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Chronic sleep deprivation (SD) causes neurological and neurodegenerative dysfunction including learning and memory deficit. The orchid Dendrobium nobile Lindl (DNL), is widely used as a Yin tonic and medicinal food throughout Asia, and has many reported pharmacological effects. This study focused on the cognitive-enhancing effects of DNL in sleep deprivation-induced amnesia in mice and its biochemical mechanisms. Our results showed that the mice displayed significant cognitive deficits after 2-week SD while treatment with the extract of DNL prevented these impairments. In the novel object recognition and object location recognition tasks, a significant increase in the discrimination index was observed in DNL-treated (200 and 400 mg/kg) mice. In the MWM test, DNL (200 and 400 mg/kg) treatment shorten the prolongation of latency and increased the crossing numbers compared with SD mice. The biochemical analysis of brain tissue showed a decrease in NE, dismutase (T-SOD) and catalase (CAT) activity and an increase in 5-HT and malondialdehyde (MDA) concentration after the treatment with DNL in mice. Our findings indicated that DNL exerted a positive effect in preventing and improving cognitive impairment induced by SD, which may be mediated via the regulation of neurotransmitters and alleviation of oxidative stress.
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INTRODUCTION

Chronic sleep deprivation is a common problem, and it has been estimated that 50–70 million adults in the United States have sleep or wakefulness disorder (1). Sleep loss contributes to neurological and neurodegenerative disorders including memory deficits which are increasingly regarded as a major public health and safety issue (2) and financial and social burden. Cognitive enhancers including as modafinil and donepezil, and stimulants such as caffeine and nicotine have been reported to prevent the memory impairment induced by chronic sleep deprivation (SD), but many have undesirable side-effects and cause habituation (3). Safer and more effective treatments for memory impairment induced by SD are thus under investigation.

Dendrobium nobile Lindl (DNL) is a precious traditional Chinese medicine, it's an epiphytic orchid distributed throughout tropical and subtropical Asia (N. E India, China, Malaysia, Japan) which is used a tonic and medicinal food (Figure 1). The main chemical components of DNL are alkaloids, polysaccharides, amino acids, phenols, volatile oils, etc. The DNL has a wide range of pharmacological effects (4, 5). Recently researches focused on its neuroprotective and cognitive-enhancing effects (6, 7), and its effect on improving nerve cell damage (8). It was reported that the alkaloids and polysaccharide in DNL have obvious protective effects on LPS-induced learning and memory impairment in rats (9). DNL also has displayed ameliorative effects on memory impairment induced by lipopolysaccharide and Aβ25−35 in rats, but its activity against memory impairment induced by sleep deprivation has not been reported (10, 11). The present study was designed to investigate the effect of DNL extract on learning and memory in a sleep deprivation model and its underlying mechanisms, to explore its potential application in treating SD-induced impairment.
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FIGURE 1. The picture of DNL.




MATERIALS AND METHODS


Drugs

Donepezil hydrochloride were purchased from Eisai (Ibaraki, Japan). Norepinephrine (NE) from the National institutes for Food and Drug Control (Beijing, China); dopamine (DA), 5-hydroxytryptamine (5-HT), 5-HIAA (5-hydroxyindole acetic acid), GABA (Gamma amino acid butyric acid) and DOPAC (Dihydroxy- phenyl acetic acid) from Sigma-Aldrich Co. (St. Louis, MO, USA) and Superoxide Dismutase (SOD), Catalase (CAT) and Malondialdehyde (MDA) commercial kit were from Nanjing Jiancheng Biotechnology Institute (Nanjing, China). Air-dried stems of DNL were purchased from Luzhou in SiChuan province and further authenticated by professor Bengang Zhang (Institute of Medicinal Plant Development, Beijing, China) according to their macroscopic characteristics. The air-dried stems of DNL were crushed and soaked in 80% acidic ethanol for 1 night. The extract was re-extracted three times with boiling acidic ethanol. After filtration, the solution was concentrated by vacuum-rotary evaporation at 60°C and then freeze-drying 12 h, The extraction value was 14%.



Analysis

DNL was characterized chromatographically under the following conditions: Waters Acquity UPLC HSS T3 (1.8 um, 2.1 × 100 mm); flow rate: 0.3 ml/min, column temperature: 30°C; mobile phase A, 0.1% formic acid aqueous solution; phase B acetonitrile as a gradient elution. The chemical profile is shown in Table 1.


Table 1. Chemical profile of Dendrobium nobile extract (DNL).
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Animals and Treatments

72 ICR male mice (20–22 g) (Institute of the Chinese Academy of Medical Science Center, Beijing, China) were housed under standard conditions for 3 days prior to testing to adapt to the new environment. All experiments were conducted according to the “Principles of Laboratory Animal Care” (NIH publication No.86-23 1996) and P.R. China legislation. The protocols were approved by the committee for the Care and Use of Laboratory Animals of IMPLAD, CAMS & PUMC, China (NO. 20161028), all experiments adhered to standard biosecurity and institutional safety procedures.

Animals were divided into 6 groups: the control group, the SD model group, the DNL-treated groups (100, 200, and 400 mg/kg) and the donepezil group (3 mg/kg). The doses of DNL and Donezepil were based on our previous study (12). DNL and donepezil were administrated orally once a day to mice for 14 days before SD until the end of experiment. The control group and the SD model group were given the same volume of distilled water, and except for the control group, other mice were exposed to SD for 14 days.

After habituation for 3 days, all except the control group were subjected to SD from 8 a.m. to 11 a.m. each day. Then all animals were moved back to the housing room. The process lasted for 2 days in order that the mice could acclimatize. Following the induction period, all test groups were exposed to SD for 14 days. After a 2-week SD exposure, behavioral changes tests were conducted as follows: open field test (OFT), novel object recognition task (NOR), object location recognition task (OLR), and Morris water maze test (MWM). Animals were sacrificed after the behavior tests and blood and brain tissue were taken for analysis (Figure 2).
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FIGURE 2. The experimental procedure.




The SD Mice Model

The SD procedure was performed as our previously studies in our lab (3, 13, 14). Briefly, except the mice in the control group, other mice were placed in Sleep Deprivation Apparatus (developed by the Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences, and the Chinese Astronaut Center, patent No. 201210356645.X) for 2 weeks continuously. Before encountered to the SD procedure, the mice receipt 3 days' adaptation (3 h per day, during 12:00 p.m.−15:00 p.m.). The speed of SD apparatus was 60 s per rotation and there was a 2 min pause between two rotations. After finishing the adaptation, the mice were put into the SD apparatus and suffered for 14 consecutive days' SD modeling, then the behavioral tests were tested in mice. The mice were free to have water and food during the SD experiments.



Behavioral Tests


Open-Field Test

The open field test was conducted on day 15. The apparatus consists of four metal tanks (diameter 30 cm, height 40 cm) with a video camera fixed at the top (15). For each experiment, four mice were place in the center of each tank and their locomotor activities in 10 min were detected. The total distance was recorded as the index of the locomotive activity in mice.



Novel Object Recognition Task

This task consists of three phases: habituation, familiarization, and test. In the habituation phase, animals were placed individually in a square metal box (black, 60 × 40 × 80cm) with no objects in it, for 10 min in three consecutive days. On day 4, in the familiarization phase, two identical objects (A1 and A2) were placed on opposite sides of the box, and the animal was placed in the box for 5 min to explore the two objects. After 20 min in the home cage, the test was performed and the mice placed in the same metal box and presented with two objects, the old familiar A1, and a new object B, to replace object A2 for 5 min. The discrimination index (DI) was calculated as the percentage of time spent exploring the novel object over the total time spent exploring the two objects (16).



Object Location Recognition Task

The Object Location Recognition (OLR) task is an accepted method for testing spatial location memory. The protocol was similiar as the novel object recognition test. Instead of replacing one of the original identical objects (A1 and A2), A1 or A2 was moved to a new location (17). The discrimination index (DI) was calculated as before (18).



Morris Water Maze Test

The Morris Water Maze test was performed on the 21st day of SD to further investigate the effects of DNL on spatial memory in mice. The water maze is a circular pool (100 cm in diameter, 40 cm in high), with the water (23–25°C) made opaque with black ink. An “invisible” platform (metal, black, 6 cm in diameter, 15 cm in high) was placed 1.5 cm below the water surface, providing the only outlet channel. The protocol was described in our previous studies with minor modifications (19–21).


Escape Acquisition

The mice were subjected to three trials per day for 5 days. At the beginning of the test, the mice were trained to remember the platform by being placed on it for 10 s, before being released into the water, facing the wall, at a different starting point each time, and allowed to swim for a maximum of 90 s in each trial. If they failed to escape within 90 s, the mice were gently guided to the platform and allowed to stay there again to learn, and the escape latency was recorded as 90 s.



Probe Trial

After the escape acquisition test, each animal was subjected to the probe trial, in which the platform was absent. The mice were released from the opposite quadrant where the platform had been located and allowed to swim and explore the pool for 90 s. Swimming distance in the target quadrant and the number of target crossings were recorded as measures for spatial memory.




Biochemical Analysis

The levels of neurotransmitters were determined in the brain tissues in rats described as below:


Brain Tissue Extraction

After the behavioral tests, mice were sacrificed by decapitation. The brains were removed and placed on ice, and the hippocampus and cerebral cortex tissues were dissected out rapidly, weighed, and stored at −80°C.




Measurement of Neurotransmitter Levels in the Hippocampus

Hippocampus tissues were homogenized and mixed with acetonitrile containing the internal standard (5 μg/mL, 3, 4-dihydroxybenzylamine, DHBA). After centrifuging at 4°C (20,000 rpm, 30 min), the supernatant was collected, and neurotransmitter levels measured by liquid chromatography-tandem mass spectrometry. Chromatographic separation was performed on a TSK Gel amide 80 column (2.0 mm × 15 cm, 3 μm); column temperature 35°C; mobile phase system acetonitrile-ammonium formate solution (15 mmol·mL-1, pH = 5.5) (40: 60), flow rate 0.4 mL·min−1; operated under the multiple reaction monitoring (MRM) mode using electrospray ionization (ESI) in the positive ion mode, at m/z 177.0 → 160.0 (5-HT), 170.0152.0 (NE) and 140.0 → 123.0 (DHBA as internal standard). Neurotransmitter concentrations were quantified using peak area ratios vs. internal standard.



Detection of Brain T-SOD, CAT Activities, and MDA Levels

The hippocampus and cerebral cortex were each homogenized in 10 volumes of cold saline. After centrifuging at 4°C (2,500 rpm, 10 min), the supernatants were collected. The total protein content of sample was estimated with the Pierce BCA Assay kit, using bovine serum albumin as the standard (22). T-AOC and CAT activity and MDA levels were determined according to the manufacturer's protocols (Jiancheng Institute of Biotechnology, Nanjing, China).




Data and Statistical Analyses

Statistical analysis was carried out using SPSS 17.0 software (Chicago, IL, USA). All data are expressed as mean ± SEM. Data recorded from the acquisition trials of the MWM among the groups over a period of 5 days were analyzed by using repeated-measure two-way ANOVA. Other data were analyzed by one-way ANOVA followed by multiple post hoc comparisons using the LSD test. Statistical significance was defined as p < 0.05 or p < 0.01.




RESULTS


Effects of DNL in the Open-Field Test

The total distance is used to indicate the locomotive activity after 2-week SD. Figure 3 showed there was no significant difference between the six groups.


[image: Figure 3]
FIGURE 3. The effect of DNL on the locomotor activities in the open field test after SD for 2 weeks in mice. Values are mean ± SEM, n = 10–12.




Effects of DNL in the NOR Task

After 2-week SD, in the familiar phase, the mice spent comparable time on exploring the two similar objects, with no preference between positions of the objects. During the test phase, the DI significantly decreased in the SD model group in comparison with the control group. Compared with the SD group, the DI of the three DNL-treated groups showed a significant decrease (p < 0.05, Figure 4).


[image: Figure 4]
FIGURE 4. The effect of DNL on the discrimination index (DI) during the testing session in the NOR task after SD for 2 weeks in mice. Values are mean ± SEM, n = 10–12. **p < 0.01 vs. the Con group; ##p < 0.01 vs. the SD group.




Effects of DNL in the OLR Task

Be similiar with the NOR, mice in the OLR task showed no difference in preference in the familiarization phase. In the test phase, the control mice spent significantly longer exploring on the object in the new location compared with the SD mice. DNL treatment (200 and 400 mg/kg) significantly increased DI compared to the SD group (p < 0.01; Figure 5), however the donepezil group (3 mg/kg) showed no significant difference compared to the SD group (p > 0.05).


[image: Figure 5]
FIGURE 5. The effect of DNL on the discrimination index (DI) during the testing session in the OLR task after SD for 2 weeks in mice. Values are mean ± SEM, n = 10–12. **p < 0.01 vs. the Con group; ##p < 0.01 vs. the SD group.




Effects of DNL in the MWM Test

The Morris water maze task was conducted over 6 days, ending with the probe test on the last day. As shown in Figures 6A–C, in the escape acquisition phase, the escape latency and the swimming distance in SD mice was higher than the control group from the second day (p < 0.05; p < 0.01). The swimming speed in the SD group was decreased from day 3 (p < 0.05). DNL at a dose of 200 mg/kg attenuated the spatial learning deficits, as observed by a reduction of the escape latency and swimming distance from day 3 to day 5 (p < 0.01; p < 0.05). Similarly, the high-dose group (400 mg/kg) on days 4 and 5 reduced escape latency compared to the SD mice. Donepezil (3 mg/kg) reduced the escape latency and the swimming distance and increased the swimming speed on the 5th day (p < 0.01; p < 0.05).


[image: Figure 6]
FIGURE 6. The effect of DNL on the Escape Latency (A); Swimming distance (B); Swimming speed (C); The percent of swimming distance in target quadrant (D); The percent of swimming duration in target quadrant (E); Swimming speed in target quadrant (F); The number of target crossings (G) in the MWM test after SD 2 weeks in mice. Values are mean ± SEM, n = 10–12. *p < 0.05 vs. the Con group, **p < 0.01 vs. the Con group; #p < 0.05 vs. the SD group, ##p < 0.01 vs. the SD group.


In the probing phase (Figures 6D–G), SD rats showed a decreased percentage in swimming distance and swimming duration in the target quadrant (p < 0.05) compared to the control rats, whereas DNL (200, 400 mg/kg) mitigated the trend. The swimming speed in the target quadrant was no different in all groups. The number of SD rats crossing through the platform where had previously been located was significantly reduced compared with the control rats (p < 0.01). With the treatment of DNL (200, 400 mg/kg), the crossing number was increased compared with the SD group (p < 0.05).



Effects of DNL on 5-HT and NE in the Hippocampus

The neurotransmitter content of the hippocampus after 44 days of DNL treatment is shown in Figure 7. After SD induction, hippocampus level of 5-HT in SD mice were increased, while the concentration of NE was decreased compared to the control group (p < 0.01). Treatment with DNL (100, 200, and 400 mg/kg) decreased 5-HT level while elevating NE level in the hippocampus in SD rats (p < 0.05, p < 0.01, p < 0.05). No marked difference in 5-HT and NE levels detected in donepezil-treated SD mice.


[image: Figure 7]
FIGURE 7. The effect of DNL on 5-hydroxytyptamine (5-HT) (A) and norepinephrine (NE) (B) levels in the hippocampus after SD 2 weeks in mice. Values are mean ± SEM, n = 8. **p < 0.01 vs. the Con group; #p < 0.05 vs. the SD group, ##p < 0.01 vs. the SD group.




Effects of DNL on Oxidative Stress Markers in Hippocampus and Cerebral Cortex

The T-SOD and CAT activities were significantly decreased, while MDA levels was markedly increased in both hippocampus and cerebral cortex in the SD group compared with the control group (p < 0.05) (Figure 8). Compared with the SD mice, brain T-SOD activities in all the DNL-treated groups were increased (p < 0.05, p < 0.01). DNL (400 mg/kg) treated mice showed a significant decrease in the level of MDA in both brain regions compared to the SD group (p < 0.05). Hippocampus CAT activities of DNL (400 mg/kg) group were increased compared to the SD mice (p < 0.05). Donepezil (3 mg/kg) treatment significantly increased hippocampus T-SOD activities and reduced cerebral cortex MDA level in the SD mice (p < 0.05).


[image: Figure 8]
FIGURE 8. The effect of DNL on the activities of Total Superoxide Dismutase (T-SOD) (A); Catalase (CAT) (B) and Malonaldehyde (MDA) (C) in the hippocampus and cerebral cortex of mice after SD for 2 weeks. Values are mean ± SEM, n = 8. *p < 0.05 vs. the Con group; #p < 0.05 vs. the SD group, ##p < 0.01 vs. the SD group.





DISCUSSION


Sleep Deprivation Could Induce Cognitive Impairments

Sleeping plays a key role on human's health, especially for the brain health. Adequate sleep is basically imperative for memory consolidation (23). Accumulating evidence suggests that sleep deprivation produces could induce memory deficits, and in animals these can be assessed by using behavioral tests, including avoidance tasks (24), object recognition tasks and the Morris water maze task (25). Sleep deprivation as cognitive challenge may therefore provide a promising preclinical model of memory impairment and a useful tool to study cognition enhancing drugs (26). Previous studies exhibited that sleep deprivation could induce serious cognitive dysfunction (27, 28). In our experiment, we found SD 2 weeks in mice could induced obviously cognitive associated behavioral impairments, such as spatial and non-spatial learning and memory deficits. These results are consistent with previous studies.



DNL Has No Sensorimotor Effect in the Open-Field Test in the SD Mice

Open-field test is mainly used to test the locomotor activities of animals in a relatively closed environment during a certain period of time, and widely used in animal experiment (29). The results of this study showed that after 2-week of SD, there was no significant difference between any two groups, which showed DNL had no influence on the locomotor activity in mice. This result indicated that the effect of DNL was originally mnemonic, rather than the sensorimotor effect.



DNL Could Ameliorate Short-Term Memory in the ORT in the SD Mice

The object recognition task (ORT) is based on the principle of preference for novel objects in rodents and can assess recognition memory in the spontaneous state (30). The ORT takes advantage of the nature of preference for “novel” objects in rodents in the spontaneous state (31). During the experiment, the animals are in accordance with the characteristics, the location, the order of appearance, and the background of objects to distinguish the different “identity” objects, achieving the transition through detection of simple non-spatial memory to complex spatial, temporal and episodic memory (32). Based on the ORT, the object location recognition (OLR) and the novel object recognition (NOR) were established. The former was used to assess short-term, spatial memory, while the latter was designed to evaluate short-term, non-spatial memory. In agreement with the previous studies (33, 34), our results showed that SD damaged the normal performance of mice in ORT tasks. However, compared with the SD model group, the treatment of DNL effectively enhanced DI in both OLR and NOR tasks. For the first time, we have demonstrated that DNL administration could significantly ameliorate impaired short-term memory in SD mice.



DNL Could Ameliorate Long-Term and Spatial Memory in the Morris Water Maze in the SD Mice

Morris water maze test was used to assess effects of DNL on the long-term, spatial learning and reference memory. In this task, two main parameters are essential for assessing the spatial learning and memory ability in mice. The first is the escape latency in the acquisition trial, which means that the mice must learn the accurate position of the platform and develop suitable swimming approaches to reach the same from the randomly chosen starting point within 90 s. The second is the virtual-platform crossing numbers when the platform was absent in probe trial, which is a key indicator assessed reference memory (35, 36). In our study, compared with the SD group, the treatment of DNL effectively shorten escape latencies after 2 days' training to find the hidden platform in the escape acquisition phase, which showed DNL has a strong effect on ameliorating the reference memory impairment in the SD mice. In the probe trial, we found DNL could effectively increase the number of target crossings in the SD mice. These results indicating that DNL treatment remarkably improved the long-term, spatial memory in the SD mice.



DNL Could Modulate Memory Deficit via 5-HT and NE in the Hippocampus of SD Mice

Monoamine neurotransmitters play an important role in the learning and memory. 5-HT mediates processes involved in central nervous system fatigue, helping to control sleep (37, 38). NE plays a major role in the maintenance of REM sleep (39), and levels of NE in the brain have been shown to be closely related to memory. In the present study, chronical sleep deprivation induced an obvious elevation of hippocampus 5-HT levels and a marked decline of hippocampus NE levels in mice, which was consistent with the previous study (40, 41). DNL treatment at all doses significantly reversed the elevation of 5-HT and the decrease of NE in SD mice, indicating that the cognitive-enhancing effects of DNL might be at least in part due to modulation of these two major monoamine neurotransmitters.



DNL Could Repair Oxidative Damage in the Hippocampus and Cortex of SD Mice

Oxidative stress plays a prominent role in the pathogenesis of several cognitive impairment processes. Oxidative stress occurs in brain tissues whenever there is increased generation of reactive oxygen species (ROS) and impaired antioxidant defense systems. Brain tissue in particular is more susceptible to the deleterious effects of ROS because of its high rate of oxygen consumption and reduced antioxidant defense systems (19). Excessive ROS production may result in oxidative damage to proteins, lipids, and DNA and eventually in apoptosis or cell death, but ROS levels are balanced by the action of antioxidant enzymes, including CAT, SOD, and glutathione oxide. Sleeping deprivation could weaken the free radical scavenging enzyme system and cause system imbalance, which further aggravates brain damage which ultimately results in learning and memory disorders (42, 43). The changed hippocampal synaptic protein GAP-43, SYP, PSD-95 levels, serum corticosterone levels, and neuroinflammation were found in sleeping deprivation related memory impairment mice (44). Studies have confirmed the abnormal alterations in MDA, SOD, and CAT activities associated with memory impairment after sleep deprivation (45, 46). Similar changes were exhibited in our study: a decrease of SOD and CAT activities and an increase of MDA level in hippocampus and cerebral cortex of SD mice. Treatment with DNL enhanced antioxidant defense in the brain by increasing SOD and CAT levels and reducing MDA concentration induced by SD, contributing to the cognitive enhancement effect of DNL.




CONCLUSION

The present study shows for the first time the cognitive-enhancing effect of DNL in a chronic stress model induced by SD in mice. The improvement effect of DNL in SD mice may be partially due to regulate the neurotransmitters and mitigate oxidative stress levels in the brain. Our results also indicate that, as a traditional medicinal herbal plant, DNL may be used as a potential candidate agent in preventing and treating cognition impairment induced by stress.
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