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Abstract

Alzheimer’s Disease (AD) is characterized by an accumulation
of amyloid-beta (AP) plaques between neurons and
intracellular  neurofibrillary  tangles caused by the
hyperphosphorylation of tau protein. Since there is no known
cure for AD, research into the effects of AP plaques and tau
tangles could lead to better treatment options and
understanding of the mechanisms behind this disease.
Researchers are currently studying the effects of sleep
deprivation in an AD model using Drosophila melanogaster
expressing AP, amyloid precursor protein (APP): B-site APP
cleaving enzyme-1(BACE), or hyperphosphorylation of tau
proteins. However, in a D. melanogaster Tau mutant (TM) AD
model, the precise role of sleep deprivation in short term
memory retention is currently unknown. In this study we aim
to show how disrupted sleep will enhance short term memory
perturbations, thus decreasing memory retention in a D.
melanogaster TM AD model. We found no significant
differences in the average avoidance times for both sleep
disturbed and non-sleep disturbed TM groups. Therefore, our
results demonstrate that disrupted sleep will not enhance short
term perturbations in a D. melanogaster TM AD model.
Moreover, our study demonstrates the need to further
investigate the pathway responsible for the interactions
between sleep and memory in Alzheimer’s Disease.

Introduction

Alzheimer’s Disease (AD) is one of the most common forms
of dementia. In 2018, AD was the sixth leading cause of death
in the United States, and the fifth leading cause of death in
Americans aged 65 or older (Barthélemy et al., 2020).
Alzheimer’s Disease is characterized by the accumulation of
amyloid-beta (AB) plaques between neurons and intracellular
neurofibrillary tangles caused by hyperphosphorylation of tau
protein (Tue et al., 2020). The accumulation of AB plaques
between neurons causes a break in neuronal connections
leading to neurodegeneration. The neurofibrillary tau tangles
block the transport of nutrients, motor proteins, and other
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essential molecules within the cell (Mietelska-Porowska et al.,
2014). As the disease progresses, the accumulation of AP
plaques and tau tangles results in symptoms such as disrupted
sleep, loss of memory, and difficulty completing everyday
tasks. Since there is no known cure for AD, research into
understanding the effects of AP plaques and tau tangles could
lead to better treatment options. Researchers are currently
studying if improving quality of sleep may serve as a
therapeutic method to decrease or slow the progression of
memory loss (Dissel et al., 2016). We utilized the model
organism, Drosophila melanogaster, to study how sleep
disruption affects tau-specific memory dysfunction.

Drosophila melanogaster serves as a model organism for
human neurodegenerative brain disorders like AD due to their
similarities in anatomical structure to the human brain in
aspects such as neuronal connection as well as cellular
signaling, synthesis, and death (Tue et al., 2020). Drosophila
melanogaster is small and capable of producing a large
number of offspring during its short eight-week life cycle
(Pulver & Berni, 2012). Additionally, researchers have
developed genetic techniques to manipulate gene expression in
D. melanogaster (Pulver & Berni, 2012). Given their short life
cycle and the advancements in manipulation of gene
expression, D. melanogaster is ideal for behavioral
experiments because the genes involved with AD can easily be
observed (Ali et al., 2011). Additionally, D. melanogaster has
a favorable 12:12 hour light: dark sleep cycle for studying
sleep disturbances (Dubowy and Sehgal, 2017). Meanwhile,
vertebrate species such as mice display more fragmented sleep
patterns (Tue et al., 2020). Therefore, D. melanogaster is a
suitable model for investigating the effects of sleep deprivation
on memory in a Tau mutant (TM) AD model.

Although there is no cure for AD, improving quality of sleep
may decrease the development of symptoms related to AD like
dementia. Sleep deprivation increases the likelihood of
developing dementia in older healthy women suggesting that
sleep enhancement may serve as a therapeutic method to
decrease or slow the progression of memory loss in patients
with AD (Gj et al., 2011). Current research suggests that D.



melanogaster AD models such as tau and amyloid precursor
protein (APP): B-site APP cleaving enzyme-1(BACE) models
modify sleep pathways differently (Dissel et al., 2016). Given
that disrupted sleep is a commonly reported symptom in AD
patients, studying the effects of disrupted sleep on memory
retention could lead to better treatment options and
understanding of the disease.

While there have been extensive studies on sleep and the AP
D. melanogaster model, there are still gaps in understanding
how sleep disturbances affect memory retention in a Tau
mutant. Recent studies have found that enhancing sleep can
reverse memory deficits in flies expressing either A, APP:
BACE, or human Tau (Dissel et al., 2016). In contrast, our
study aims to examine the effects of sleep disturbances on
memory retention in D. melanogaster Tau mutants. We
hypothesize that disrupted sleep will decrease short-term
memory retention in a D. melanogaster Tau mutant
Alzheimer’s Disease model. This hypothesis was tested using
a Drosophila ethoscope to deprive D. melanogaster of sleep.
Following a night of sleep deprivation, D. melanogaster were
tested for memory retention using the Aversive Phototaxic
Suppression (APS) assay (Le Bourg & Buecher, 2002). We
found no significant differences in the average avoidance time
between sleep disturbed and non-sleep disturbed TM groups.
This suggests disrupted sleep does not enhance short term
memory perturbations in a D. melanogaster TM AD model.

Materials & Methods

Fly lines and maintenance

Oregon-R flies (wildtype) were obtained from Dr. Kwangwon
Lee’s lab at Rutgers University-Camden. The stock was
cultured and maintained in a cornmeal-based media at room
temperature with their 12 hour light: 12 hour dark sleep cycle
for an average of 10 days. When larvae were observed, the
adult flies were separated so the larvae could grow and mature.
After adult flies emerge from pupal cases, they were separated
based on gender. One to two week old adult flies were used to
conduct this study.

UAS-hTau (BL#51362) and OK371-Gal4 (BL#26160) fly
lines were obtained from Bloomington Stock Center. Gal-4
serves as a transcription factor that activates transcription of its
target gene by binding to UAS regulatory sites (Pulver &
Berni, 2012). In D. melanogaster, when UAS-hTau and
OK371-Gal4 lines are crossed, the progeny are expected to
express Gal-4 in tau proteins; thus, creating a D. melanogaster
Tau mutant to study Alzheimer’s disease (Fernius et al., 2017).
Male Gal-4 and female UAS-hTau flies were maintained in a
cornmeal-based media at room temperature with their
favorable 12 hour light: 12 hour dark sleep cycle for an average
of 10 days. When larvae were observed, the adult flies were
separated so the larvae could grow and mature. After adult flies
emerged from pupal cases, F_lgeneration adult flies were
separated based on gender. One to two week old adult flies
were used to conduct this study.

Experimental groups

Four groups of flies were observed in this experiment. Two
groups served as controlled independent measure groups
where the fly lines, wildtype (WT) (n = 8) and Tau mutant
(TM) (n =9), experienced no sleep disturbances during the 12-
hour dark cycle. The two experimental groups consisted of the
fly lines, WT (n = 8) and TM (n = 9), with targeted sleep
disturbances during the 12-hour dark cycle. Following a night
of sleep disturbances, individual flies from each group were
tested for memory retention with the use of Aversive
Phototaxic Suppression Assay. Flies were not separated based
on sex for the experimental study as it was determined there
were no significant differences between gender relating to
avoidance time in previous studies (Arman et al. 2020).

Sleep Disturbances

A Drosophila ethoscope was used as the sleep disturbance
apparatus (Fig. 1a). It was assembled as described in the
original documentation provided by the Gilestro Laboratory in
London (Geissmann et al., 2017). The ethoscope was chosen
because it was an affordable apparatus that could be easily 3D
printed and utilizes Raspberry Pi microcomputers to deliver
behaviorally triggered stimuli to flies in a feedback-loop mode
(Geissmann et al., 2017). The ethoscope contains a camera
powered by a Raspberry Pi microcomputer placed over an
arena containing 20 glass tubes, each containing an individual
fly. An infrared led light was reflected in a light box under the
flies to provide enough light for the camera to detect the fly’s
locomotive activity without disturbing the fly’s night cycle.
The data was collected by the ethoscope and sent via Wi-Fi to
a computer referred to as the node, which contains software
created by the Gilestro Laboratory, to control and monitor the
ethoscope.

The sleep disturbance module was implemented as reported
(Geissmann et al., 2017). The module consisted of 10 motors
placed below the light box and arena holding the flies. A small
rubber O-ring was placed over every other tube containing a
fly and stretched over a pulley on the motor (Fig. 1a). The
experimental groups of flies were in tubes that contained a
rubber O-ring connecting them to a motor which allowed them
to be disturbed for 12 hours during the night cycle. In contrast,
the control groups of flies were placed in tubes not connected
to the motors so they could sleep undisturbed. The motors were
triggered to turn on by the Raspberry Pi when the camera
detected an individual fly immobile for 20 seconds. This
allowed the ethoscope to deliver targeted sleep disturbances to
individual flies as it was beginning to fall asleep. Time was
recorded in Zeitgeber time (ZT) with the light cycle beginning
at ZT 0 and the dark cycle beginning at ZT 12.
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Figure 1: Experimental Design a) Diagram of assembled
Drosophila ethoscope and sleep deprivation module adapted
from Geissmann et al. (2017). It was used to track the
locomotive activity of the flies and to disturb the sleep of the
given groups using rubber O-rings connected to a motor. b)
Diagram of T-maze adapted from Arman et al. (2020). The
dark chamber was covered with electric tape and the light
chamber was illuminated with a light source. The T-maze was
used to conduct APS. Figure created with BioRender.com.

Phototaxis test

Drosophila melanogaster naturally moves toward light which
means they are positively phototaxic (Kain et al., 2012). This
phototactic ability can be studied by using a T-maze (Fig. 1b).
The T-maze consisted of a center column with a trap door and
two independent chambers, a dark and a light chamber (Fig.
1b) (Ali et al., 2011). To form the chambers, two vials were
connected to opposite ends of the middle chamber. The vial on
the left served as the dark chamber in which was wrapped with
electric tape. The vial on the right served as the light chamber
where a light bulb was placed at the end of the chamber. The
middle chamber consisted of a 3D printed chamber with a trap
door; this prevented flies from entering the light chamber.

To test phototactic behavior, flies from each experimental
group were individually placed in the dark chamber with the
trap door closed and a fixed red-light source turned on for 30
seconds. After 30 seconds of acclimation, the red-light source
was turned off, the white light source was turned on, and the
trap door that separates the two chambers was opened. This
allowed the fly to access the light chamber. If the fly walks to
the lighted chamber within 30 seconds, it is considered
positively phototactic (Ali et al., 2011). Only flies that
displayed phototactic ability were used in the Aversive
Phototaxic Suppression Assay (APS)

Aversive Phototaxic Suppression (APS)

To train flies and analyze the effect of sleep disturbances on
short-term memory retention in a D. melanogaster AD model,
APS was used. Here, flies learn to associate light, the

conditioned stimulus (CS), with an aversive stimulus, the
unconditioned stimulus (US) (Le Bourg & Buecher, 2002). In
this study, quinine hydrochloride dihydrate was used as an
aversive stimulus. This association is known as CS-US which
allows one to study learning and memory behaviors in D.
melanogaster (Le Bourg & Buecher, 2002). The 0.1 M quinine
solution was prepared by diluting 1.98 g of quinine
hydrochloride with 50 mL of distilled water (Seugnet, 2009).
The T-maze from the phototaxis test (Fig. 1b) was used to
conduct this memory assay.

The memory assay was performed at ZT 8 following the
procedure conducted for phototaxis ability. However, during
acclimation time, 180 pL 0.1 M of quinine solution was
pipetted into the lighted chamber on filter paper. After 30
seconds, the trap door was opened, and the white light source
was turned on. This allowed the fly to walk into the quinine-
coated light chamber. After one minute, the fly was tapped
back into the dark chamber, and then the trap door was closed.
For each subsequent trial, time was recorded from the start of
the trial to the time the fly entered the quinine-coated light
chamber. If a fly failed to walk to the light chamber twice after
90 seconds, it was recorded as "Pass" indicating the fly
displayed learning ability. These trials served as the training
and conditioning phase in which WT flies will associate the
light chamber with taste and avoid it; meanwhile, flies with
compromised learning capacities will not make this
association (Le Bourg & Buecher, 2002). Therefore, this test
will help determine the effects of sleep deprivation on short-
term memory retention in a D. melanogaster TM AD model.

Results

Sleep deprivation differentially affects locomotive activity in
Tau mutant and wildtype flies

To investigate if disrupted sleep decreased short-term memory
in a D. melanogaster TM AD model, the activity of all WT and
TM flies were first monitored and analyzed using a Drosophila
ethoscope before conducting the APS assay (Fig. 2). An
ANOVA test was conducted to determine differences in
average locomotive activity of WT and TM groups (ANOVA,;
p < 0.05). A Tukey’s HSD test between WT without sleep
disturbances (26.21 +/- 5.89 AU) and TM without sleep
disturbances (27.18 +/- 5.42 AU) demonstrated no significant
differences (Fig. 2, Tukey's HSD, p > 0.05). Significant
differences were observed between all other group
combinations. Specifically, For WT with sleep disturbances
(88.21 +/- 6.34 AU) and without sleep disturbances (26.21 +/-
5.89 AU) significant differences were found (Fig. 2, Tukey's
HSD, p < 0.05) indicating that sleep disturbance had an impact
on activity. TM groups with sleep disturbances (51.25 +/- 4.78
AU) and without sleep disturbances (27.18 +/- 5.42 AU) were
also significantly different (Fig. 2, Tukey's HSD, p < 0.05),
indicating that sleep disturbances in combination with AD
result in increased locomotive activity. Lastly, WT flies with
sleep disturbances (88.21 +/- 6.34 AU) exhibited significantly
higher locomotive activity than TM flies with sleep
disturbances (51.25 +/- 4.78 AU) (Fig. 2, Tukey's HSD, p <
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0.05), demonstrating that sleep disturbances affect WT and
TM fly lines differently.
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Figure 2: Night Cycle Locomotive Activity. Average
locomotive activity of D. melanogaster wildtype and Tau
mutant Alzheimer’s Disease model during a 12-hour dark
cycle with and without sleep disturbances as measured by the
Drosophila ethoscope in arbitrary units (AU). Average time
was recorded from 13.5 - 0.5 ZT during the night cycle. An
ANOVA test was conducted to determine differences in
average locomotive activity of WT and TM groups (ANOVA,
p < 0.05). A Tukey’s HSD test was conducted and
demonstrated no significant differences between WT without
sleep disturbances (26.21 +/- 5.89 AU) and TM without sleep
disturbances (27.18 +/- 5.42 AU) (Fig. 2, Tukey's HSD, p >
0.05). An ANOVA test was conducted to determine
differences in average locomotive activity of WT and TM
groups (ANOVA; p < 0.05). A Tukey’s HSD test was
conducted and demonstrated no significant differences
between WT without sleep disturbances (26.21 +/- 5.89 AU)
and TM without sleep disturbances (27.18 +/- 5.42 AU) (Fig.
2, Tukey's HSD, p > 0.05). Significant differences with a p-
value less than 0.05 are indicated with a single asterisk,
significant differences with a p-value less than 0.01 are
indicated with two asterisks, and significant differences with a
p-value less than 0.001 are indicated with three asterisks. The
use of “ns” indicates a p-value greater than 0.05. Error bars
represent standard deviation.

Sleep deprivation differentially affects memory and learning
behaviors in Tau mutant and wildtype flies

Following a night in the Drosophila ethoscope, each of the
four groups of flies were evaluated for memory and learning
ability using the APS assay. The first two trials demonstrate
the results for the phototaxis test, trial three exhibits the results
when groups were initially exposed to the aversive stimulus,
and the four subsequent trials demonstrate the results for APS
(Fig. 3a and 3b). In order to measure memory and learning
ability, avoidance time was recorded from the start of the trial
until the fly crossed over into the light chamber. The average
avoidance times for each trial of the four experimental groups
can be observed in Figures 3a and 3b.

The WT flies with and without sleep disturbances did not
demonstrate significant differences in avoidance time from
trials 1-7 (ANOVA; p > 0.05). Trials 4-7 were examined

separately to analyze learning and memory following the
phototaxic test in trials 1-2, and the first exposure to the
aversive stimulus in trial three. Significant differences in
avoidance time between WT flies with sleep disturbances
(36.89 +/- 4.05 s) and WT flies without sleep disturbances
(65.59 +/- 5.72 s) were observed from trials 4-7 (ANOVA,; p <
0.05). This indicates that there are significant differences in
learning ability between these two groups in these trials.
Likewise, TM flies with and without sleep disturbances did not
demonstrate significant differences in avoidance time from
trials 1-7 (ANOVA,; p > 0.05). This trend was also observed in
trials 4-7 (ANOVA; p > 0.05), indicating no significant
differences in avoidance time between these two groups from
trials 4-7 (Fig. 3b).

To further investigate differences in memory and learning
behaviors, the avoidance times from trials 4-7 were averaged
and shown in Fig. 3c. T-tests were conducted to compare the
different experimental groups to reveal information about
learning trends. A t-test conducted between WT flies with
sleep disturbances (36.89 +/- 4.05 s) and WT flies without
sleep disturbances (65.59 +/- 5.72 s) revealed significant
differences in avoidance time, indicating sleep disturbance
does play a role in memory in WT flies (t-test; p < 0.05).
Furthermore, TM flies without sleep disturbances (42.32 +/-
6.69 s) demonstrated significant differences in avoidance time
in trials 4-7 from WT flies without sleep disturbances (65.59
+/- 5.72 s), confirming the effect of AD in memory (t-test; p <
0.05). A t-test conducted between WT with sleep disturbances
and TM with sleep disturbances showed no significant
differences (t-test; p > 0.05). This indicates that sleep
disturbance affects learning and memory behaviors in both fly
lines similarly. Lastly, a t-test conducted between TM flies
with (43.75 +/- 4.05 s) and without sleep disturbances (42.32
+/- 6.69 s) revealed no significant differences in avoidance
time (t-test; p > 0.05). This indicates that sleep disturbances
did not affect memory in the TM fly line.
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Figure 3: Phototaxis Test and Aversive Phototaxic
Suppression Assay. a) Average avoidance times for D.
melanogaster WT flies with and without sleep disturbances in
APS (n = 8). An ANOVA was conducted to evaluate
differences in avoidance time between non sleep disturbed and
sleep disturbed WT groups (ANOVA,; p > 0.05 for trials 1-7.
ANOVA,; p <0.05 for trials 4-7). Error bars represent standard
deviation. b) Average avoidance times for D. melanogaster
TM with and without sleep disturbances in APS (n = 9). An
ANOVA was conducted to evaluate differences in avoidance
time between non sleep disturbed and sleep disturbed TM
groups (ANOVA; p > 0.05 for trials 1-7 and trials 4-7). Error
bars represent standard deviation. ¢) Average avoidance times
for WT and TM D. melanogaster flies with and without sleep
disturbances in APS (n = 8; n = 9) in trials 4-7. A t-test was
conducted to investigate the effects of sleep disturbance on
avoidance time between WT flies with and without sleep
disturbances for trials 4-7 (t-test; p < 0.05). This was also done
for TM flies with and without sleep disturbances (t-test; p >
0.05). An additional t-test was conducted to examine the
effects of AD on avoidance time between the WT and TM non-
sleep disturbed groups (t-test; p < 0.05). Finally, a t-test
conducted between WT and TM with sleep disturbances did
not show any significant differences (t-test; p > 0.05).
Significant differences with a p-value less than 0.05 are
indicated with a single asterisk, significant differences with a
p-value less than 0.01 are indicated with two asterisks, and

significant differences with a p-value less than 0.001 are
indicated with three asterisks. The use of “ns” indicates a p-
value greater than 0.05. Error bars represent SEM.

Discussion

The purpose of this study was to investigate if sleep
deprivation will decrease memory retention in a D.
melanogaster Tau mutant Alzheimer’s disease model. Our
results show that sleep disturbance significantly decreased
avoidance time for Oregon-R flies (Fig. 3c). While the
avoidance time increased with subsequent trials for sleep
disturbed Oregon-R flies (Fig. 3a), it was significantly less
than Oregon-R flies without sleep disturbance (Fig. 3c). This
observation indicates that sleep disturbance impairs D.
melanogaster from suppressing their phototactic ability to
associate the conditioned stimulus (CS) with an aversive
stimulus. This finding was expected because recent studies
have demonstrated that one day of sleep disturbance
significantly impairs short term memory in Drosophila (Li et
al., 2009). Therefore, we conclude that sleep deprivation
significantly decreases memory and learning performance in
D. melanogaster.

Additionally, we can conclude that the TM AD model
significantly impaired learning and memory in D.
melanogaster. TM flies with and without sleep disturbances
exhibited significant decreases in learning and memory
behaviors in comparison with WT flies with no sleep
disturbances (Fig. 3c). In contrast to the WT groups, the data
collected from this experiment did not demonstrate significant
differences between the two TM groups. These results were
not expected because previous studies have concluded that
sleep enhancement reverses memory deficits in D.
melanogaster Ap and APP: BACE AD models (Dissel et al.,
2016). While sleep disturbances did not contribute to lower
avoidance times in TM flies (Fig. 3b, 3c), there is still
significance in this observation. Our results suggest there is a
certain limit to which learning, and memory is impaired in a
D. melanogaster Tau mutant. Our experiment set out to study
the impact of sleep disturbances and tau hyperphosphorylation
on memory, but the extent to which each of these factors
contribute to poor learning ability remains poorly understood.
Currently, preliminary research suggests that chronic sleep
may impair hippocampus-dependent memory and increase tau
accumulation in a mouse model of Alzheimer’s Disease
(Rothman et al., 2013) However, whether these two factors
play a synergistic role in decreasing memory or if one exhibits
dominance over another is unknown. Exploring the limits in
which sleep disturbance affects learning and memory
behaviors in Alzheimer’s Disease could be an interesting topic
for future research.

Although the data collected from APS did not support our
hypothesis, we can conclude that the Drosophila ethoscope is
a model apparatus to disturb sleep and track locomotive
activity during the 12:12 hour dark and light cycle. There were
significant differences observed between the two groups, sleep
disturbed and non-sleep disturbed, of both WT and TM fly
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lines (Fig. 2). Additionally, the data collected from the non-
sleep disturbed groups is in accordance with previous studies
in which D. melanogaster peak activity occurs around dusk
and dawn (Dubowy and Sehgal, 2017). In contrast to the non-
sleep disturbed groups, the two experimental groups did not
display the same significant decrease in activity following
lights out (Fig. 2). Our results indicated that there were
significant differences between the WT sleep disturbed group
and the TM sleep disturbed group suggesting disrupted sleep
may differentially affect the locomotive activity of the two fly
lines (Fig. 2). This could potentially account for the differences
observed in this study. However, further research is needed to
fully understand the reasoning behind these differences.

Sleep is essential for cognitive performance and important for
aperson's wellbeing (Maquet, 2001). The findings of this study
demonstrate that sleep disturbance significantly affects
cognitive activities such as memory and learning ability in D.
melanogaster to levels evident in TM AD flies with and
without sleep disturbance (Fig. 3c). These results are evident
in current research which suggests mice exposed to chronic
sleep  deprivation demonstrated elevated levels of
phosphorylated tau protein and impaired cognitive
performance (Rothman et al., 2013). Additionally, research
has shown patients with insomnia have an increased risk of
developing AD while patients with sleep disordered breathing
have an increased risk of developing AD and dementia (Shi et
al., 2018).

Although our results do not suggest that sleep disturbance
significantly affects memory in a D. melanogaster TM AD
model, the inconsistencies in avoidance times provide valuable
information concerning learning and memory ability. This is
evident in Figure 3b where no significant differences in
avoidance time for trials 4-7 for TM AD flies with and without
sleep disturbances were found. Therefore, we conclude that
sleep disturbances do not result in an additional decrease of
memory retention in a D. melanogaster TM AD model.
However, our findings may have been impacted by small
sample sizes. Future research could focus on comparisons
between the various D. melanogaster AD models with larger
sample sizes. Conducting this study can close the gaps of
knowledge between the phosphorylation of tau, amyloid beta,
APP: BACE, in relation to sleep and memory.
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