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Abstract

Lately, Drosophila has been favored as a model in sleep and circadian rhythm research due

to its conserved mechanism and easily manageable operation. These studies have revealed

the sophisticated parameters in whole-day sleep profiles of Drosophila, drawing connec-

tions between Drosophila sleep and human sleep. In this study, we tested several sleep

deprivation protocols (mechanical shakes and light interruptions) on Drosophila and delin-

eated their influences on Drosophila sleep. We applied a daytime light-deprivation protocol

(DD) mimicking jet-lag to screen drugs that alleviate sleep deprivation. Characteristically,

classical sleep-aid compounds exhibited different forms of influence: phenobarbital and

pentobarbital modified total sleep time, while melatonin only shortened the latency to sleep.

Such results construct the basis for further research on sleep benefits in other treatments in

Drosophila. We screened seven herb extracts, and found very diverse results regarding

their effect on sleep regulation. For instance, Panax notoginseng and Withania somnifera

extracts displayed potent influence on total sleep time, while Melissa officinalis increased

the number of sleep episodes. By comparing these treatments, we were able to rank drug

potency in different aspects of sleep regulation. Notably, we also confirmed the presence of

sleep difficulties in a Drosophila Alzheimer’s disease (AD) model with an overexpression of

human Abeta, and recognized clear differences between the portfolios of drug screening

effects in AD flies and in the control group. Overall, potential drug candidates and receipts

for sleep problems can be identified separately for normal and AD Drosophila populations,

outlining Drosophila’s potential in drug screening tests in other populations if combined with

the use of other genetic disease tools.

Introduction

Health has long been associated with adequate sleep quality and sleep quantity: studies have

shown that an average sleep duration of 7 hours per night is strongly correlated to an improve-

ment in human health [1]. However, sleep problems affect nearly one in seven adults, espe-

cially individuals who regularly travel across time zones or have diseases including but not

limited to Alzheimer’s disease and schizophrenia [2,3]. Melatonin is commonly used as a food

supplement to treat jet lag related sleeping problems, but a number of studies have reported
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that it merely decreases sleep latency and does not increase total sleep episodes or sleep quan-

tity [4–6]. Moreover, although sedative-hypnotic drugs such as pentobarbital and phenobarbi-

tal have also been used as sleep enhancers for treating insomnia, adverse effects such as

potential drug dependence and drowsiness have limited their usage [7–9]. As a result, there is

an unmet need for sleep enhancers without strong adverse effects in both scientific research

and commercial applications.

Drosophila is an excellent model for human behavior, because it exhibits many different

types of humanlike conduct, including fighting, learning and memory, and drug addiction

[10–12]. Flies are also extensively used in circadian research: the first circadian gene, Per, was

first discovered in Drosophila [13]. In recent years, Drosophila has been favored as a model in

the discovery of treatments regulating sleep and circadian rhythm, used parallel to conven-

tional mouse and large animal models; key sleep parameters have been defined, and multiple

different types of sleep deprivation (SD) approaches have been applied [14–16]. These

approaches can be categorized into the following: sensory stimulation, circadian clock alter-

ation, and genetic manipulation. Each SD stimulation approach has its own advantages and

limitations. For example, physical vibrations can inflict significant levels of change in sleep,

but can also cause non-specific side effects [16]. While genetic activation of circadian neurons

has minimal effects on sensory stimulation, it may also reduce the life span of flies [17]. There-

fore, different SD protocols must be adopted and modified to fulfill specific needs in different

settings. In addition, herbs extracts have been used extensively in managing jet lag and disease

related insomnia in Eastern Asia [18,19]. However, only a small percentage of these extracts

have been tested in animal models, and an even lesser percentage have been tested in official

clinical trials [20,21]. Therefore, developing a fly-based assay can provide a platform for evalu-

ating distinct sleep parameters.

In this study, we used the Drosophila Activity Monitoring System (DAMS) to take time-

lapse recordings of daily fly activity. Multiple SD protocols mimicking different biological sce-

narios were examined and compared. We selected a daytime light deprivation protocol (Dark-

dark daily cycle, DD) mimicking jet lag to conduct drug screening and create profiles for sleep

regulation. Additionally, we utilized a Drosophila Alzheimer’s disease (AD) model overexpres-

sing human Abeta peptide in the central nervous system [22–24] in the screening process, and

found that the screening portfolios of the herbal extracts were quite different from control

files. Viewed in junction, potential drug candidates and receipts for sleep problems can be

identified separately for control or AD Drosophila populations, and also in other populations if

combined with the use of other genetic disease tools.

Materials and methods

Flies

The isogenic line of w1118 (isoCJ1) was used as a control in all experiments and is referred to

as control flies. The expression of human Ab42 peptide in Drosophila was performed by a

genetic cross of the UAS-hAbeta42 line and the elav-GAL4c155 line (an ubiquitous neuronal

expressing Gal4 line), and the offspring strain will be referred to as AD flies [22–24]. All flies

were reared at 25 ºC and 50% relative humidity in a 12-hour light and 12-hour dark cycle (LD)

condition.

Sleep assays

On the first day after eclosion (DAE), virgin male or female flies were identified and sorted

separately by their gender in vials (3 cm in inner diameter) with a standard cornmeal medium

for recovery. From DAE 2 to 4, flies were raised in a sucrose-agar (SA) medium (4% and 1%,
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respectively) containing either the vehicle or drugs. At the end of DAE 4, each fly was trans-

ferred into individual recording tubes (0.3 cm in inner diameter) with the same type of SA

medium, and was then acclimated in an incubator for at least 24 hours in the LD condition

(adaptation stage). The settings for lights on and off were at Zeitgeber (ZT) 12 (local time

20:00) and ZT 24(0) (local time 08:00), respectively. After turning off the light on DAE 5, data

collection was performed using the DAMS (Trikinetics Waltham, MA) for one to three days

with or without SD protocols (see next section). Events are recorded when a fly crosses the

detection point and the intervals between consecutive events is 6 seconds. Based on earlier

publications, 5 minutes of consolidated inactivity is defined as sleep in Drosophila [14–15]. We

used Matlab (MathWorks, Natick, MA) to process raw data from the DAMS to obtain individ-

ual sleep parameters for each 12 hour period. Sleep parameters were adopted from previous

studies [25]: total sleep time, the total sleep duration in given period; sleep latency, the time

period to first sleep after lights off (ZT 12); activity index, the frequency of activity during wak-

ing time; mean sleep, the mean duration for sleep episodes; maximum sleep, the duration for

the longest sleep episode; sleep frequency, the number of sleep episodes in a given period.

Protocols for sleep deprivation

SD protocols used in this study include the discontinuous mechanical stimulation (DMS), the

discontinuous light stimulation (DLS), and the constant darkness (DD) condition. For DMS,

flies were subjected to mechanical disturbance with a shaker (a 5-sec shake, about 2-cm shift at

240 round/min, with a cycle of every 30 min) for 12 hours during the night (ZT 12–24). DLS is

a method adapted from a previous publication [26]. Briefly, flies were exposed to 10-min light

(490~590 lux) every 60 min for 12 hours during the night. For DD, flies were subjected to con-

stant darkness during the day (ZT 0–12) [16]. For all SD experiments, a group of flies in LD

without sleep interference was observed at the same time as a control group.

Drug treatment and preparation

Drugs, extracts or vehicles were added to fly food since 2 DAE. Sources and final concentra-

tions in SA medium for three compounds are as following: pentobarbital was obtained from

Sigma-Aldrich Co. (St. Louis, MO, USA) at 1 mg/ml; phenobarbital was obtained from New

Asiatic Pharmaceutical (Shanghai, China) at 720 ug/ml; melatonin was obtained from Meilun

Biotech. Co. (Dalian, Shenyang, China) at 1 mg/ml. 100X stock solutions were prepared in dis-

tilled water (pentobarbital and phenobarbital) or DMSO (melatonin). Seven extracts with

known effects on brain function were also selected in the study, as summarized in Table 1.

Herb extracts were dissolved at a final concentration of 1 mg/ml in the SA medium.

Analysis and statistics

In most figures, data is presented as mean ± standard error of the mean (SEM). “N” represents

the number of flies tested. Unpaired two-tailed Student’s t-test was used for statistical analysis

(GraphPad 7, GraphPad Software, San Diego, CA). p< 0.05 was considered to have a signifi-

cant difference. �, p< 0.05; ��, p < 0.01; ���, p< 0.001; ����, p< 0.0001. In Figs 4, 5 and 7,

and S2 Fig, data is presented as the differences of individual groups from the control group.

This normalization was performed so that the potency of specific parameters among groups

could be ranked. One-way ANOVA followed by a Fisher’s LSD test as the post-hoc test was

used for statistical analysis, conducted through GraphPad 7. Similarly, �, p< 0.05; ��, p< 0.01;
���, p< 0.001; ����, p< 0.0001.
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Results

Different SD protocols show a distinct effect on Drosophila sleep

parameters

Sleep in Drosophila can be disrupted by many environmental factors, including but not lim-

ited to vibration, sound, and light. Several sleep-deprivation protocols were designed to

mimic different scenarios in daily activity [14,15,26]. We used a DAMS designed for time-

lapse recording of daily fly activity to study the effects of different factors on the sleep pro-

files of flies. Three sensory stimulation-based approaches were tested in this study, includ-

ing vibration-based DMS and light interference-based DLS and DD protocols (Fig 1A, also

see Materials and Methods). DMS and DLS were designed to model the effects of distur-

bance at night time, and DD models changing work shifts between day and night or shifting

between time zones, mimicking jet lag in humans. Fig 1B depicts the separate sleep profiles

of male flies, corresponding to their individual stimulations. Compared to the sleep profiles

of the control group, flies under DMS and DLS experienced a reduction in sleep at night

(ZT12-24), while the ones in the DD condition exhibited a strong reduction mainly at ZT

0–12 and not at ZT 12–24. Statistical analysis shows that flies after DMS have 12% more

total sleep at ZT 0–12 and an increase in sleep latency (Fig 1C and 1D, left panel). On the

other hand, flies after DLS exhibit no significant changes in total sleep time during ZT 0–12

and sleep latency (Fig 1C and 1D, middle panel). It is worth noting that the activity index

(activity count/wake time) can also be obtained through our methods, illustrating basic fly

activity behaviors during waking period. In many other animal models like rodents, addi-

tional experiments must be carried out for such information. According to our results,

activity level was affected in an opposite way by mechanical and light stimuli during period

ZT 12–24 (Fig 1E, DMS up and DLS down, respectively), and might affect the following

period ZT 0–12 only in DLS. Contrastingly, DD protocol increased the activity level at ZT

0–12 (Fig 1E).

This time-lapse recording system also helps reveal several complicated parameters in the

sleep profile rarely obtained in other animal models. For instance, we were able to record max-

imum and mean sleep length and sleep frequency, three other indicators of sleep quality.

These parameters experienced significant changes (Fig 2): DMS reduced maximum and mean

sleep lengths and increased sleep frequency (ZT12-24), and exhibited significant rebound in

maximum and mean sleep after SD (ZT 0–12). Contrastingly, the DLS group displayed phe-

nomena opposite to the DMS group after SD (ZT 12–24), indicating that the rebound period

of sleep profiles after light and mechanical stimuli are quite different.

Table 1. Information for herb extracts.

Herbs Parts Used Extract Method Extract Ratio Vendors Lot No. Concentration Published Function

F. multiflora NSa water 10: 1 (w/w b) Ruikang Bio. Eng. 20171115 1 mg/ml Sedation and hypnosis [43]

G. uralensis NS a water 10: 1 (w/w b) Ruikang Bio. Eng. 20171220 1 mg/ml Cognition related [44]

M. officinalis Whole EtOH & water 10: 1 (w/w b) Jiahe Phytochem CXFC-A-801022 1 mg/ml Emotion & sleep related [21, 41, 42]

P. ginseng Root EtOH ginsenosides = 10% Hongjiu BioTech 160920 1 mg/ml Cognition & anti-inflammatory [45]

P. notoginseng Root EtOH & water saponin� 30% Jiahe Phytochem Csq20151019 1 mg/ml Emotional related [19, 36–39]

P. vulgaris NS a water 10: 1 (w/w b) Ruikang Bio. Eng. 20171011 1 mg/ml Sleep related [46]

W. somnifera Root EtOH & water withanolides � 2.5% Jiahe Phytochem CZQ-A-701094 1 mg/ml Sleep related [47]

aNS: not specified.
bw/w: weight/weight.

https://doi.org/10.1371/journal.pone.0236318.t001
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Fig 1. Distinct effects of three different sleep deprivation (SD) protocols in Drosophila. (A) Schematics for three SD

protocols. Black and white bars indicate the lights-off and lights-on duration respectively. Triangle symbols indicate the delivery

of mechanical or light stimuli, and dot lines represent the omitting stimuli. Ctrl (LD): Control Light-Dark Condition; DMS:

Discontinuous Mechanical Stimulation; DLS: Discontinuous Light Stimulation; DD: Dark-Dark Stimulation. (B) Typical sleep

profiles of manipulated (DMS, DLS, DD) and control (LD) flies. Male flies were used in this test. (C) Comparison of total sleep

time between the control group and three different SD protocols in different time periods. (D) Comparison of sleep latency

(latency to the first recording of sleep after lights off) between the control group and three different SD protocols. (E) Activity

index affected by different SD protocols. Data are presented as mean ± SEM. Tested fly N numbers: Left column, 48 for LD and

48 for DMS; middle column, 172 for LD and 156 for DLS; right column, 102 for LD and 105 for DD. Two-tailed, unpaired

Student’s t-test was used. ��, p< 0.01; ���, p< 0.001; ����, p< 0.0001.

https://doi.org/10.1371/journal.pone.0236318.g001
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Different genders showed difference sleep behavior in DD

In order to address sleep-deprivation issues related to changing work shifts and jet lag, we

applied the DD protocol for the rest of this study. We first obtained the sleep profiles for both

male and female flies to address potential gender differences in circadian rhythm, a phenome-

non that had been previously reported in numerous species and also humans. Virgin flies were

chosen so that the egg laying would not cause significant difference to the sleep profiles. Our

results indicated that female and male flies exhibited discrete sleeping profiles (as shown in Fig

3A and 3B). Compared to male flies, females tend to have less sleep time at ZT 12–24 in regular

LD condition. After the DD protocol was applied, female files experienced more reduction in

total sleep than male flies (female vs. male, 37.4 + 3.9% vs. 31.5 + 2.5%, respectively, Fig 3C),

and this tendency of reduction continued in the following days (S1 Fig). Both female and male

flies experienced a reduction in mean and maximum sleep length (Fig 3D & 3F). Sleep fre-

quency was increased about 70% in males during DD, much larger in comparison to the

change in females (Fig 3E). We concluded that changes induced by DD in sleep latency were

not significant (Fig 3G). However, male flies did have a significantly higher activity index (Fig

3H). Overall, female flies were more vulnerable to DD stimulation considering total sleep

time, but not in the sleep frequency. Therefore, female flies were chosen for the following drug

screening study.

Fig 2. Additional sleep parameters changed in three different SD protocols. Additional sleep parameters from the control

LD and corresponding experiment groups were illustrated with gray and black bars, respectively. (A) The effect of three SD

protocols on maximum sleep episode duration during SD. (B) Mean sleep episode duration during SD. (C) The effect of DLS,

DMS and DD on sleep frequency (number of sleep episodes in fix time). N numbers and statistical methods are the same as in

Fig 1.

https://doi.org/10.1371/journal.pone.0236318.g002
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Drug screening using DD paradigm in Drosophila
Due to its easily manipulated operation, it is possible to perform phenotypic screening for

drugs in Drosophila [24,27,28]. In order to determine if the DD protocol is suitable for drug

screening, we tested several common medications prescribed for sleep therapy. In Fig 4, the

differences of drug-given groups from the control group were presented so that the potency at

specific parameters among groups could be ranked. We found that phenobarbital, a widely

used sleep enhancer, significantly increased total sleep, mean sleep, and maximum sleep at ZT

0–12 (Fig 4A–4E). On the other hand, pentobarbital only resulted in a slight increase on total

sleep time (Fig 4B–4G). It is worth noting that the complicated parameters retrieved by time-

lapse recordings from large samples enable more sophisticated analysis of drug effects on sleep

profiles. It is possible to delineate the therapeutic effects of drugs with similar structures with

the Drosophila system. The exogenous melatonin administration has been previously docu-

mented to improve human circadian rhythms and sleep [5,6]. Our results reveal that melato-

nin treatment only reduces latency in flies (Fig 4F) and has limited effects on other sleep

parameters (Fig 4B–4G).

Many herbs like F. multiflora, G. uralensis, P. notoginseng, and M. officinalis have been doc-

umented to modulate the function of central nervous system or to relieve sleep disturbances in

Fig 3. Female and male flies exhibiting distinct sleep profiles in LD and DD conditions. (A-B) Typical sleep profiles for female (A) and male (B) in LD

and DD conditions. (C-H) Comparison of sleep parameters under DD and LD conditions between different genders. Tested fly N numbers: female, 78 for

LD and 83 for DD; male, 86 for LD and 89 for DD. Statistical methods are the same as in Fig 1.

https://doi.org/10.1371/journal.pone.0236318.g003
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rodents and other species [8,19,21,29, 43–47]. We launched a screening of these herbs (see

Table 1) to examine their therapeutic effect on Drosophila sleep profiles. The capacity of

DAMS can be expanded by connecting multiple devices in parallel, thus allowing us to test

many drug samples simultaneously. An experiment testing seven drugs and one control group

(Fig 5) can be finished within days, demonstrating the efficiency of the Drosophila system in

pharmacological screening. Fig 5 showed that at a 1 mg/ml concentration in daily food, only a

few herbal extracts could significantly affect the sleep profile. For example, treatments of P.

notoginseng make flies increase total sleep and decrease latency, but they also reduce fly activity

during wake time (Fig 5A, 5E and 5F). The effects of W. somnifera, also known as Ashwa-

gandha, are very similar to P. notoginseng, with the exception of its activity index, which

remains consistent (Fig 5A, 5E and 5F). On the other hand, M. officinalis, P. ginseng and P.

Fig 4. Effects of different sleep-aiding compounds in DD condition. (A) Representative plots showing the sleep

profiles of vehicle and phenobarbital in DD conditions. (B) Effects of melatonin, pentobarbital and phenobarbital on

total sleep time at ZT 0–12. Drugs were presented in food three days before and during the recordings. The results for

ZT 12–24 are shown in S2 Fig. Phenobarbital and pentobarbital significantly increased total sleep. (C) Summary of

changes on mean sleep time. Phenobarbital significantly increased mean sleep. (D) Summary of changes on maximum

sleep duration. Phenobarbital significantly prolonged maximum sleep. (E) Three drugs had no significant effect on

sleep frequency. (F) Melatonin significantly reduced latency. (G) Activity index remained unchanged in all drug-

treatment groups. Values for individual groups illustrate the changes in percentage from vehicle group after

normalization for comparisons in (B-G). Error bars indicate SEM. N numbers for vehicle, melatonin, pentobarbital,

and phenobarbital: 40, 15, 16, and 12. One-way ANOVA followed by a Fisher’s LSD test (compared with the vehicle

feeding group) was used for statistical analysis. �, p< 0.05; ��, p< 0.01; ���, p< 0.001; ����, p< 0.0001.

https://doi.org/10.1371/journal.pone.0236318.g004
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vulgaris exhibit no significant changes on total sleep time, mean sleep, maximum sleep, and

latency (Fig 5). Interestingly, P. ginseng and P. vulgaris both significantly reduce the activity

index before and during SD (Fig 5F and S2 Fig), implying their potential as sedative com-

pounds in our system.

Fig 5. Effects of herb extracts in DD. A summary of seven herb extracts for their effects on sleep parameters. Drugs

were presented in food three days before and during the recordings. (A) Changes in total sleep time. P. notoginseng and

W. somnifera significantly increased total sleep. (B) Changes in mean sleep duration. F. multiflora and G. uralensis
significantly increased mean sleep. (C) Changes in maximum sleep. F. multiflora and P. notoginseng prolonged the

maximum sleep. (D) Changes in sleep frequency. Flies fed with M. officinalis or P. notoginseng had more sleep

episodes. (E) Sleep latency. P. notoginseng and W. somnifera decreased sleep latency. (F) Changes in activity index.

Except for M. officinalis and W. somnifera, all other drugs reduced activity index. The concentrations of all herb

extracts were 1 mg/ml in food. Values for individual groups illustrate the changes in percentage from vehicle group

after normalization. Error bars indicate SEM. N numbers: vehicle, N = 77; F. multiflora, N = 26; G. uralensis, N = 14;

M. officinalis, N = 13; P. ginseng, N = 14; P. notoginseng, N = 28; P. vulgaris, N = 15; W. somnifera, N = 13. Statistical

methods are the same as in Fig 4.

https://doi.org/10.1371/journal.pone.0236318.g005

PLOS ONE Screening sleep assisting drugs with Drosophila model

PLOS ONE | https://doi.org/10.1371/journal.pone.0236318 July 29, 2020 9 / 17

https://doi.org/10.1371/journal.pone.0236318.g005
https://doi.org/10.1371/journal.pone.0236318


Sleep profiles in Drosophila Alzheimer’s disease models and potential drug

screening

AD patients exhibit not only cognitive deficits but also dysfunction of the circadian rhythm

and other sleep disturbances [30,31]. To investigate the phenotypes on sleep caused by AD in

Drosophila, we used an AD model, elav-Gal4 x UAS-hAbeta-42, which has an overexpression

of the human-A beta 42 peptide in the central nervous system (see Materials and Methods)

and has been shown to exhibit progressive cognition deficits and neurodegeneration [22–24].

In this study, we first reported altered sleep profiles in AD flies in both female (see Fig 6A) and

male (S3 Fig) flies in a regular LD cycle. The AD flies also exhibited a decrease in total sleep

time in female (Fig 6B) and male (S3 Fig), similar to the trends found in earlier clinical studies.

Under the DD condition, AD flies exhibited reduced change rate in total sleep time, maximum

sleep, sleep frequency, and increased latency as compared to control flies (Fig 6C–6H). Nota-

bly, control and AD flies showed similar changes in activity index (Fig 6G). Overall, AD flies

have sleep issues and are more vulnerable to DD condition (Fig 6 and S4 Fig).

It is interesting that the drug screening results in control and AD flies are quite different

(Figs 4, 5 and 7). Pentobarbital and phenobarbital have no significant effects on many of the

sleep parameters in AD flies, but they both significantly suppress the activity index and lead to

a strong reduction in activity during wake time (Fig 7A–7F). Among the herbal extracts, we

found that extracts from M. officinalis enhanced the total sleep, mean sleep and maximum

sleep time of flies (Fig 7A–7C).

Discussion

Sleep regulation involves complex mechanisms in all animal species. Environmental factors

such as a change in light and chemical stimulants like caffeine can modulate the sleep patterns

in Drosophila [14,15,32]. Therefore, Drosophila has a high potential in the screening of drug

treatments for human use. For many years the sleep phenotypes of Drosophila have been used

in genetic screens to isolate dozens of mutants, providing valuable insight into the molecular

mechanisms of sleep behavior for both invertebrates and vertebrates. Drug screens in in vivo
systems are rare, especially when behavioral outputs such as sleep are involved. There are only

a few studies reporting in vivo screening for sleep phenotypes in small animals like Zebrafish
and Drosophila [27,33]. Several automated, sophisticated setups have been developed recently

not only to reduce labor-intensive experiments but also to gain detailed information about

sleep architecture. In this study, we chose the DAM system (see Materials and Methods),

which allows multiple drug screening tests simultaneously. Since these drugs are tested within

a short period of time, their pharmacological results can be directly compared to all others

(Figs 4, 5 and 7, and S2 Fig), producing results of high efficacy.

Drosophila sleep shares many key characteristics with mammalian sleep. In humans, sleep

is a dynamic physiological process involving multiple transitions between the rapid eye move-

ment (REM) stage and three other non-REM stages, each associated with different arousal

thresholds [34]. In Drosophila, total sleep duration is often equated with sleep intensity [14–

15]. Interestingly, a recent publication used electrophysiology and arousal-testing methods to

identify dynamic deep sleep stages in Drosophila [35]. By considering how sleep profiles in

dynamic stages may change after behavioral and pharmacological manipulation or in mutant

strains, we can uncover the functional roles of specific parameters in sleep processes. In this

study, we monitored changes on several important parameters, including total sleep time,

sleep latency (time to sleep) and activity index (locomotion counts/wake time), revealing their

different influences on the Drosophila sleep profile. For instance, the administration of melato-

nin shortened sleep latency but did not increase the total sleep time during sleep deprivation
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Fig 6. Altered sleep profiles in AD female flies. (A) Typical sleep profiles of female AD and control files. AD flies

tended to have shorter sleep in both LD and DD conditions. Male AD flies also have altered patterns (see S3 Fig). (B)

Summary of total sleep time for both groups in specific time periods. (C-H) Comparison of LD and DD conditions in

both strains and changes between strains under DD. DD data is presented against corresponding LD groups after

normalization. Error bars indicate SEM. (C) Changes in total sleep: both groups of flies exhibited reduction in total

sleep time in DD, but such change was greater in the AD group. (D) AD and control flies exhibit similar level of

reduction in mean sleep. (E) AD flies had more reduction in maximum sleep. (F) Significant differences in the sleep

frequency could be detected only in AD flies. (G) Both strains were more active under DD. (H) AD flies showed longer

sleep latency. N numbers for control flies in LD, control flies in DD, AD flies in LD, and AD flies in DD: 90, 95, 87, and

87. Statistical methods are the same as in Fig 1.

https://doi.org/10.1371/journal.pone.0236318.g006
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(Fig 4A, 4B and 4F), indicating that melatonin may only induce flies to sleep faster but not lon-

ger. Such results are consistent with human clinical trials that have reported that the prescrip-

tion of melatonin helps induce sleep but does not enhance total sleep time [4]. Moreover, the

activity index shows no change after melatonin treatment (Fig 4G), suggesting that melatonin

has a limited effect on activity during wake time.

In AD, 44% of patients are affected by sleep disorders, and the prevalence and severity of

sleep disturbances increases with AD severity [40,48,49]. With the progression of dementia,

Fig 7. Portfolios of drug effects on AD flies in DD. The effects of two compounds and four herbal extracts were

tested in female AD flies. The changes of individual parameters were normalized against the vehicle group. (A) Total

sleep: M. officinalis significantly increased total sleep. (B) Mean sleep: M. officinalis significantly increased mean sleep.

(C) M. officinalis significantly prolonged maximum sleep. (D) AD fed with pentobarbital or phenobarbital had more

sleep episodes. (E) Only phenobarbital and P. notoginseng could reduce sleep latency in AD flies. (F) F. multiflora, M.

officinalis and W. somnifera had no effects on activity in AD flies. N numbers: vehicle, N = 86; pentobarbital, N = 16;

phenobarbital, N = 14; F. multiflora, N = 31; M. officinalis, N = 15; P. notoginseng, N = 27; W. somnifera, N = 15.

Statistical methods are the same as in Fig 4.

https://doi.org/10.1371/journal.pone.0236318.g007
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the neurons in the suprachiasmatic nucleus (SCN) responsible for the circadian cycle becomes

pathologically degenerated [50–52]. Some mouse models with triple-transgenic manipulations

can recapitulate many features of AD patients, including reduced activity and similar neuro-

peptidergic change in the SCN after the onset of Abeta pathology [53]. In AD flies, the expres-

sion of Abeta in the brain results in neuronal loss in neuropil regions and the Kenyon cell

layer [22] and affects sleep profiles (Fig 6, S3 Fig and S4 Fig). Independently, increasing the

sequential cleavage of amyloid precursor protein by expressingβ-site secretase enzyme

(dBACE) in fly brains caused the disruption of the circadian rhythm, accompanied by defected

oscillation of the PER protein in master regulator neurons in Drosophila [54]. These observa-

tions suggest a conserved modulation of sleep levels by AD-related proteins across different

species, presumably allowing us to use these models for drug discovery. As illustrated in Figs 5

and 7, the drug pharmacology tests in control and AD flies are slightly different. For instance,

the treatment of P. notoginseng can increase total sleep in control flies but not in AD; while the

extract from M. officinalis has limited effects on control flies but greatly enhances total sleep

time in AD. It is reasonable to speculate that sleep regulation in control and AD populations

may involve different factors and targets in different pathways, although this hypothesis

requires further support from studies involving in-depth analysis of molecular mechanisms.

Supporting information

S1 Fig. Three-day sleep patterns in Drosophila. (A) Sleep profiles of female and male flies

under LD and DD condition for three days (day-after-eclosion, DAE, 5 to 7). Before recording, vir-

gin male or female flies were sorted by gender separately since DAE 1, and raised in SA medium

from DAE 2 to 4 at LD condition. Left for female and right for male. (B) Comparison of total sleep

for three consecutive days under LD and DD condition. N numbers: females in LD, females in

DD, males in LD, and males in DD: 16, 11, 14, and 11. Statistical methods are the same as in Fig 1.

(TIF)

S2 Fig. Portfolios of drug effects on Drosophila sleep from ZT 12–24. The 12-hour results in

prior to Figs 4 and 5 were summarized. Changes of individual parameters were normalized

against the vehicle group. (A) Total sleep, (B) Mean sleep, (C) Maximum sleep, (D) Sleep fre-

quency, and (E) Activity index. For N numbers: vehicle, N = 93; melatonin, N = 15; pentobar-

bital, N = 16; phenobarbital, N = 12; F. multiflora, N = 26; G. uralensis, N = 14; M. officinalis,
N = 13; P. ginseng, N = 14; P. notoginseng, N = 28; P. vulgaris, N = 15; W. somnifera, N = 13.

Statistical methods are the same as in Fig 4.

(TIF)

S3 Fig. Sleep profiles for AD and control male flies. (A) Typical sleep profiles for male AD flies

under LD or DD condition. (B) Summary of total sleep time at specific time periods. N numbers

for control and AD were 102 and 56, respectively. Statistical methods are the same as in Fig 1.

(TIF)

S4 Fig. Raw data for sleep parameters in female AD flies. Figs A-F illustrated the original

data in female AD and control flies before normalization, as shown in Fig 6. Statistical methods

are the same as in Fig 1.

(TIF)

Acknowledgments

We thank Dr. Yi Zhong of Tsinghua University (Beijing, China) for providing experimental

materials and equipment. We thank Mr. Ye Tao and Mrs. Guochun Huang of Suzhou Joekai

PLOS ONE Screening sleep assisting drugs with Drosophila model

PLOS ONE | https://doi.org/10.1371/journal.pone.0236318 July 29, 2020 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236318.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236318.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236318.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236318.s004
https://doi.org/10.1371/journal.pone.0236318


Biotech for providing scientific, technical and logistical support. We also thank Ms. Lily Peng

of Shanghai High School International Division (Shanghai, China) for editing this manuscript.

Author Contributions

Conceptualization: Yan-Ying Wang, Wei-Wei Ma, I-Feng Peng.

Data curation: Yan-Ying Wang, Wei-Wei Ma.

Formal analysis: Yan-Ying Wang, Wei-Wei Ma.

Funding acquisition: I-Feng Peng.

Investigation: Yan-Ying Wang, Wei-Wei Ma.

Methodology: Yan-Ying Wang, Wei-Wei Ma.

Project administration: Yan-Ying Wang, I-Feng Peng.

Resources: Yan-Ying Wang, I-Feng Peng.

Software: Yan-Ying Wang.

Supervision: Wei-Wei Ma, I-Feng Peng.

Validation: Yan-Ying Wang.

Visualization: I-Feng Peng.

Writing – original draft: Yan-Ying Wang, Wei-Wei Ma.

Writing – review & editing: Yan-Ying Wang, Wei-Wei Ma, I-Feng Peng.

References
1. June J. Pilcher, Douglas R. Ginter, Brigitte Sadowsky. Sleep quality versus sleep quantity: relationships

between sleep and measures of health, well-being and sleepiness in college students. J Psychosom

Res. 1997 Jun; 42(6):583–96. https://doi.org/10.1016/s0022-3999(97)00004-4 PMID: 9226606

2. Foley D, Ancoli-Israel S, Britz P, Walsh J. Sleep disturbances and chronic disease in older adults:

results of the 2003 National Sleep Foundation Sleep in America Survey. J Psychosom Res. 2004 May;

56(5):497–502. https://doi.org/10.1016/j.jpsychores.2004.02.010 PMID: 15172205

3. Wolkove N, Elkholy O, Baltzan M, Palayew M. Sleep and aging: 1. Sleep disorders commonly found in

older people. CMAJ. 2007 Apr 24; 176(9):1299–304. https://doi.org/10.1503/cmaj.060792 PMID:

17452665

4. Chase JE, Gidal BE. Melatonin: therapeutic use in sleep disorders. Ann Pharmacother. 1997 Oct; 31

(10):1218–26. https://doi.org/10.1177/106002809703101015 PMID: 9337448

5. Cajochen C, Krauchi K, Wirz-Justice A. Role of melatonin in the regulation of human circadian rhythms

and sleep. J Neuroendocrinol. 2003 Apr; 15(4):432–7. https://doi.org/10.1046/j.1365-2826.2003.

00989.x PMID: 12622846

6. Lewy AJ, Sack RL. Exogenous melatonin’s phase-shifting effects on the endogenous melatonin profile

in sighted humans: a brief review and critique of the literature. J Biol Rhythms. 1997 Dec; 12(6):588–

94. https://doi.org/10.1177/074873049701200614 PMID: 9406034

7. Ma H, Kim CS, Ma Y, Nam SY, Kim DS, Woo SS, et al. Magnolol enhances pentobarbital-induced

sleeping behaviors: possible involvement of GABAergic systems. Phytother Res. 2009 Sep; 23

(9):1340–4. https://doi.org/10.1002/ptr.2773 PMID: 19165750

8. Ma Y, Han H, Nam SY, Kim YB, Hong JT, Yun YP, et al. Cyclopeptide alkaloid fraction from Zizyphi Spi-

nosi Semen enhances pentobarbital-induced sleeping behaviors. J Ethnopharmacol. 2008 May 8; 117

(2):318–24. https://doi.org/10.1016/j.jep.2008.02.006 PMID: 18353574

9. Ikeda M, Otsuji H. Phenobarbital-induced protection against toxicity of toluene and benzene in the rat.

Toxicol Appl Pharmacol. 1971 Sep; 20(1):30–43. https://doi.org/10.1016/0041-008x(71)90086-x

PMID: 5110825

PLOS ONE Screening sleep assisting drugs with Drosophila model

PLOS ONE | https://doi.org/10.1371/journal.pone.0236318 July 29, 2020 14 / 17

https://doi.org/10.1016/s0022-3999%2897%2900004-4
http://www.ncbi.nlm.nih.gov/pubmed/9226606
https://doi.org/10.1016/j.jpsychores.2004.02.010
http://www.ncbi.nlm.nih.gov/pubmed/15172205
https://doi.org/10.1503/cmaj.060792
http://www.ncbi.nlm.nih.gov/pubmed/17452665
https://doi.org/10.1177/106002809703101015
http://www.ncbi.nlm.nih.gov/pubmed/9337448
https://doi.org/10.1046/j.1365-2826.2003.00989.x
https://doi.org/10.1046/j.1365-2826.2003.00989.x
http://www.ncbi.nlm.nih.gov/pubmed/12622846
https://doi.org/10.1177/074873049701200614
http://www.ncbi.nlm.nih.gov/pubmed/9406034
https://doi.org/10.1002/ptr.2773
http://www.ncbi.nlm.nih.gov/pubmed/19165750
https://doi.org/10.1016/j.jep.2008.02.006
http://www.ncbi.nlm.nih.gov/pubmed/18353574
https://doi.org/10.1016/0041-008x%2871%2990086-x
http://www.ncbi.nlm.nih.gov/pubmed/5110825
https://doi.org/10.1371/journal.pone.0236318


10. Chen S, Lee AY, Bowens NM, Huber R, Kravitz EA. Fighting fruit flies: a model system for the study of

aggression. Proc Natl Acad Sci USA. 2002 Apr 16; 99(8):5664–8. https://doi.org/10.1073/pnas.

082102599 PMID: 11960020

11. Feany MB, Bender WW. A Drosophila model of Parkinson’s disease. Nature. 2000 Mar 23; 404

(6776):394–8. https://doi.org/10.1038/35006074 PMID: 10746727

12. Kaun KR, Devineni AV, Heberlein U. Drosophila melanogaster as a model to study drug addiction. Hum

Genet. 2012 Jun; 131(6):959–75. https://doi.org/10.1007/s00439-012-1146-6 PMID: 22350798

13. Goldbeter A. A model for circadian oscillations in the Drosophila period protein (PER). Proc Biol Sci.

1995 Sep 22; 261(1362):319–24. Review. https://doi.org/10.1098/rspb.1995.0153 PMID: 8587874

14. Huber R, Hill SL, Holladay C, Biesiadecki M, Tononi G, Cirelli C. Sleep homeostasis in Drosophila mela-

nogaster. Sleep 2004 Jun; 27 (4):628–39. https://doi.org/10.1093/sleep/27.4.628 PMID: 15282997

15. Shaw PJ, Tononi G, Greenspan RJ, Robinson DF. Stress response genes protect against lethal effects

of sleep deprivation in Drosophila.Nature. 2002 May 16; 417(6886):287–91. https://doi.org/10.1038/

417287a PMID: 12015603

16. Bushey D, Hughes KA, Tononi G, Cirelli C. Sleep, aging, and lifespan in Drosophila. BMC Neurosci.

2010 Apr 29; 11:56. https://doi.org/10.1186/1471-2202-11-56 PMID: 20429945

17. Kumar S, Mohan A, Sharma VK. Circadian dysfunction reduces lifespan in Drosophila melanogaster.

Chronobiol Int. 2005; 22(4):641–53. https://doi.org/10.1080/07420520500179423 PMID: 16147896

18. Han HJ, Kim HY, Choi JJ, Ahn SY, Lee SH, Oh KW, et al. Effects of red ginseng extract on sleeping

behaviors in human volunteers. J Ethnopharmacol. 2013 Sep 16; 149(2):597–9. https://doi.org/10.

1016/j.jep.2013.07.005 PMID: 23872254

19. Cicero A.F.G, Bandieri E, Arletti R. Orally administered Panax notoginseng influence on rat spontane-

ous behaviour. J Ethnopharmacol. 2000 Dec; 73(3):387–91. https://doi.org/10.1016/s0378-8741(00)

00277-4 PMID: 11090991

20. Chen YL, Lee CY, Huang KH, Kuan YH, Chen M. Prescription patterns of Chinese herbal products for

patients with sleep disorder and major depressive disorder in Taiwan. J Ethnopharmacol. 2015 Aug 2;

171:307–16. https://doi.org/10.1016/j.jep.2015.05.045 PMID: 26068429

21. Cases J, Ibarra A, Feuillère N, Roller M, Sukkar SG. Pilot trial of Melissa officinalis L. leaf extract in the

treatment of volunteers suffering from mild-to-moderate anxiety disorders and sleep disturbances. Med

J Nutrition Metab. 2011 Dec; 4(3):211–218. https://doi.org/10.1007/s12349-010-0045-4 PMID:

22207903

22. Iijima K, Liu HP, Chiang AS, Hearn SA, Konsolaki M, Zhong Y. Dissecting the pathological effects of

human Abeta40 and Abeta42 in Drosophila: a potential model for Alzheimer’s disease. Proc Natl Acad

Sci U S A. 2004 Apr 27; 101(17):6623–8. https://doi.org/10.1073/pnas.0400895101 PMID: 15069204

23. Iijima K, Chiang HC, Hearn SA, Hakker I, Gatt A, Shenton C, et al. Abeta42 mutants with different

aggregation profiles induce distinct pathologies in Drosophila. PLoS One. 2008 Feb 27; 3(2):e1703.

https://doi.org/10.1371/journal.pone.0001703 PMID: 18301778

24. Ma WW, Tao Y, Wang YY, Peng IF. Effects of Gardenia jasminoides extracts on cognition and innate

immune response in an adult Drosophila model of Alzheimer’s disease. Chin J Nat Med. 2017 Dec; 15

(12):899–904. https://doi.org/10.1016/S1875-5364(18)30005-0 PMID: 29329646

25. Guo F, Yu J, Jung HJ, Abruzzi KC, Luo W, Griffith LC, et al. Circadian neuron feedback controls the Dro-

sophila sleep–activity profile. Nature. 2016 Aug; 536(7616):292–7. https://doi.org/10.1038/

nature19097 PMID: 27479324

26. Liu Z, Zhao Z. Effects of light interruption on sleep and viability of Drosophila melanogaster. PLoS One.

2014 Aug 22; 9(8):e105678. https://doi.org/10.1371/journal.pone.0105678 PMID: 25148297

27. Nall AH, Sehgal A. Small-molecule screen in adult Drosophila identifies VMAT as a regulator of sleep. J

Neurosci. 2013 May 8; 33(19):8534–40. https://doi.org/10.1523/JNEUROSCI.0253-13.2013 PMID:

23658190

28. Wang L, Chiang HC, Wu W, Liang B, Xie Z, Yao X, et al. Epidermal growth factor receptor is a preferred

target for treating amyloid-β-induced memory loss. Proc Natl Acad Sci U S A. 2012 Oct 9; 109

(41):16743–8. https://doi.org/10.1073/pnas.1208011109 PMID: 23019586

29. Jo K, Kim H, Choi HS, Lee SS, Bang MH, Suh HJ. Isolation of a sleep-promoting compound from Poly-

gonatum sibiricum rhizome. Food Sci Biotechnol. 2018 Jul 13; 27(6):1833–1842. https://doi.org/10.

1007/s10068-018-0431-0 PMID: 30483448

30. Peter-Derex L, Yammine P, Bastuji H, Croisile B. Sleep and Alzheimer’s disease. Sleep Med Rev. 2015

Feb; 19:29–38. https://doi.org/10.1016/j.smrv.2014.03.007 PMID: 24846773

31. Mitolo M, Tonon C, La Morgia C, Testa C, Carelli V, Lodi R. Effects of Light Treatment on Sleep, Cogni-

tion, Mood, and Behavior in Alzheimer’s Disease: A Systematic Review. Dement Geriatr Cogn Disord.

2018; 46(5–6):371–384. https://doi.org/10.1159/000494921 PMID: 30537760

PLOS ONE Screening sleep assisting drugs with Drosophila model

PLOS ONE | https://doi.org/10.1371/journal.pone.0236318 July 29, 2020 15 / 17

https://doi.org/10.1073/pnas.082102599
https://doi.org/10.1073/pnas.082102599
http://www.ncbi.nlm.nih.gov/pubmed/11960020
https://doi.org/10.1038/35006074
http://www.ncbi.nlm.nih.gov/pubmed/10746727
https://doi.org/10.1007/s00439-012-1146-6
http://www.ncbi.nlm.nih.gov/pubmed/22350798
https://doi.org/10.1098/rspb.1995.0153
http://www.ncbi.nlm.nih.gov/pubmed/8587874
https://doi.org/10.1093/sleep/27.4.628
http://www.ncbi.nlm.nih.gov/pubmed/15282997
https://doi.org/10.1038/417287a
https://doi.org/10.1038/417287a
http://www.ncbi.nlm.nih.gov/pubmed/12015603
https://doi.org/10.1186/1471-2202-11-56
http://www.ncbi.nlm.nih.gov/pubmed/20429945
https://doi.org/10.1080/07420520500179423
http://www.ncbi.nlm.nih.gov/pubmed/16147896
https://doi.org/10.1016/j.jep.2013.07.005
https://doi.org/10.1016/j.jep.2013.07.005
http://www.ncbi.nlm.nih.gov/pubmed/23872254
https://doi.org/10.1016/s0378-8741%2800%2900277-4
https://doi.org/10.1016/s0378-8741%2800%2900277-4
http://www.ncbi.nlm.nih.gov/pubmed/11090991
https://doi.org/10.1016/j.jep.2015.05.045
http://www.ncbi.nlm.nih.gov/pubmed/26068429
https://doi.org/10.1007/s12349-010-0045-4
http://www.ncbi.nlm.nih.gov/pubmed/22207903
https://doi.org/10.1073/pnas.0400895101
http://www.ncbi.nlm.nih.gov/pubmed/15069204
https://doi.org/10.1371/journal.pone.0001703
http://www.ncbi.nlm.nih.gov/pubmed/18301778
https://doi.org/10.1016/S1875-5364%2818%2930005-0
http://www.ncbi.nlm.nih.gov/pubmed/29329646
https://doi.org/10.1038/nature19097
https://doi.org/10.1038/nature19097
http://www.ncbi.nlm.nih.gov/pubmed/27479324
https://doi.org/10.1371/journal.pone.0105678
http://www.ncbi.nlm.nih.gov/pubmed/25148297
https://doi.org/10.1523/JNEUROSCI.0253-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23658190
https://doi.org/10.1073/pnas.1208011109
http://www.ncbi.nlm.nih.gov/pubmed/23019586
https://doi.org/10.1007/s10068-018-0431-0
https://doi.org/10.1007/s10068-018-0431-0
http://www.ncbi.nlm.nih.gov/pubmed/30483448
https://doi.org/10.1016/j.smrv.2014.03.007
http://www.ncbi.nlm.nih.gov/pubmed/24846773
https://doi.org/10.1159/000494921
http://www.ncbi.nlm.nih.gov/pubmed/30537760
https://doi.org/10.1371/journal.pone.0236318


32. Hendricks JC, Finn SM, Panckeri KA, Chavkin J, Williams JA, Sehgal A, Pack AI. Rest in Drosophila is

a sleep-like state. Neuron. 2000 Jan; 25(1):129–38. https://doi.org/10.1016/s0896-6273(00)80877-6

PMID: 10707978

33. Rihel J, Prober DA, Arvanites A, Lam K, Zimmerman S, Jang S, et al. Zebrafish behavioral profiling

links drugs to biological targets and rest/wake regulation. Science. 2010 Jan 15; 327(5963):348–51.

https://doi.org/10.1126/science.1183090 PMID: 20075256

34. Tononi G, Cirelli C. Sleep function and synaptic homeostasis. Sleep Med Rev. 2006 Feb; 10(1):49–62.

https://doi.org/10.1016/j.smrv.2005.05.002 PMID: 16376591

35. van Alphen B, Yap MH, Kirszenblat L, Kottler B, van Swinderen B. A dynamic deep sleep stage in Dro-

sophila. J Neurosci. 2013 Apr 17; 33(16):6917–27. https://doi.org/10.1523/JNEUROSCI.0061-13.2013

PMID: 23595750

36. Bruneton J. Pharmacognosie. Phytochimie. Plantes Medicinales. Medicales Internationales. Cachan.

1999 pp. 707–710.

37. Petkov VD, Mosharrof AH. Effects of standardized ginseng extract on learning, memory and physical

capabilities. Am J Chin Med. 1987; 15(1–2):19–29. https://doi.org/10.1142/S0192415X87000047

PMID: 3687838

38. Itoh T, Zang YF, Murai S, Saito H. Effects of Panax ginseng root on the vertical and horizontal motor

activities and on brain monoamine-related substances in mice. Planta Med. 1989 Oct; 55(5):429–33.

https://doi.org/10.1055/s-2006-962058 PMID: 2813579

39. Liu C, Meng Z, Wiggin TD, Yu J, Reed ML, Guo F, et al. A Serotonin-Modulated Circuit Controls Sleep

Architecture to Regulate Cognitive Function Independent of Total Sleep in Drosophila. Curr Biol. 2019

Nov 4; 29(21):3635–3646.e5. https://doi.org/10.1016/j.cub.2019.08.079 PMID: 31668619

40. McCurry SM, Reynolds CF, Ancoli-Israel S, Teri L, Vitiello MV. Treatment of sleep disturbance in Alzhei-

mer’s disease. Sleep Med Rev. 2000 Dec; 4(6):603–628. https://doi.org/10.1053/smrv.2000.0127

PMID: 12531038

41. Ibarra A, Feuillere N, Roller M, Lesburgere E, Beracochea D. Effects of chronic administration of

Melissa officinalis L. extract on anxiety-like reactivity and on circadian and exploratory activities in mice.

Phytomedicine. 2010 May; 17(6):397–403. https://doi.org/10.1016/j.phymed.2010.01.012 PMID:

20171069

42. Awad R, Muhammad A, Durst T, Trudeau VL, Arnason JT. Bioassay-guided fractionation of lemon

balm (Melissa officinalis L.) using an in vitro measure of GABA transaminase activity. Phytother Res.

2009 Aug; 23(8):1075–81. https://doi.org/10.1002/ptr.2712 PMID: 19165747

43. Chinese Pharmacopoeia Commission. Pharmacopoeia of the People’s Republic of China. Ministry of

Health of the People’s Republic of China, 2015;p265–6.

44. Ahn J, Um M, Choi W. Kim S, Ha T. Protective effects of Glycyrrhiza uralensis Fisch. on the cognitive

deficits caused by β-amyloid peptide 25–35 in young mice. Biogerontology. 2006; 7(4):239–47. https://

doi.org/10.1007/s10522-006-9023-0 PMID: 16821116

45. Xu T, Shen X, Yu H, Sun L, Lin W, Zhang C. Water-soluble ginseng oligosaccharides protect against

scopolamine-induced cognitive impairment by functioning as an antineuroinflammatory agent. J Gin-

seng Res. 2016; 40(3):211–9. https://doi.org/10.1016/j.jgr.2015.07.007 PMID: 27635118

46. Jeon SJ, Park HJ, Gao Q, Pena IJ, Park SJ, Lee HE, et al. Ursolic acid enhances pentobarbital-induced

sleeping behaviors via GABAergic neurotransmission in mice. Eur J Pharmacol. 2015; 762:443–8.

https://doi.org/10.1016/j.ejphar.2015.06.037 PMID: 26102564

47. Kaur T, Singh H, Mishra R, Manchanda S, Gupta M, Saini V, et al. Withania somnifera as a potential

anxiolytic and immunomodulatory agent in acute sleep deprived female Wistar rats. Mol Cell Biochem.

2017; 427(1–2):91–101. https://doi.org/10.1007/s11010-016-2900-1 PMID: 28004351

48. Bianchetti A, Scuratti A, Zanetti O, Binetti G, Frisoni GB, Magni E, et al., Predictors of mortality and insti-

tutionalization in Alzheimer disease patients 1 year after discharge from an Alzheimer dementia unit.

Dementia, 1995; 6:108–112 https://doi.org/10.1159/000106930 PMID: 7606278

49. Harper DG, Stopa EG, McKee AC, Satlin A, Harlan PC, Goldstein R, et al. Differential circadian rhythm

disturbances in men with Alzheimer disease and frontotemporal degeneration. Arch Gen Psychiatry.

2001; 58:353–360 https://doi.org/10.1001/archpsyc.58.4.353 PMID: 11296096

50. Reppert SM, Weaver DR. Coordination of circadian timing in mammals, Nature. 2002; 418:935–941

https://doi.org/10.1038/nature00965 PMID: 12198538

51. Stopa EG, Volicer L, Kuo-Leblanc V, Harper D, Lathi D, Tate B, et al. Pathologic evaluation of the

human suprachiasmatic nucleus in severe dementia J Neuropathol Exp Neurol, 1999; 58:29–39.

https://doi.org/10.1097/00005072-199901000-00004 PMID: 10068311

PLOS ONE Screening sleep assisting drugs with Drosophila model

PLOS ONE | https://doi.org/10.1371/journal.pone.0236318 July 29, 2020 16 / 17

https://doi.org/10.1016/s0896-6273%2800%2980877-6
http://www.ncbi.nlm.nih.gov/pubmed/10707978
https://doi.org/10.1126/science.1183090
http://www.ncbi.nlm.nih.gov/pubmed/20075256
https://doi.org/10.1016/j.smrv.2005.05.002
http://www.ncbi.nlm.nih.gov/pubmed/16376591
https://doi.org/10.1523/JNEUROSCI.0061-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23595750
https://doi.org/10.1142/S0192415X87000047
http://www.ncbi.nlm.nih.gov/pubmed/3687838
https://doi.org/10.1055/s-2006-962058
http://www.ncbi.nlm.nih.gov/pubmed/2813579
https://doi.org/10.1016/j.cub.2019.08.079
http://www.ncbi.nlm.nih.gov/pubmed/31668619
https://doi.org/10.1053/smrv.2000.0127
http://www.ncbi.nlm.nih.gov/pubmed/12531038
https://doi.org/10.1016/j.phymed.2010.01.012
http://www.ncbi.nlm.nih.gov/pubmed/20171069
https://doi.org/10.1002/ptr.2712
http://www.ncbi.nlm.nih.gov/pubmed/19165747
https://doi.org/10.1007/s10522-006-9023-0
https://doi.org/10.1007/s10522-006-9023-0
http://www.ncbi.nlm.nih.gov/pubmed/16821116
https://doi.org/10.1016/j.jgr.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/27635118
https://doi.org/10.1016/j.ejphar.2015.06.037
http://www.ncbi.nlm.nih.gov/pubmed/26102564
https://doi.org/10.1007/s11010-016-2900-1
http://www.ncbi.nlm.nih.gov/pubmed/28004351
https://doi.org/10.1159/000106930
http://www.ncbi.nlm.nih.gov/pubmed/7606278
https://doi.org/10.1001/archpsyc.58.4.353
http://www.ncbi.nlm.nih.gov/pubmed/11296096
https://doi.org/10.1038/nature00965
http://www.ncbi.nlm.nih.gov/pubmed/12198538
https://doi.org/10.1097/00005072-199901000-00004
http://www.ncbi.nlm.nih.gov/pubmed/10068311
https://doi.org/10.1371/journal.pone.0236318


52. Swaab DF, Fliers E, Partiman TS. The suprachiasmatic nucleus of the human brain in relation to sex,

age and senile dementia. Brain Res. 1985; 342:37–44 https://doi.org/10.1016/0006-8993(85)91350-2

PMID: 4041816

53. Sterniczuk R, Dyck RH, Laferla FM, Antle MC. Characterization of the 3xTg-AD mouse model of Alzhei-

mer’s disease: Part 1. Circadian changes. Brain Res, 2010; 1348:139–148. https://doi.org/10.1016/j.

brainres.2010.05.013 PMID: 20471965

54. Blake MR, Holbrook SD, Kotwica-Rolinska J, Chow ES, Kretzschmar D, Giebultowicz JM. Manipula-

tions of Amyloid Precursor Protein Cleavage Disrupt the Circadian Clock in Aging Drosophila. Neurobiol

Dis. 2015; 77:117–126. https://doi.org/10.1016/j.nbd.2015.02.012 PMID: 25766673

PLOS ONE Screening sleep assisting drugs with Drosophila model

PLOS ONE | https://doi.org/10.1371/journal.pone.0236318 July 29, 2020 17 / 17

https://doi.org/10.1016/0006-8993%2885%2991350-2
http://www.ncbi.nlm.nih.gov/pubmed/4041816
https://doi.org/10.1016/j.brainres.2010.05.013
https://doi.org/10.1016/j.brainres.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20471965
https://doi.org/10.1016/j.nbd.2015.02.012
http://www.ncbi.nlm.nih.gov/pubmed/25766673
https://doi.org/10.1371/journal.pone.0236318

