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Introduction: Sleep deprivation often leads to marked neurobehavioral and cognitive deficits, yet few well-defined interventions 
exist to address these effects. Dexmedetomidine (DEX), a highly selective α2-adrenoceptor agonist, possesses sedative, hypnotic, 
analgesic, and sympathetic-blocking properties, closely mimic natural sleep state. In this study, we aim to investigate whether DEX 
protects hippocampal tissue against rapid eye movement sleep deprivation (RSD)-induced injury in rats and to explore the underlying 
molecular mechanisms.
Methods: In this study, a rapid eye movement sleep deprivation (RSD) rat model was created using a modified multi-platform method. The 
influence of dexmedetomidine (DEX) on hippocampal tissue morphology, the BDNF/TrkB signaling pathway, and cognitive function was 
then evaluated. Group comparisons were analyzed using one-way ANOVA followed by appropriate post hoc tests.
Results: In comparison with the control group, DEX significantly alleviated the impaired spatial learning and memory as reflected 
escape latency and increased the time spent in the garget quadrant. ANA-12 reversed these improvements, indicating DEX’s cognitive 
benefits. HE staining showed that DEX protected neurons from RSD-induced injury by preserving structural integrity and TUNEL 
assay demonstrated reduced neuron apoptosis in the DEX group. Co-treatment with ANA-12 abolished these protective effects, 
resulting in neuronal damage and apoptosis levels similar to those observed in RSD rats. Moreover, compared with the level of TNA 
alpha in RSD rats, IL 6, IL 1beta and MDA levels were lower in the hippocampus of DEX group, while SOD activity was enhanced. 
Western blot analysis revealed that DEX increased hippocampal BDNF (0.586 ± 0.036 vs 0.315 ± 0.034, ~1.86-fold, P < 0.01), TrkB 
(0.774 ± 0.039 vs 0.518 ± 0.033, ~1.49-fold, P < 0.01) and pro-TrkB expression. However, co-administration of ANA-12 abolished 
these effects, returning expression levels close to those in the RSD group, implying that DEX’s neuroprotection is mediated via the 
BDNF/TrkB pathway.
Conclusion: These findings indicate that DEX exerts neuroprotective effects in RSD by activating the BDNF/TrkB pathway, offering 
valuable evidence for DEX-based therapeutic approaches to sleep deprivation-related brain injury.
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Introduction
Sleep deprivation constitutes a prevalent health concern in modern society. Epidemiological studies estimate that 
approximately 35–40% of adults experience insufficient sleep, and nearly 20% suffer from significant sleep-related 
cognitive impairments.1 Among various forms of sleep loss, rapid eye movement sleep deprivation (RSD) particularly 
affects learning and memory, leading to hippocampal dysfunction and cognitive decline. RSD has been shown to impair 
synaptic plasticity, increase neuroinflammation, and downregulate brain-derived neurotrophic factor (BDNF) and TrkB 
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expression, thereby contributing to hippocampal dysfunction and cognitive decline.2 The hippocampus, a critical region 
for learning and memory, is highly susceptible to the adverse effects of insufficient sleep.3

Dexmedetomidine (DEX), a selective α2-adrenergic agonist, exhibits sedative, analgesic, and neuroprotective 
properties.4 Emerging evidence indicates that DEX exerts hippocampal neuroprotection through multiple mechanisms. 
For example, DEX attenuates perioperative neurocognitive disorders by suppressing hippocampal neuroinflammation via 
the HMGB1/RAGE/NF-κB pathway, and reduces hypoxia-induced synaptic loss by inhibiting microglial NOX2 activa
tion and oxidative stress.5,6 In addition, DEX alleviates LPS-induced cognitive dysfunction by modulating Nrf2 
signaling, thereby reducing proinflammatory cytokines, enhancing antioxidant capacity, and promoting synaptic 
integrity.7 Notably, recent findings suggest that DEX may confer neuroprotection by modulating neurotrophic factor 
signaling pathways.8 Among various neuroprotective mechanisms, the brain-derived neurotrophic factor (BDNF) and it 
receptor tropomyosin receptor kinase B (TrkB) are particularly critical for neuronal survival, synaptic plasticity, and 
cognitive performance.9,10 The transcription factor cAMP response element-binding protein (CREB) serves as a key 
downstream effector of BDNF/TrkB signaling. Activation of TrkB stimulates CREB phosphorylation, which subse
quently enhances BDNF transcription, forming a positive feedback loop essential for maintaining synaptic plasticity, 
learning, and memory.11 Activation of the BDNF/TrkB signaling cascade has been widely recognized as a promising 
neuroprotective mechanism.12,13 Recent studies further suggest that DEX can promote hippocampal neurogenesis and 
improve cognitive outcomes by activating the BDNF/TrkB/CREB pathway and mitigate hippocampal neuronal damage 
in epilepsy by downregulating MeCP2 to restore BDNF/TrkB activity.3,14 However, despite extensive evidence support
ing DEX-mediated neuroprotection, whether DEX mitigates RSD-induced hippocampal damage and cognitive deficits 
via modulation of the BDNF/TrkB pathway remains unknown.

Therefore, the present study investigated the protective effects of DEX on RSD-induced hippocampal injury in rats 
and evaluated its potential involvement in the BDNF/TrkB pathway, aiming to provide a theoretical foundation for 
developing novel neuroprotective strategies.

Materials and Methods
Experimental Animals
A total of eighty healthy Specific Pathogen Free (SPF)-grade male Sprague-Dawley rats (Hangzhou Medical College 
Laboratory Animal Center) of body weights180-200 g were selected for this experiment [Licence NO. SCXK (Zhe) 
2019–0002]. The number of animals per group was determined based on previous studies and to ensure sufficient 
statistical power for detecting intergroup differences. Additionally, considering that several investigators were involved 
in parallel experiments, a larger sample size was adopted to ensure data reliability. Rats were fed and watered ad libitum 
in polypropylene cages (4 rats/cage), with a 12h light-dark cycle, temperature of 22°C–25°C, and relative humidity of 
45%–55%. All mice were allowed to acclimatize to the laboratory environment for 14 days before the start of the 
experiment under standard housing conditions. All behavioral experiments were conducted at a fixed time using a blinded 
method. All procedures were performed in accordance with the regulations of the China Animal Care Committee and 
approved by the Animal Ethics Committee of Fujian Medical University (IACUCFJMU 2023-Y-0768). The study was 
designed, conducted, and reported in compliance with the ARRIVE guidelines.

Grouping
Eighty SPF-grade healthy male SD rats were randomly assigned, using a numeric table method, into five groups: control, 
RSD, RSD+DEX (RSD treated with dexmedetomidine), DEX, and RSD+DEX+ANA-12 (an inhibitor of the BDNF 
receptor TrkB), with 16 rats in each group.

Modified Multi-Platform Method to Establish RSD Rat Models
The RSD, RSD+DEX, and RSD+DEX+ANA-12 groups underwent the modified multi-platform method (MMPM).15 

Following established protocols, the rats were placed in 12 specialized RSD cages with free access to water and food.3 

During REM sleep, low muscle tone causes the rats to fall into the water, prompting them to climb back onto the 
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platform and remain awake. This procedure effectively deprived them of REM sleep for 96 hours. In contrast, the DEX 
and control groups were acclimated according to the large-platform water environment method,3 allowing the animals to 
feed, drink, move, and sleep at will on a larger platform. All rats were acclimated in a water tank for 2 hours per day over 
seven days, and the tank was cleaned and refilled daily.

DEX Intervention
In the RSD+DEX, DEX, and RSD+DEX+ANA-12 groups, rats received daily intraperitoneal injections of dexmedeto
midine hydrochloride (25 μg/kg; H20090248, Jiangsu Hengrui, China) beginning 7 days before REM sleep deprivation 
and continuing until the conclusion of the Morris Water Maze experiment (Figure 1A).16 In contrast, the RSD and control 
groups were administered comparable volumes of saline using the same schedule.

Morris Water Maze Localization Navigation Experiment and Exploration Training
In the Morris Water Maze (LY-WMS, Xinruan Technology, China) localization and navigation task, each rat underwent 
four daily training sessions (twice in the morning and twice in the afternoon), with each session lasting 60 seconds. 
Animals were introduced into the pool from four distinct entry points, facing the pool wall, and allowed to remain on the 
platform for 10 seconds once located. The time elapsed from entry until the platform was discovered was recorded as the 
escape latency, reflecting spatial learning ability. At the end of sleep deprivation, the platform was removed, and a spatial 
search trial was conducted by placing the rats in the diagonal quadrant of the original platform quadrant. The cumulative 
percentage of time spent in the former platform quadrant and the number of platform crossings were documented, 
thereby assessing spatial memory.

Figure 1 DEX improved the spatial learning ability of rats impaired by RSD, while ANA-12 inhibited the protective effect of dexmedetomidine. (A) Timeline for sleep 
deprivation, drug administration, behavioral testing, rat euthanasia, and tissue and blood collection. (B–E) Behavioral experiments included escape latency, exploration 
trajectory, number of crossing platform, and percentage time in target quadrant to assess the spatial learning memory of RSD rats. Results were expressed as mean ± 
standard deviation (n = 8). ##p<0.01 for the control group; **p <0.01 for the RSD group; ΔΔp<0.01 for the RSD+DEX group.
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Hematoxylin-Eosin Staining
Following the Morris Water Maze spatial exploration test, eight rats per group were selected using a random number 
table and subsequently anesthetized with 2% sodium pentobarbital (0.3 mL/100 g). The heart was exposed via 
thoracotomy, and 500 mL of sterile saline was quickly infused through the left ventricle. This was immediately followed 
by perfusion with 250 mL of ice-cold (4°C) 4% paraformaldehyde. Afterward, the rats were decapitated, and hippo
campal tissue was harvested. Samples underwent a ethanol series, cleared in xylene, embedded in paraffin. Coronal 
sections of the hippocampus (5 μm thick) were cut and stained with hematoxylin (KGE1204-50, Jiangsu KGI, China) for 
40 seconds, washed in running water, then stained with eosin for 1 minute. After ethanol dehydration and xylene 
washing, hematoxylin-eosin (HE)-stained sections were examined under a microscope (ECLIPSE E100, Nikon). The 
20 μm and 50 μm scale bars were automatically generated by the microscope’s built-in calibration software based on the 
objective magnification.

TUNEL Apoptosis Assay
Coronal sections of the hippocampus were prepared and subjected to TUNEL and DAB staining according to the 
instructions of the TUNEL assay kit (KGA1400-100, Jiangsu KGI, China). After staining, neuronal cells in six randomly 
selected microscopic fields were photographed. The total number of neurons and the number of TUNEL-positive 
(apoptotic) neurons were quantified using ImageJ software. The apoptosis rate was then calculated as: Apoptosis rate 
(%) = (Number of apoptotic neurons / Total number of neurons) × 100%.

Enzyme Linked Immunosorbent Assay
Supernatants from fresh hippocampal tissues were collected and analyzed according to each ELISA kit’s protocol. 
Optical density (OD) was measured at 450 nm on a SpectraMax 190 microplate reader (Molecular Devices, USA). 
A polynomial quadratic regression equation was established based on the standard curve, and OD values were plugged 
back into this equation to determine tumor necrosis factor α (TNF-α), interleukin 6 (IL-6), interleukin 1β (IL-1β), 
malondialdehyde (MDA), and superoxide dismutase (SOD) activity levels. Kits for TNF-α, IL-6, and SOD were 
purchased from China Wuhan Cloud-Clone Corporation, whereas IL-1β and MDA kits were sourced from abcam 
(ab255730) and Jiangsu KGI (KGA7101-50), respectively.

Western Blot Assay
Eight additional rats in each group were anesthetized as before, and their hippocampi were carefully dissected to avoid 
contamination from adjacent brain regions. Each fresh hippocampus was immediately weighed using a precision balance 
(±0.1 mg), and then homogenized in a pre-chilled glass homogenizer on ice. For protein extraction, RIPA lysis buffer (Thermo 
Scientific, #89900, USA) supplemented with protease and phosphatase inhibitors was added proportionally to tissue weight, 
following the manufacturer’s recommendations. The homogenates were centrifuged at 5400 r/min for 10 minutes at 4 °C. The 
supernatant was collected, and protein concentration was measured with a BCA kit (P0010S, Beyotime, China). After adding 
5× protein loading buffer (Laemmli buffer), samples were denatured in boiling water at 100°C for 10 minutes. SDS-PAGE was 
carried out using 10% resolving gels and a 5% stacking gel (P0012A, Beyotime, China). Samples were loaded, electrophor
esed (DYCZ-26B, Beijing Liuyi Biotechnology, China), and then transferred onto PVDF membranes (IPVH00010, 
ISEQ00010, Millipore). Membranes were blocked with 5% skim milk for 1 hour, followed by overnight incubation at 4°C 
with primary antibodies against BDNF (1:1,500; GB11559, Servicebio), CREB (1:1,500; A11989, ABclonal), and TrkB 
(1:1,000; A2099, ABclonal). For TrkB detection, a rabbit polyclonal antibody against TrkB (ABclonal, Cat. No. A2099) was 
used. According to the manufacturer’s datasheet and our experimental results, the antibody primarily recognizes the full- 
length TrkB isoform (~140 kDa). After three 10-minute washes with TBST, membranes were incubated for 1 hour at room 
temperature with PBS-diluted secondary antibody (Goat Anti-Rabbit Antibody Conjugated to Horseradish Peroxidase, 
1:1000, Bio-rad, Cat. No. 1662408EDU), then washed with TBST three times for 10 minutes each wash. Protein bands 
were visualized by enhanced chemiluminescence (ECL), using a GelDoc XR+ imaging system (Bio-Rad, USA) for image 
acquisition, and the band gray values were quantified with ImageJ software (NIH, USA).
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Statistical Analysis
Statistical analyses were performed using SPSS (version 25.0). First, normality was assessed using the Shapiro–Wilk test, 
and variance homogeneity was evaluated using Levene’s test. Continuous variables with normal distributions and equal 
variances were expressed as mean ± standard deviation (SD) and analyzed by one-way analysis of variance (ANOVA), 
followed by the Least Significant Difference (LSD) post hoc test for multiple pairwise comparisons. When the 
assumption of homogeneity of variances was violated, Dunnett’s T3 test was employed instead. For non-normally 
distributed data, the Kruskal–Wallis test followed by Dunn’s post hoc test was applied. Effect sizes (η²) were calculated 
to evaluate the magnitude of differences where appropriate. Statistical significance was set at P < 0.05.

Results
DEX Alleviates Impairment of Spatial Learning Memory Capacity in REM 
Sleep-Deprived Rats and ANA-12 Inhibits the Protective Effect of DEX
In the Morris Water Maze localization navigation test, REM sleep-deprived (RSD) rats showed notably prolonged escape 
latencies compared to the control group, signifying impaired spatial learning (P<0.01) (Table 1). However, dexmedeto
midine (DEX) administration in RSD rats shortened escape latencies, reflecting a protective effect against RSD-induced 
deficits (P<0.01). When ANA-12 (a TrkB inhibitor) was added, the DEX-mediated improvement disappeared, and escape 
latencies again increased (P<0.01). There was no difference between the DEX-alone group and control group (P>0.05). 
Additionally, there was no significant difference between the RSD group and RSD+DEX+ANA-12 group (P>0.05), 
suggesting that DEX’s benefits were dependent on TrkB signaling (Figure 1B).

In the Morris Water Maze, RSD rats displayed fewer platform crossings and spent less time in the target quadrant 
compared to controls (P<0.01) (Table 2). DEX treatment significantly reversed these deficits (P<0.01). However, co- 
administration of ANA-12, a TrkB inhibitor, nullified DEX’ s protective effects (P<0.01). No significant differences were 
observed between the RSD group and RSD+DEX+ANA-12 group, or between the DEX group and control group 
(P>0.05), indicating that the DEX benefit depends on TrkB signaling (Figure 1C–E).

Table 1 Escape Latency Summary

Group 0h (Mean ± SD) 24h (Mean ± SD) 48h (Mean ± SD) 72h (Mean ± SD)

Control 52.081 ± 4.154 45.99 ± 4.581 30.452 ± 4.198 17.998 ± 2.378

DEX 52.006 ± 5.712 49.139 ± 5.062 33.91 ± 2.486 18.716 ± 2.301

RSD 55.698 ± 3.232 47.309 ± 6.946 46.909 ± 7.215 52.582 ± 3.789
RSD+DEX 53.9 ± 3.958 44.812 ± 4.314 35.831 ± 4.299 30.375 ± 2.493

RSD+DEX+ANA-12 53.266 ± 3.979 44.109 ± 6.34 44.995 ± 7.815 51.552 ± 5.127

Abbreviations: RSD, REM sleep deprivation; DEX, Dexmedetomidine.

Table 2 Target Quadrant Percentage 
(%) Summary

Group Mean ± SD

Control 36.919 ± 2.294

RSD 17.268 ± 2.863
RSD+DEX 25.080 ± 2.754

DEX 35.006 ± 3.336

RSD+DEX+ANA-12 14.872 ± 4.635

Abbreviations: RSD, REM sleep deprivation; 
DEX, Dexmedetomidine.
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DEX Alleviates Cell Damage in CA1 Area of Hippocampal Tissue in RSD Rats and 
ANA-12 Inhibits the Protective Effect of DEX
HE staining (Figure 2) revealed that RSD caused substantial neuronal damage in the CA1 region, as shown by 
disorganized pyramidal cell arrangement, nuclear condensation, and widened cellular gaps compared with controls. 
DEX treatment in RSD rats markedly improved neuronal morphology, indicating reduced tissue damage. However, 
adding ANA-12 largely reversed DEX’s protective effect, once again displaying pronounced CA1 neuronal damage, 
comparable to that seen in the RSD group.

DEX Alleviates the Rate of Apoptosis in Hippocampal RSD Rats and ANA-12 Inhibits 
the Protective Effect of DEX
TUNEL staining (Figure 3) showed a marked increase in TUNEL-positive nuclei in the CA1 pyramidal neurons of the 
RSD group compared with controls (P<0.01), indicating higher levels of apoptosis (Table 3). These apoptotic cells 
displayed shrunken bodies and condensed or peripherally located nuclei. In contrast, the RSD+DEX group exhibited 
a significant reduction in TUNEL-positive cells compared with the RSD group (P<0.01), suggesting a protective effect of 
DEX. However, co-administration of ANA-12 reversed this protection, with TUNEL-positive cells in the RSD+DEX 
+ANA-12 group increasing to levels comparable to the RSD group (P>0.05).

DEX Increases SOD Activity and Decreases Expression of TNF-α, IL-6, IL-1β, and 
MDA Content in Hippocampal Tissues of RSD Rats, While ANA-12 Inhibits the Effects 
of DEX
ELISA (Figure 4) revealed that, compared to controls, RSD significantly decreased hippocampal SOD activity (P<0.01), while 
levels of TNF-α, IL-6, IL-1β, and MDA were significantly elevated (P<0.01) (Table 4). In the RSD+DEX group, SOD activity 
was restored (P<0.01) and TNF-α, IL-6, IL-1β, and MDA levels were all markedly reduced (P<0.01), indicating that DEX 
mitigates oxidative stress and inflammation induced by RSD. Compared to RSD+DEX, the RSD+DEX+ANA-12 group showed 
significantly lower hippocampal SOD activity and significantly higher TNF-α, IL-6, IL-1β, and MDA levels (P<0.01). 
Meanwhile, there were no significant differences in these parameters between the RSD and RSD+DEX+ANA-12 groups 
(P>0.05), suggesting that ANA-12 negates the protective effect of DEX.

Figure 2 The effect of DEX on the histopathological changes in rat hippocampal neurons induced by RSD. HE-stained cells in the CA1 region of the hippocampus, scale bars: 
50 μm and 20 μm. Blue arrows indicate the number and arrangement of neuronal cells in the CA1 region of the hippocampus. Results are expressed as mean ± standard 
deviation (n = 3).
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DEX Increases BDNF, TrkB, and CREB Protein Expression in Hippocampal Tissues of 
RSD Rats While ANA-12 Inhibits Its Effects
Western blot analysis (Figure 5) revealed that RSD significantly downregulated the protein expression of BDNF, TrkB, 
and CREB in the hippocampus compared to control rats (P<0.01) (Table 5). Dexmedetomidine (DEX) treatment 
countered this reduction and significantly increased these protein levels (P<0.01), suggesting activation of the BDNF/ 
TrkB pathway. However, co-administration of the TrkB inhibitor ANA-12 suppressed these increases (P<0.01), indicat
ing that DEX’s neuroprotective effect relies on TrkB signaling.

Figure 3 The protective effect of DEX on RSD-induced hippocampal neurons in rats. (A) Representative images of TUNEL staining in the hippocampal CA1 region of each 
group. Black arrows indicate TUNEL-positive apoptotic cells, characterized by shrunken cell bodies and condensed or peripherally located nuclei, scale bars: 50 μm and 
20 μm; (B) Proportion of TUNEL-positive apoptotic cells in the CA1 region of the hippocampus. Results are expressed as mean ± standard deviation (n = 3). ##p<0.01 for 
the control group; **p <0.01 for the RSD group; ΔΔp<0.01 for the RSD+DEX group.

Table 3 Apoptotic Proportion

Group Apoptotic Cells (%) (Mean ± SD)

Control 4.621 ± 0.768
RSD 34.499 ± 1.875

RSD+DEX 21.826 ± 1.561

DEX 5.131 ± 1.647
RSD+DEX+ANA-12 36.723 ± 0.552

Abbreviations: RSD, REM sleep deprivation; DEX, dexmedetomidine.
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Discussion
Sleep is divided into REM sleep and non-REM (NREM) sleep, alternating between the two types, where REM sleep 
plays a crucial role in learning memory function.17,18 The modified multiplatform aquatic environment method of sleep 
deprivation involves rats falling into water due to a decrease in generalized muscle tone when the rat enters the REM 
sleep stage.19 In this study, the spatial learning memory ability of RSD rats was impaired. HE staining showed 
disorganized cell arrangement, nuclear consolidation, and widening of cell gaps, and the rate of TUNEL-positive cells 
was increased, indicating that the rat RSD model established in this experiment was successful.

Figure 4 The protective effect of DEX on RSD-induced hippocampal neurons in rats. (A–D) ELISA detection of TNF-α (A), IL-6 (B), IL-1β (C), MDA (D) expression levels, 
and SOD (E) activity in hippocampal tissue. Results are expressed as mean ± standard deviation (n = 3). ##p<0.01 for the control group; **p <0.01 for the RSD group; 
ΔΔp<0.01 for the RSD+DEX group.

Table 4 Levels of Inflammatory Cytokines and Oxidative Stress Markers Measured by ELISA

Group TNF_Alpha (pg/mg) 
(Mean ± SD)

IL6 (pg/mg) 
(Mean ± SD)

IL1beta (pg/mg) 
(Mean ± SD)

MDA (pg/mg) 
(Mean ± SD)

SOD (U/mg prot) 
(Mean ± SD)

Control 128.638 ± 6.447 5.063 ± 0.536 57.541 ± 4.022 71.230 ± 10.090 17.962 ± 2.161

RSD 236.950 ± 16.536 15.896 ± 2.224 101.498 ± 5.622 251.178 ± 29.529 6.709 ± 1.034

RSD+DEX 180.461 ± 5.567 10.377 ± 1.286 79.035 ± 3.439 137.623 ± 24.845 12.104 ± 0.302
DEX 107.203 ± 3.224 3.968 ± 0.625 52.165 ± 4.733 76.988 ± 9.632 17.865 ± 2.259

RSD+DEX 

+ANA-12

223.207 ± 15.457 17.724 ± 1.103 95.692 ± 5.131 242.444 ± 33.622 6.310 ± 1.401

Abbreviations: RSD, REM sleep deprivation; DEX, Dexmedetomidine; TNF-α, Tumor necrosis factor-alpha; IL-6, Interleukin-6; IL-1β, Interleukin-1 beta; MDA, 
Malondialdehyde; SOD, Superoxide dismutase.
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We specifically focused on the hippocampal CA1 region because this subfield is well recognized to be highly 
vulnerable to stress-related injury, including REM sleep deprivation. CA1 pyramidal neurons have higher metabolic 
demand, denser glutamatergic synaptic input, and greater NMDA receptor expression compared with CA3 or the dentate 
gyrus, making them more susceptible to excitotoxic and oxidative stress-induced damage. In contrast, CA3 neurons and 
the dentate gyrus are relatively resistant due to stronger inhibitory GABAergic networks and greater neurogenic capacity, 
resulting in less pronounced neuronal loss in these regions under similar conditions.20

DEX promotes NREM sleep and induces restorative sleep, boosts sleep efficiency, and benefits overall sleep 
patterns.21,22 It also helps mitigate depression-like behaviors resulting from sleep deprivation.23 In the present study, 
DEX intervention in RSD rats improved learning and memory function and reduced hippocampal cell damage and 
apoptosis. However, administering ANA-12, a selective TrkB inhibitor, negated these benefits, indicating that DEX’s 
protective effects in RSD likely depend on BDNF/TrkB signaling. α2-adrenergic agonists such as dexmedetomidine 
(DEX) have been widely reported to exert neuroprotective effects through multiple mechanisms. By activating 
presynaptic α2-adrenoceptors, DEX inhibits norepinephrine release and suppresses excessive sympathetic outflow, 

Figure 5 The effect of DEX on the BDNF/TrkB/CREB signaling pathway in the hippocampus of RSD-induced rats. (A) Western blot analysis of BDNF, TrkB, and CREB 
expression in the hippocampus; (B–D) Semi-quantitative analysis of BDNF, TrkB and CREB protein expression. Data are expressed as mean ± standard deviation (n = 3). 
Compared to the control group, ##p <0.01; compared to the RSD group, **p <0.01; compared to the RSD+DEX group, ΔΔp <0.01.

Table 5 Quantification of BDNF, TrkB, and CREB Protein Expression Normalized to β-Actin (Mean ± SD)

Protein (β-Actin Normalized) Control RSD RSD + DEX DEX RSD + DEX + ANA-12

BDNF 0.682 ± 0.059 0.315 ± 0.034 0.586 ± 0.036 0.658 ± 0.052 0.250 ± 0.028

TrkB 0.680 ± 0.039 0.518 ± 0.033 0.774 ± 0.039 0.590 ± 0.041 0.375 ± 0.026

CREB 0.697 ± 0.034 0.423 ± 0.037 0.648 ± 0.028 0.762 ± 0.038 0.490 ± 0.024

Abbreviations: DEX, Dexmedetomidine; RSD, REM sleep deprivation; BDNF, Brain-derived neurotrophic factor; TrkB, Tropomyosin receptor kinase B; 
CREB, cAMP response element-binding protein.
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thereby reducing excitotoxicity and energy demand in vulnerable neuronal populations.24 DEX also decreases 
neuroinflammation by inhibiting microglial activation and lowering the production of proinflammatory cytokines 
such as TNF-α, IL-6, and IL-1β.25 Furthermore, DEX has been shown to attenuate oxidative stress by enhancing 
antioxidant enzyme activity and reducing lipid peroxidation.26 Consistent with these reports, our results demonstrated 
that DEX reduced hippocampal neuronal apoptosis, suppressed inflammatory cytokine expression, and restored 
antioxidant enzyme levels in REM sleep-deprived rats. Similar neuroprotective effects of DEX have been observed 
in ischemic brain injury, traumatic brain injury, and hypoxia-induced cognitive dysfunction, supporting the transla
tional relevance of our findings.27–29

Following brain injury, BDNF dampens the inflammatory response and fosters an environment conducive to neural 
regeneration, predominantly through its modulation of immune cell activity and inflammatory factor release.30–32 

However, an elevated release of inflammatory factors that are neurotoxic can coincide with downregulation of 
BDNF.33 In this study, RSD rats displayed a pronounced neuroinflammatory response, evidenced by increased levels 
of IL-6, IL-1α, and TNF-α. DEX reduced these inflammatory markers in the hippocampus of RSD rats, whereas co- 
administration of ANA-12 blocked DEX’s anti-inflammatory effect, indicating that BDNF/TrkB signaling plays a pivotal 
role in limiting neuroinflammation under RSD conditions. Previous studies indicate that oxidative stress-induced 
neuronal injury is primarily related to apoptotic pathway activation.34 The BDNF/TrkB pathway provides a protective 
effect by elevating SOD activity and lowering MDA levels, thus mitigating neuronal damage and apoptosis.35 DEX, an 
esterophilic compound capable of penetrating the blood-brain barrier, safeguards neuronal cells from inflammation, 
oxidative stress, apoptosis, and diverse neurodegenerative processes.36–39 Aligned with these findings, the current study 
demonstrates that DEX diminishes hippocampal neuron apoptosis in RSD rats by reducing MDA levels and boosting 
SOD activity. Notably, DEX is considered safe under normal conditions, with minimal potential to induce apoptosis.40 

Thus, in RSD rats, DEX confers protection against oxidative stress and apoptosis, potentially ameliorating sleep 
deprivation-induced cognitive impairment. However, the explicit mechanism through which DEX confers this neuro
protection remains elusive. Moreover, the inhibitory effect of ANA-12 on DEX-mediated protection underscores the 
importance of the BDNF/TrkB pathway in mitigating oxidative stress and neuronal apoptosis associated with RSD.RSD 
can inhibit the BDNF/TrkB pathway, leading to hippocampal neuronal damage and cognitive dysfunction.41 As an 
α2-adrenergic receptor agonist, DEX may protect against such damage by modulating neurotransmitter release, enhan
cing BDNF expression, and activating TrkB (Saral S. et al, 2024). BDNF itself is vital for neural development and 
plasticity, promoting neuronal survival, growth, and differentiation through TrkB dimerization and downstream CREB 
activation.42,43 CREB plays an essential role in neuronal development, long-term memory formation, and survival.44 In 
this study, sleep-deprived rats treated with dexmedetomidine (DEX) showed elevated BDNF, TrkB, and CREB protein 
levels, suggesting that DEX can mitigate RSD-induced hippocampal damage and cognitive deficits. Conversely, blocking 
TrkB with ANA-12 reduced these protein levels and inhibited DEX’s neuroprotective effect, indicating that DEX’s 
mechanism largely depends on activating the BDNF/TrkB/CREB pathway.

Several limitations of this study should be acknowledged. First, we used a rat model of REM sleep deprivation 
(RSD), which may not fully recapitulate the complex mechanisms of sleep disturbances and cognitive impairment in 
humans. Second, although ANA-12 was used to block TrkB activation, we cannot completely rule out the involvement of 
other signaling pathways downstream of BDNF or independent neuroprotective mechanisms of dexmedetomidine. Third, 
our study primarily focused on hippocampal outcomes, while other brain regions involved in cognition, such as the 
prefrontal cortex and amygdala, were not examined and may contribute to the observed effects. Additionally, while our 
results strongly suggest that the BDNF/TrkB pathway mediates dexmedetomidine’s protective effects, it is possible that 
alternative mechanisms—such as modulation of GABAergic activity, direct antioxidant properties, or systemic anti- 
inflammatory effects—also play a role. Future studies employing genetic knockdown models, pathway-specific inhibi
tors, or multi-regional brain analyses are warranted to confirm causality and extend the translational relevance of these 
findings. In this study, a modified multi-platform method was used to create the RSD model, and the findings 
demonstrated both behaviorally and histologically that DEX protected RSD rats from spatial learning and memory 
deficits, as well as from neuronal damage and apoptosis in the hippocampal CA1 region.
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Conclusion
In summary, our study demonstrates that dexmedetomidine (DEX) effectively mitigates hippocampal neuronal damage and 
cognitive impairment in REM sleep-deprived (RSD) rats. Mechanistically, DEX upregulated BDNF expression, enhanced 
TrkB activation, and subsequently reduced neuronal apoptosis and neuroinflammation, suggesting that its neuroprotective 
effects are mediated, at least in part, through the BDNF/TrkB signaling pathway. These findings not only provide 
mechanistic insights into the protective role of DEX against sleep deprivation-induced hippocampal dysfunction but also 
support its potential as a therapeutic strategy for preventing or treating sleep deprivation-related neurological disorders.

Abbreviations
DEX, Dexmedetomidine; RSD, Rapid eye movement sleep deprivation; BDNF, Brain-derived neurotrophic factor; SPF, 
Specific Pathogen Free; OD, Optical density; TNFα, Tumor necrosis factor α; MDA, Malondialdehyde; IL-1β, Interleukin 1β; 
SOD, Superoxide dismutase; ECL, Enhanced chemiluminescence; MMPM, Modified multi-platform method.
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