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Abstract

:

Early-life sleep deprivation (ESD) is a serious condition with severe cognitive sequelae. Considering hippocampus plays an essential role in cognitive regulation, the present study aims to determine whether melatonin, a neuroendocrine beard with significant anti-oxidative activity, would greatly depress the hippocampal oxidative stress, improves the molecular machinery, and consequently exerts the neuro-protective effects following ESD. Male weanling Wistar rats (postnatal day 21) were subjected to ESD for three weeks. During this period, the animals were administered normal saline or melatonin (10 mg/kg) via intraperitoneal injection between 09:00 and 09:30 daily. After three cycles of ESD, the animals were kept under normal sleep/wake cycle until they reached adulthood and were sacrificed. The results indicated that ESD causes long-term effects, such as impairment of ionic distribution, interruption of the expressions of neurotransmitters and receptors, decreases in the levels of several antioxidant enzymes, and impairment of several signaling pathways, which contribute to neuronal death in hippocampal regions. Melatonin administration during ESD prevented these effects. Quantitative evaluation of cells also revealed a higher number of neurons in the melatonin-treated animals when compared with the saline-treated animals. As the hippocampus is critical to cognitive activity, preserving or even improving the hippocampal molecular machinery by melatonin during ESD not only helps us to better understand the underlying mechanisms of ESD-induced neuronal dysfunction, but also the therapeutic use of melatonin to counteract ESD-induced neuronal deficiency.
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1. Introduction


It is well-known that a good night’s sleep revitalizes the body and mind, leading to better productivity and health [1,2]. However, with the advent of industrialization and popularization of consumer electronics, adults, children, and adolescents have suffered from sleep deprivation to differing extents. According to a report by the National Sleep Foundation of the US, increasing numbers of children are not experiencing sufficient sleep and nearly one-third suffer from chronic sleep disturbances [3]. Sleep deprivation can lead to a number of molecular, immune, and neural changes (such as changes in brain plasticity, ionic distribution, and gene expression) that cause a variety of neurobiological and psychological dysfunctions including behavioral and attention problems, impaired learning and memory, increased anxiety or depression, and perhaps emotional issues or cognitive dysfunction [4,5,6].



The hippocampus plays an essential role in regulating the cognitive function in which the neuronal processing during sleep is very important for mapping the recent memories to long-term storage [7]. The hippocampus contains several subfields (such as CA1, CA3 etc.) and each of them has a unique function in memory formation and consolidation [8]. It has been indicated that both the strongly recurrent collateral system of CA3 neurons and the largely parallel-organized CA1 neurons exhibit distinct local field potential signatures that participate in the modulation of memory consolidation during sleeping period [8]. Previous studies have reported that sleep deprivation would drastically decrease dendritic spine numbers of hippocampal CA1 neurons and reduces the connectivity between hippocampus and other brain regions [9,10]. Pharmacological reports have also demonstrated that impaired expression of neurotransmitters, such as serotonin (5-HT) and dopamine (DA), in limbic circuits causes cytoarchitectural changes in the dendritic spine that lead to cognitive dysfunction [11]. Pronounced synaptic transmission and sustained increase in synaptic efficiency, a molecular phenomenon known as long-term potentiation (LTP), plays an important role in learning and memory [12,13]. By activating N-methyl-d-aspartate receptors (NMDAR), enhanced calcium influx triggers intracellular signaling cascades involving a number of protein kinases, most importantly calcium/calmodulin kinase II (CaMKII), and drives the downstream cAMP response element binding protein (CREB) pathway [13]. Phosphorylation of CREB regulates transcription of the target genes responsible for the growth of dendritic spine, facilitating the maintenance of LTP and memory [14,15]. Through reciprocal augmentation of synaptic plasticity, the molecular machinery involved in LTP is of great importance in determining the integrity of emotional and cognitive functions. In a previous study, we demonstrated that decreased calcium intensity, together with depressed NMDAR-mediated neuronal nitric oxide synthase (nNOS) activation, positively correlates with poor performance in cognitive expression following total sleep deprivation [16]. As cognitive function is strongly modulated by LTP, preserving the spatio-temporal integration of related elements involved in hippocampal plasticity may lead to better emotional control and higher cognitive activity [13].



Oxidative stress is a harmful condition resulting from imbalance in generation and elimination of reactive oxygen species (ROS). Oxidative stress has been implicated in the pathophysiology of many neurological disorders [17,18]. Previous studies have indicated that sleep deprivation leads to oxidative stress that induces oxidative damage to lipids, resulting in alterations in membrane structures and reduction in intracellular antioxidant defense systems. Behavioral studies have also demonstrated that enhanced oxidative stress in the hippocampus causes cognitive deficits [19,20]. Excessive production of ROS and oxidative stress strengthen excitatory neurotransmission and depress inhibitory neurotransmission, which may lead to impairment of LTP and synaptic plasticity [21,22].



Sleep deprivation in early life can impose detrimental effects that persist throughout life [23]. Given that oxidative stress and impaired neuroplasticity serve as the major contributors to the pathogenesis of cognitive dysfunction, an effective anti-oxidative agent will be of great help in the clinical design of a therapeutic strategy to decrease neuronal dysfunction following early-life sleep deprivation (ESD).



Melatonin, the chief secretory product of the pineal gland, is best known for its effects on seasonal reproductive physiology, circadian rhythmicity, immune function, and anti-oxidative activity [24,25,26,27,28,29]. Over the past few years, there has been ample evidence to show that melatonin possesses neuro-protective functions [30,31,32]. Previous studies have demonstrated that melatonin improves cognitive dysfunction caused by total sleep deprivation, diabetes mellitus, pesticide exposure, and irradiation injury [33,34]. Melatonin also modulates NMDAR and serotonin release, enhances synaptic plasticity, and reduces oxidative stress in hippocampal region in experimental animal model [35,36].



Although destructive effects of sleep deprivation on neuronal function have been reported, the potential changes in neurochemical expression and the molecular mechanisms underlying the pathogenesis of neurological dysfunction induced by ESD have not. Moreover, the potential effects of melatonin on rescuing or preserving neuronal function following ESD remain to be explored. Therefore, the aims of the present study are to determine the possible long-term changes in the hippocampus and to further explore whether melatonin has potential protective effects on neuronal dysfunction and neurological damage following ESD.




2. Materials and Methods


2.1. Experimental Animals


Male weanling Wistar rats (n = 30, weighing 50–80 g each) were obtained from the National Laboratory Animal Center. They were randomly divided into three groups of 10 rats each. Rats in the first group were subjected to ESD for three cycles, with each cycle consisting of 5 days of total sleep deprivation followed by a 2-day break [23]. During the experimental sleep deprivation period, rats in this group were received 0.9% normal saline with 1% ethanol solution via intraperitoneal injection (ESD group). The second group was allowed to sleep (yoked control for sleep deprivation, ESC group). During the experimental sleep deprivation period, animals in the third group (ESD-M10) received 10 mg/kg melatonin (Sigma, St. Louis, MO, USA) via intraperitoneal injection [23]. As attempts to preclude the potential interference of endogenous melatonin, and to help better understand the distinct role of melatonin at specific dosage, melatonin was daily administrated between 09:00 and 09:30, a time point when the endogenous concentration of melatonin is at the lowest level. Melatonin was first dissolved in absolute alcohol, then diluted in normal saline with a final alcohol concentration of less than 1%. After the end of the three ESD cycles, all experimental animals were kept for 3 months until they reached adulthood. During this period, the rats were exposed to a 12:12 self-adjusting light-dark cycle (light from 07:00 to 19:00) at a constant temperature of 25 ± 1 °C and given ad libitum access to food and water. In the care and handling of all experimental animals, the Guide for the Care and Use of Laboratory Animals (1985), as stated in the US National Institutes of Health (NIH) guidelines (NIH publication No. 86-23), was followed. All drug administration procedures were approved by the Committee on the Care and Use of Laboratory Animals of Chung Shan Medical University (IACUC Approval No. 9687).




2.2. Sleep Deprivation Procedure


The previously described disc-on-water (DOW) method was applied [23,33,37,38]. An apparatus was used to induce sleep deprivation in experimental rats without excessive physical exertion. The yoked control group (ESC group) allowed to sleep although confined to the same apparatus, as the apparatus was turned off for a designated period of time [39]. Briefly, the apparatus was comprised of two rectangular clear plastic chambers (60 × 20 × 60 cm each) placed side by side. Beneath the disk floor were 5 cm deep trays that contained a small amount of water. Before the experiment, a rat to be sleep-deprived and its yoked control were placed in the apparatus for at least 3 days for environmental adaptation. During this period, the chambers were fitted with a solid mat in place of water. Sleep deprivation depended on rats’ hatred of water, as rats rarely enter water spontaneously. The disc was rotated slowly at a moderate speed of 3.5 rpm by computerized monitoring system. The rats had to keep pace to avoid stepping into the water. Previous studies have shown that the validated DOW setup causes experimental rats to be effectively deprived of sleep [38,39]. The animals were closely observed, including via camera surveillance, to ensure their active and safe movement on the platform or in the water. Food and water were provided ad libitum in the device and the physical condition and tolerance of the experimental rats were closely monitored. All sleep deprivation procedures were approved by the Laboratory Animal Center of Chung Shan Medical University.




2.3. Perfusion and Tissue Preparation


At the end of the experimental period (3 months after completion of ESD protocol), half of the animals in each group were subjected to transcardial perfusion for time-of-flight secondary ion mass spectrometry (TOF-SIMS) study and immunohistochemistry. First, animals were deeply anesthetized via intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10–13 mg/kg) and subjected to transcardial perfusion with 300 mL of 0.9% normal saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. After perfusion, the hippocampus was removed and placed in the same fixative for 2 h. Tissue samples were immersed in graded concentrations of sucrose buffer (10~30%) for cryoprotection at 4 °C overnight. Serial 30 μm-thick sections of the hippocampus were cut transversely with a cryostat (CM3050 S, Leica Microsystems, Wetzlar, Germany) the next day.



For immunoblotting of related neurochemicals, another half of the animals in each group were deeply anesthetized via intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10–13 mg/kg) and immediately decapitated at the end of their respective survival time points. After decapitation, the hippocampus was quickly removed and transferred to liquid nitrogen for later use.




2.4. Immunohistochemistry


Immunohistochemical labeling of related neurochemicals was carried out using well-established methods [16,23]. The tissue sections collected in wells were first washed in three changes of 0.01 M phosphate buffer saline (PBS), pH 7.4, and then placed in 0.01 M PBS containing 10% methanol and 3% hydrogen peroxide for 1 h to reduce the endogenous peroxidase activity. Following three rinses in PBS, sections were incubated in the blocking medium containing 0.1% Triton X-100, 3% normal goat serum, and 2% bovine serum albumin for 1 h to block nonspecific binding. After washing, sections in the wells were separately incubated in primary antibody such as anti-CREB (1:4000, 9197 Cell Signaling, Danvers, MA, USA), anti-pCREB (1:200, 9198 Cell Signaling, Danvers, MA, USA), anti-Na+/K+ ATPase (1:250, 06-520 Millipore, Temecula, CA, USA), anti-γ-aminobutyric acid (GABA) (1:1000, 20094 Immunostar, Linscott, CA, USA), or anti-superoxide dismutase (SOD1) (GTX 100659, 1:500 GeneTex Inc., Irvine, CA, USA) with blocking medium at 4 °C overnight. After incubation in the primary antibody, the sections were further incubated with the biotinylated secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA) at room temperature for 2 h. This was followed by standard avidin-biotin complex (ABC) procedure with diaminobenzidine as a substrate of peroxidase. All reacted sections were rapidly dehydrated with graded alcohol, which was cleared with xylene, followed by coverslipping with Permount.




2.5. Nissl Staining


The tissue sections were washed twice in 0.01 M PBS for 15 min each and incubated for 10–15 min at room temperature in a 0.5% cresyl violet staining solution containing a few drops of glacial acetic acid. After incubation, the sections were washed with distilled water and gradually dehydrated in ethanol (70%, 95%, and 100%). Following dehydration, the sections were placed in xylene, followed by coverslipping with non-fluorescence mounting medium.




2.6. Quantitative Image Analysis for Light Microscopic (LM) Study


Only cell profiles with clear focal plane outlines were included in the analysis. The optical densities (ODs) of immunohistochemical staining products in the tissue sections were obtained with Image-Pro Plus software (Media Cybernetics, Silver Spring, MD, USA). A digital camera, mounted on Zeiss microscope (Axioplane 2, Carl Zeiss MicroImaging GmbH, Hamburg, Germany), was used to image the sections at 50× magnification in bright field, which were displayed on a high-resolution monitor. All OD readings from cells in each section were combined and averaged to obtain the total OD (TOD) of each section. An average of ten random rectangles (rectangular area = 150 μm2) in the lumen of the blood vessel were used to measure the background staining (BOD) of each region. By subtracting BOD from TOD, the true OD for each part of the background correction was obtained. For uniform settings, all images were captured on the same day. All parameters were carefully adjusted according to recommended gray levels, histogram stretching, and minimum OD. The Nissl straining was observed using a Zeiss microscope (Axioplane 2, Carl Zeiss MicroImaging GmbH, Hamburg, Germany), and these results were quantified using the Image J software (NIH, Bethesda, MD, USA).




2.7. Western Blotting


For processing the immunoblotting, the tissues removed from each experimental group were first collected in 0.01 M PBS with proteinase inhibitors [2 g/mL aprotinin, leupeptin, pepstatin A, and 120 g/mL phenylmethylsulfonyl fluoride (PMSF)], followed by homogenization (Polytron RT MR3100) for 3 × 10 s intervals. The homogenates were then spun at 13,200 rpm at 4 °C for 30 min to remove debris. Supernatants were aliquoted and the protein was assayed in 96-well plates by adding 3 μL of standard and 150 μL of protein assay dye reagent (Bio-Rad, Hercules, CA, USA) diluted 1:5 with distilled water. Absorbance at 595 nm was measured immediately on automated plate reader (Bio-Tek Instruments, Winooski, VT, USA). Equal amounts of protein were subjected to SDS gel electrophoresis and transferred to nylon membranes in an electrophoretic transfer cell (Trans-blot; BioRad). Immuno-detection was applied with antibodies specific to Na+/K+ ATPase (1:250, 06-520 Millipore, Temecula, CA, USA), serotonin receptor1 A (5-HT1 A) (1:500, AB15350 Millipore, Temecula, CA, USA), NMDA receptor (NMDAR) (1:1000, 2003687 Millipore, Temecula, CA, USA), SOD1 (GTX 100659, 1:1000, 3389944 Millipore, Temecula, CA, USA), catalase (CAT) (GTX 110704, 1:500 GeneTex Inc., Irvine, CA, USA), glutathione peroxidase (GSH-Px) (GTX 116040, 1:500 GeneTex Inc., Irvine, CA, USA), nuclear factor erythroid-2-related factor 2 (Nrf2) (AF0639, 1:1000, Affinity Biosciences, Cincinnati, OH, USA), phospho-Nrf2 (p-Nrf2) (1:300, Abcam, Cambridge, MA, USA), and rabbit anti-β-actin (1:5000, Bioworld Technology, St. Louis Park, MN, USA), respectively. Subsequent detection of the immuno-signal was achieved using the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5000, Sigma) at room temperature for 1 h and the reaction bands were visualized by chemiluminescence method (Renaissance kit; NEN, Boston, MA, USA). Signal intensity was quantified using ImageJ image analysis software (Version 1.4, NIH, Bethesda, MD, USA). Equal loading of proteins was confirmed by probing gels run in parallel with the housekeeping gene, β-actin. All OD readings were normalized for β-actin and expressed as mean ± standard deviation (SD).




2.8. TOF-SIMS Analysis


The in vivo ion expression was assessed on TOF-SIMS analysis using TOF-SIMS IV instrument (ION-TOF GmbH, Münster, Germany). Hippocampal tissue sections from each group were attached to silica wafer (1 cm × 1 cm), with the temperature of the sample holder adjusted to −60 °C. In this study, a gallium (Ga+) ion gun, operated at a voltage of 25 kV, was the main ion source (1 pA pulsed current). Ga+ primary ion beam was used to scan an area of 50 μm2 that included 62 × 62 pixels. Four different regions within the hippocampus were selected for scanning and four spectra were acquired from each sample. The image data acquisition time was 200 s and a pulse overflow gun with low-energy electrons was used for charge compensation. Major chamber vacuum was maintained between 10−7 and 10−8 Torr. The best resolution was m/Δm = 7450. Detection of positive and secondary ions flying through a reflection electron mass spectrometer was accomplished with a micro-channel plate assembly operated at 10 kV post-acceleration. Since the hippocampal slices were completely fixed in a large amount of paraformaldehyde, the paraformaldehyde molecules may have become the main element in the tissue matrix. Paraformaldehyde was used for mass calibration with a set of standard peaks, such as m/z 15 (CH3+), 27 (C2 H3+), 41 (C3 H5+), and 69 (Ga+), to improve the ion spectrum potential matrix effects. The positive ion SIMS spectrum of the molecule was controlled by strong fragments of m/z 23 and m/z 39 corresponding to sodium and potassium ions, respectively.




2.9. Statistical Analysis


All quantitative data obtained from the spectrometric and morphological studies of ESC, ESD and ESD-M10 groups were analyzed by one-way ANOVA followed by Bonferroni post hoc ANOVA test. p < 0.05 was considered statistically significant.





3. Results


3.1. Melatonin Preserves Hippocampus Ion Homeostasis


The results of immunohistochemical staining of CA1 and CA3 regions of the hippocampus showed significant decreases in the neurons marked by Na+/K+ ATPase (indicated by arrows) in the ESD group when compared with the ESC group. However, in the ESD-M10 group, there was an increase in the neurons marked by Na+/K+ ATPase in the hippocampus (Figure 1A,B). On Western blot analysis, Na+/K+ ATPase protein expression in hippocampus was higher in ESC and ESD-M10 groups than in ESD group (Figure 1C,D). TOF-SIMS ion mass spectra data demonstrated the performance of sodium and potassium ions in the hippocampus. In Figure 2G–I, mass spectrum of paraformaldehyde served as the internal control. The positive ion spectrum showed that the intensity of the main peak of Na+ in the hippocampus of ESC rats is 32,620 ± 967.2 (Figure 2A). The Na+ intensity of the hippocampus in the ESD group was 42,000 ± 1632.93 (Figure 2B), which was significantly higher than that in the ESC group. However, the Na+ intensity of the melatonin-treated group (ESD-M10) was 35,000 ± 816.49 (Figure 2C), which was significantly lower than that of the ESD group. Changes in expression of K+ were in opposing directions to those of Na+. The mass spectrometry data indicated that the intensity of the K+ spectrum in the hippocampus of the ESD group (2280 ± 88.32) was significantly lower than that of the ESC (5166 ± 824.36) and ESD-M10 (4900 ± 294.39) groups (Figure 2D–F). The positive ion images showed that in ESC group, most of the hippocampal neurons were devoid of Na+ signal in the intracellular portions (Figure 3C). On the contrary, intense K+ signal was kept in the intracellular part of hippocampal neurons (Figure 3F). However, following ESD, strong Na+ signal was accumulated in the intracellular portion of some hippocampal neurons (Figure 3D). Nevertheless, after ESD and treated with melatonin, the distribution pattern of both Na+ and K+ was restored to nearly normal profile in which no significant Na+ signal was detected in the intracellular portion of hippocampal neurons (Figure 3E,H). Quantitative data corresponded well with the ionic imaging findings in which the intensity of Na+ was significantly higher in the ESD group (Figure 3L). Melatonin treatment successfully restored the ionic regulation to normal stage (Figure 3L,M). This suggests that impaired Na+/K+ ATPase activity causes accumulation of unexpectedly high levels of Na+ and low levels of K+ expression in the hippocampal neurons, resulting in abnormal ionic machinery in the hippocampus.




3.2. Melatonin Effectively Enhances the Expressions of GABA, NMDAR, and 5-HT1 A in the Hippocampus


In the ESC group, GABA-immunoreactivity was detected in the CA1 region of the hippocampus (Figure 4A). In rats subjected to ESD, GABA-immunoreactivity in the hippocampus markedly decreased (Figure 4B). However, following melatonin treatment, GABA-immunoreactivity markedly increased (Figure 4C). Quantitative analysis revealed that the OD of hippocampal GABA staining is significantly reduced in ESD group when compared with ESC and ESD-M10 groups (Figure 4D). In addition we examined the effects of ESD on 5-HT1 A and NMDAR expressions in the hippocampus by Western blot. NMDAR and 5-HT1 A expressions were lower in ESD rats when compared with ESC rats. However, NMDAR and 5-HT1 A expressions increased significantly in animals treated with 10 mg/kg melatonin (ESD-M10 group) (Figure 4E–G).




3.3. Melatonin Increases p-CREB Protein Levels in Hippocampal Neurons in ESD Rats


Activated NMDAR stimulates neuronal gene expression through the CREB signaling pathway [40]. CREB is a polymorphic transcription factor involved in cell survival, neuronal plasticity, addiction, neurogenesis, learning, and memory. Therefore, we used immunohistochemical staining to measure and performance with expression levels of CREB in the hippocampus. The results showed no significant differences in CREB expression in the hippocampus among the three groups (Figure 5A,C). However, in animals subjected to ESD without melatonin, p-CREB expression drastically decreased in the hippocampus when compared with the other two groups (Figure 5B). Quantitative data showed that the p-CREB/CREB ratio of the ESD group is significantly lower than that of the ESC and ESD-M10 groups (Figure 5D). The decrement of hippocampal NMDAR and 5-HT1 A corresponded well with reduced p-CREB immunoreactivity. These results suggested that ESD leads to long-term neurochemical imbalances in the hippocampus. However, melatonin ameliorates this damage.




3.4. Melatonin Effectively Promotes p-Nrf2, Anti-oxidative Enzyme Activities, and Neuronal Cell Survival in the Hippocampus


Melatonin is an antioxidant that has been proven effective in reducing oxidative damage to the central nervous system. Melatonin stimulates Nrf2 expression, thereby increasing the activity of downstream antioxidant enzymes including SOD1, glutathione, and peroxidase [24,41,42]. Therefore, we used immunohistochemical and immunoblotting analyses to investigate whether treatment with melatonin during ESD activates the antioxidant enzymes of the hippocampus and Nissl staining to explore the functional activity of neuronal cells. The results of immunohistochemical staining showed that SOD1 is significantly reduced in the ESD group compared to the ESC group. In the ESD-M10 group, an increase in the number of cells labeled with SOD1 was observed (Figure 6A,B). The results of immunoblotting also showed that after melatonin treatment, the activities of Nrf2, p-Nrf2 and expressions of antioxidant enzymes in the hippocampus (i.e., SOD1, catalase and GSH-Px) were all significantly increased (Figure 6C–H).



Based on the results of immunohistochemistry, immunoblotting, and TOF-SIMS analyses, ESD leads to long-term imbalances in the distributions of ions (Figure 1, Figure 2 and Figure 3), abnormalities in neurotransmitters and receptors (Figure 4 and Figure 5), and decreases in antioxidant enzymes (Figure 6). Based on the results of Nissl staining (Figure 7), intact neurons in the hippocampus of ESD group rats were markedly reduced. The intact neuron numbers per 100 mm2 in the ESC group were higher than in the ESD-M10 group, but the difference was not significant.





4. Discussion


The present study provides morphological evidence that sleep deprivation in early life not only leads to short-term effects but also to long-term damage. In addition, this study provides functional anatomical evidence that melatonin treatment effectively rescues neuronal abnormalities in the hippocampus of adult rats after ESD. Early-life stress is a risk factor for the persistence and development of mental disorders [43,44]. ESD is a major stressor in children. Epidemiological and psychological studies have indicated that sleep insufficiency during childhood induces vulnerability to the effects of stress later in life, in which the persistent changes in neuronal plasticity in the hippocampus represent the underlying neuronal substrate for the development of anxiety, depression, and cognitive deficiencies [45,46,47]. Our previous report has shown that chronic ESD significantly impairs the pineal signaling and biosynthesis of melatonin, suggesting that distress experienced in very early-life (i.e., in weanlings) not only causes short-term consequences, but also lifelong detrimental effects [23]. It is noteworthy that the relationship between ESD and the development of major mental disorders has drawn much attention recently. In this study, imbalances in the distributions of ions (Figure 1, Figure 2 and Figure 3), abnormalities in neurotransmitters and receptors (Figure 4 and Figure 5), decreases in antioxidant enzymes (Figure 6), and loss of functional activity of neuronal cells (Figure 7) were observed in ESD rats. These deleterious effects of ESD on the nervous system persisted into adulthood, as changes in the hippocampus were detected 3 months following the termination of ESD.



Na+/K+ ATPase is critical for regulating intracellular pH, cell volume, and calcium concentration, as well as for exchanging solutes transferred through coupled systems. The transmembrane Na+ gradient mainly flows from Na+ through the sodium channel and is discharged through the activity of Na+/K+ ATPase. Previous research has indicated that the inhibition of Na+/K+ ATPase activity in the brain causes central nervous system edema and cell death and interferes with learning and memory processes [48]. Inactivation of Na+/K+ ATPase reduces the membrane barrier to Na+ movement, making it easier for it to enter the cytoplasm [49]. This was the case in our current study, as excessive Na+ influx was detected in the hippocampus (Figure 2 and Figure 3) due to reduced Na+/K+ ATPase activity in the ESD group (Figure 1). As a result, excess sodium ions accumulate in cells and alter Na+/K+ transferase or other ion transfer systems, causing cell swelling and damage [50]. Significant decrease in Na+/K+ ATPase density is observed in patients with psychiatric disorders [51]. Moreover, Na+/K+ ATPase regulates and affects neurotransmitters and receptors such as GABA, 5-HT1 A, and NMDAR [52]. In the present study, GABA-immunoreactivity neurons significantly decreased in ESD group (Figure 4A–D). Glutamate is involved in brain metabolism and acts as a precursor to different compounds such as the inhibitory neurotransmitter GABA. GABAergic neurons are distributed throughout the central nervous system and provide inhibitory control of projection neurons. Abnormal GABAergic neurotransmission has been shown to cause various neuropsychiatric diseases [53,54]. However, chronic sleep deprivation in early life also causes long-term changes in neurotransmitters and receptors in the hippocampus. Activation of NMDAR alters intracellular Na+ and K+ concentrations, which are subsequently restored by Na+/K+ ATPase. Na+/K+ ATPase and NMDAR functionally interact by forming macromolecular complexes to restore ionic homeostasis after the excitation of the neurons [55]. Our immunoblot data indicated that 5-HT1 A and NMDAR expressions in the hippocampus are notably higher in the ESC group (Figure 4E–G). NMDAR is understood to play a key role in synaptic plasticity and memory function. Abnormalities in the NMDAR pathway can lead to complex psychiatric disorders with multiple symptoms, including psychosis [56]. However, serotonin has been shown to increase cellular excitability by several mechanisms and previous studies have demonstrated the ability of 5-HT1 Ato modulate NMDAR activity and facilitate LTP expression in CA1 [57,58]. By activating NMDAR, Ca2+ flows into cells, triggering a signal transduction response that drives the CREB pathway, thereby promoting LTP, synaptic plasticity, and memory maintenance [13,14,15]. In addition, NMDAR promotes developmental regulatory switches in intracellular signaling pathways that may contribute to neuroplasticity in the developing brain. During the maturation of neurons, NMDAR stimulates the gene expressions of neurons through Ser-133 of CREB protein phosphatase pathway [59]. From our experimental results, the expression of p-CREB in the hippocampus decreased following ESD (Figure 5).



Furthermore, ESD reduced the activity of nuclear factor erythroid 2-related factor 2 and antioxidant responsive element (Nrf2-ARE) in hippocampal neurons, as well as the activities of SOD1, CAT, and GSH-Px (Figure 6). These findings illustrated that hippocampal neuronal cells are susceptible to oxidative damage and that oxidative stress plays a pivotal role in cytotoxicity induced by sleep deprivation. Numerous reports have suggested that sleep deprivation triggers increased oxidative stress in the brain, causing damage to neuronal cells, which in turn leads to cognitive and memory dysfunction [60,61]. Na+/K+ ATPase is highly sensitive to oxidative damage and free radical attack [62]. The interruption of CREB signal transduction may be due to a disease-dependent increase in oxidative load. It has been suggested that CREB acts as a key upstream integrator of neuroprotective signaling against ROS-mediated cell death [63]. In this study, ESD led to imbalances in neuronal cell ion distribution, neurotransmitters, receptors, associated downstream proteins, and antioxidant factors, possibly resulting in neuronal cell death (Figure 7). We speculate that the stress of sleep deprivation in early childhood results in LTP impairment, neuroplasticity dysfunction, and memory deficit in adulthood. In this study, we demonstrated that ESD causes long-term alterations in the hippocampus, which may be the key factor in intracellular and extracellular ion imbalances.



In our previous study, we demonstrated that ESD not only affects melatonin secretion, but also leads to metabolic dysfunction in adulthood [23]. Melatonin is a secreted product of the pineal body that is involved in the regulation of circadian rhythms and many physiological functions, as well as has neuroprotective effects. It also acts as an effective antioxidant and a powerful free radical scavenger [64,65]. The efficacy of melatonin in scavenging various free radicals may result from its ability to stimulate antioxidant enzymes [66]. Melatonin activates Nrf2-ARE signaling pathway, thereby promoting the activity of downstream antioxidant enzymes, including SOD1, glutathione, and peroxidase, and further protecting neurons [67]. In this study, we also clearly demonstrated that after sleep deprivation, melatonin effectively promotes p-Nrf2 expression and increases the activities of downstream antioxidant enzymes (i.e., SOD, CAT, and GSH-Px) (Figure 6). Furthermore, melatonin increases and normalizes Na+/K+ ATPase activity [68,69]. In the present study, melatonin altered Na+/K+ ATPase activity (Figure 1) and progressively affected cellular ion distribution, neuro-receptors, downstream signaling proteins, and antioxidant enzyme properties (Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6), as well as improved neuronal cell survival (Figure 7) in hippocampus following ESD. Based on morphological results, experimental animals receiving melatonin showed significant improvement in the neurological imbalances induced by sleep deprivation.




5. Conclusions


Adequate sleep is essential for the normal functioning of the brain, especially in the early stages of life, as after birth there is a critical period of maturation of the brain. Based on these findings, this study provides evidence that chronic ESD severely impairs hippocampal signaling and antioxidant enzymes and causes neurological dysfunction in adulthood (Figure 8). Tremendous stress in the early stages of life not only has short-term consequences, but also long-term consequences. Melatonin has the potential to protect against cognitive abnormalities and neurological dysfunctions caused by sleep deprivation in early life (Figure 8). Thus, the results of this study not only increase our understanding of the pathogenesis of ESD-induced neuronal deficiency, but also extend our current knowledge of the therapeutic use of melatonin in forestalling neuronal dysfunction induced by ESD.
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Figure 1. The effects of melatonin on Na+/K+ ATPase function. Photomicrographs (A) and histogram (B) show the extent of Na+/K+ ATPase expressions (arrow) in the CA1 and CA3 regions of hippocampus. Note that in ESC group, numerous neurons with strong Na+/K+ ATPase expressions were detected in the hippocampus. However, following ESD, remarkable decrease in hippocampal Na+/K+ ATPase expression was detected. In ESD-M10 group, hippocampal Na+/K+ ATPase expressions were effectively preserved. The immunoblotting data (C,D) coincided well with IHC findings in that melatonin effectively improved Na+/K+ ATPase activity. Scale bar: 300 μm. 
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Figure 2. Melatonin restores the trans-membrane ionic gradient following ESD injury. TOF-SIMS positive spectra show the hippocampal Na+ and K+ expressions in the ESC group (A,D), ESD group (B,E), and ESD-M10 group (C,F). Note that in ESD rats, increases in hippocampal Na+ expression were more significant than in ESC and ESD-M10 rats (p < 0.05), but K+ expression was significantly reduced when compared with the other two groups (p < 0.05). Paraformaldehyde was used for mass calibration with a set of standard peaks to improve the effect of ion spectra on the substrate (G–I). 
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Figure 3. Photomicrograph (A), schematic diagram (B), positive ion images (C–K), and histograms (L,M) showed both Na+ and K+ expression in the hippocampus of ESC (C,F,I), ESD (D,G,J), and ESD with melatonin treatment (E,H,K) groups. Note that in ESC group, most of the hippocampal neurons (arrows in C) were devoid of Na+ signal in the intracellular portions. On the contrary, intense K+ signal was kept in the intracellular part of hippocampal neurons (arrows in F). However, following ESD, strong Na+ signal was accumulated in the intracellular portion of some hippocampal neurons (arrows in D), suggesting an impairment of Na+ pump was resulted from ESD. Nevertheless, after ESD and treated with melatonin, the distribution pattern of both Na+ and K+ was restored to nearly normal profile in which no significant Na+ signal was detected in the intracellular portion of hippocampal neurons (arrows in E). Quantitative data of the spectral intensity corresponded well the imaging findings (L,M). The blue box in (B) showed the detecting region of the ionic image. Scale bars: 50 μm. 
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Figure 4. Photomicrographs (A–C) and histogram (D) show the extent of GABA expressions in the CA1 region of the hippocampus (A–C). Note that ESD rats demonstrated decreased GABAergic interneuron density in the hippocampus. In ESD-M10 group, the hippocampal GABA immune-expression significantly increased (C). Immunoblots (E) and histograms (F,G) show the protein expression level of 5-HT1 A and NMDAR in the hippocampus of ESC, ESD, and ESD-M10 groups. These activities were highest among ESC rats. Following ESD, protein expressions involved in neurotransmitter and receptor activities were significantly reduced (p < 0.05). However, in the animals treated with melatonin during the ESD period, effective expressions of 5-HT1 A and NMDAR significantly increased when compared with the ESD group (p < 0.05). Scale bars: 200 μm. 
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Figure 5. Photomicrographs (A,B) and histogram (C,D) show the extent of CREB and p-CREB activities in the CA1 and CA3 region of the hippocampus. Note that the protein expression levels of p-CREB markedly increased in the ESC and ESD-M10 groups when compared with the ESD group (p < 0.05). There was no difference between the three groups in terms of CREB protein expression in the hippocampus. Scale bars: 300 μm. 
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Figure 6. Photomicrographs (A) and histogram (B) show SOD1 expressions in the CA1 and CA3 region of the hippocampus based on immunohistochemistry results. Note that ESD rats showed decreased SOD1 expression in the hippocampus. In the ESC and ESD-M10 groups, hippocampal scheme 1 immune-expression significantly increased (p < 0.05). Immunoblots (C) and histograms (D–H) show the expressions of Nrf2 (D), p-Nrf2 (E) and the downstream antioxidant enzymes including SOD1 (F), CAT (G), and GSH-Px (H) of ESD-M10 group which were higher than in ESD group (p < 0.05). Note that melatonin effectively promotes anti-oxidative enzyme activities. Scale bars: 300 μm. 






Figure 6. Photomicrographs (A) and histogram (B) show SOD1 expressions in the CA1 and CA3 region of the hippocampus based on immunohistochemistry results. Note that ESD rats showed decreased SOD1 expression in the hippocampus. In the ESC and ESD-M10 groups, hippocampal scheme 1 immune-expression significantly increased (p < 0.05). Immunoblots (C) and histograms (D–H) show the expressions of Nrf2 (D), p-Nrf2 (E) and the downstream antioxidant enzymes including SOD1 (F), CAT (G), and GSH-Px (H) of ESD-M10 group which were higher than in ESD group (p < 0.05). Note that melatonin effectively promotes anti-oxidative enzyme activities. Scale bars: 300 μm.



[image: Antioxidants 10 00774 g006]







[image: Antioxidants 10 00774 g007 550] 





Figure 7. Photomicrographs and histogram show the results of Nissl staining of hippocampal neurons. There were decreases in cell density in CA1 and CA3 following ESD. Staining intensity increased with melatonin treatment. The histogram shows the quantification of the hippocampal CA1 and CA3 neurons. Nissl stained hippocampal neurons significantly increased in ESC and ESD-M10 groups when compared with ESD group (p < 0.05). Scale bars: 100 μm. 
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[image: Antioxidants 10 00774 g007]







[image: Antioxidants 10 00774 g008 550] 





Figure 8. Schematic diagram showed the potential mechanism(s) of early-life sleep deprivation (ESD) on the induction or development of neuronal deficiency. ESD would both impair the Na+/K+ ATPase and depress the Nrf2-mediated anti-oxidative enzymes activities that consequently lead to neuronal deficiency through enhanced oxidative stress and cellular bioenergetics disruption. Exogenous application of melatonin could successfully preserve the neuronal function through effectively rescuing the molecular machinery of the neurons and significantly increasing neuronal anti-oxidative activity. 
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