Tuura RL, Meier
J, Ametamey SM, et al. Dynamic changes in cerebral and
peripheral markers of glutamatergic signaling across the
human sleep—wake cycle. Sleep. 2019;42(11):zsz161. doi:
10.1093/sleep/zsz161.

Minkel J, Moreta M, Muto J, Htaik O, Jones C, Basner M, et
al. Sleep deprivation potentiates HPA axis stress reactivity in
healthy adults. Health Psychol. 2014;33(11):1430-1434. doi:
10.1037/a0034219.

Lungato L, Marques MS, Pereira VG, Hix S, Gazarini ML,
Tufik S, et al. Sleep deprivation alters gene expression and
antioxidant enzyme activity in mice splenocytes. Scand J
Immunol. 2013;77(3):195-199. doi: 10.1111/sji.12029.
D’Almeida V, Hipélide DC, Lobo LL, De Oliveira AC,
Nobrega JN, Tufik S. Melatonin treatment does not prevent
decreases in brain glutathione levels induced by sleep
deprivation. Eur J Pharmacol. 2000;390(3):299-302. doi:
10.1016/s0014-2999(99)00924-3.

Zhang L, Zhang HQ, Liang XY, Zhang HF, Zhang T, Liu FE.
Melatonin ameliorates cognitive impairment induced by sleep
deprivation in rats: Role of oxidative stress, BDNF and
CaMKIIl. Behav Brain Res. 2013;256:72-81. doi:
10.1016/1.bbr.2013.07.051.

Zhang K, Li YJ, Feng D, Zhang P, Wang YT, Li X, et al.
Imbalance between TNFa and progranulin contributes to
memory impairment and anxiety in sleep-deprived mice. Sci
Rep. 2017;7(1):43594. doi: 10.1038/srep43594.

Moore KW, De Waal Malefyt R, Coffman RL, O’Garra A.
Interleukin-10 and the interleukin-10 receptor. Annu Rev
Immunol. 2001;19(1):683-765. doi:
10.1146/annurev.immunol.19.1.683.

Alotiby A. Immunology of stress: A review article. J Clin
Med. 2024;13(21):6394. doi: 10.3390/jcm13216394.
Vgontzas AN, Papanicolaou DA, Bixler EO, Lotsikas A,
Zachman K, Kales A, et al. Circadian interleukin-6 secretion
and quantity and depth of sleep. J Clin Endocrinol Metab.
1999;84(8):2603-2607. doi: 10.1210/jcem.84.8.5894.

Irwin MR, Opp MR. Sleep health: Reciprocal regulation of
sleep and innate immunity. Neuropsychopharmacol.
2017;42(1):129-155. doi: 10.1038/npp.2016.148.
Moller-Levet CS, Archer SN, Bucca G, Laing EE, Slak A,
Kabiljo R, et al. Effects of insufficient sleep on circadian
rhythmicity and expression amplitude of the human blood
transcriptome. Proc Natl Acad Sci USA. 2013;110(12). doi:
10.1073/pnas.1217154110.

Mahalakshmi AM, Ray B, Tuladhar S, Bhat A, Bishir M,
Bolla SR, et al. Sleep, brain vascular health and ageing.
GeroScience. 2020;42(5):1257—-1283. doi: 10.1007/s11357-
020-00235-8.



