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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by severe cognitive
deterioration. While causes of AD pathology are debated, a large body of evidence suggests that
increased cleavage of Amyloid Precursor Protein (APP) producing the neurotoxic Amyloid-p (AB)
peptide plays a fundamental role in AD pathogenesis. One of the detrimental behavioral symptoms
commonly associated with AD is the fragmentation of sleep-activity cycles with increased
nighttime activity and daytime naps in humans. Sleep-activity cycles, as well as physiological and
cellular rhythms, which may be important for neuronal homeostasis, are generated by a molecular
system known as the circadian clock. Links between AD and the circadian system are increasingly
evident but not well understood. Here we examined whether genetic manipulations of APP-like
(APPL) protein cleavage in Drosophila melanogaster affect rest-activity rhythms and core
circadian clock function in this model organism. We show that the increased [3-cleavage of
endogenous APPL by the -secretase (A(BACE) severely disrupts circadian behavior and leads to
reduced expression of clock protein PER in central clock neurons of aging flies. Our data suggest
that behavioral rhythm disruption is not a product of APPL-derived AB production but rather may
be caused by a mechanism common to both a and p-cleavage pathways. Specifically, we show
that increased production of the endogenous Drosophila Amyloid Intracellular Domain (dAICD)
caused disruption of circadian rest-activity rhythms, while flies overexpressing endogenous APPL
maintained stronger circadian rhythms during aging. In summary, our study offers a novel entry
point toward understanding the mechanism of circadian rhythm disruption in Alzheimer’s disease.

© 2015 Published by Elsevier Inc.

"Corresponding author: Jadwiga M. Giebultowicz, Oregon State University, Department of Integrative Biology, 3029 Cordley Hall,
Corvallis, OR 97331 USA, Phone: (541) 737-5530, giebultj@science.oregonstate.edu.
Cpresent address: Department of Animal Physiology, Zoological Institute, University of Warsaw, 02-096 Warsaw, Poland

present address: Baxter Lab for Stem Cell Biology, Department of Microbiology and Immunology, Stanford University School of
Medicine, Stanford, CA, 94305, USA
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blake et al. Page 2

Keywords

Circadian rhythms; period gene; Amyloid precursor protein; Amyloid intracellular domain;
BACE; Alzheimer’s disease; Drosophila

Introduction

Alzheimer’s disease (AD) is characterized by progressive neurodegeneration resulting in the
loss of cognitive ability. The exact pathology of AD is not well understood and is widely
debated. The amyloid cascade hypothesis suggests that abnormal production of neurotoxic
Amyloid-beta (AB) in combination with tangles of phosphorylated Tau-microtubule
associated protein lead to neuronal dysfunction, cell loss and thus cognitive decline (Hardy
and Selkoe, 2002; Mandelkow and Mandelkow, 1998; Selkoe, 2000). The crucial enzyme in
the production of Af is the rate-limiting Beta-site Amyloid Precursor Protein Cleaving
Enzyme (BACE), which shows elevated expression in AD patients (Fukumoto et al., 2002;
Vassar et al., 2009). Recently, knock-in of human BACE was shown to recapitulate many
behavioral and physiological phenotypes of AD in a murine model (Plucinska et al., 2014).
In addition to BACE, Amyloid Precursor Protein (APP) is cleaved by an a-secretase. Both
cleavage pathways yield a secreted N-terminal fragment known as SAPP, sAPP for f3-
cleavage and sAPPa for a-cleavage. Subsequent Y-cleavage following f or a-cleavage
results in either the AP or P3 fragment, respectively (De Strooper and Annaert, 2000;
Selkoe, 2000; Turner et al., 2003). In addition to those two fragments, Y-cleavage also
produces the APP intracellular domain (AICD), which has been shown to affect
transcriptional regulation (Belyaev et al., 2010; Kimberly et al., 2001; Pardossi-Piquard and
Checler, 2012; Turner et al., 2003). Both detrimental and positive effects of the AICD have
been reported in cultured cells (Lu et al., 2000; Zhou et al., 2012); however, the
physiological function of the AICD remains poorly understood.

One of the detrimental behavioral symptoms commonly associated with AD is the
fragmentation of sleep-activity cycles with increased nighttime activity and daytime naps
(Harper et al., 2005; Volicer et al., 2001; Wu and Swaab, 2007). Impaired rest-activity
rhythms have also been reported in experimental AD model mice (Roh et al., 2012;
Sterniczuk et al., 2010). Rest-activity cycles are generated by a molecular system known as
the circadian clock. The circadian clock mechanism is based on negative feedback loops
involving transcriptional activators and repressors, which are largely conserved from
Drosophila to humans (Hardin and Panda, 2013). Circadian clocks generate daily rhythms in
expression of many output genes leading to cellular, physiological, and behavioral rhythms.
Loss of circadian rhythms is detrimental to health and adversely affects neuronal
homeostasis in both, murine (Hastings and Goedert, 2013; Kondratova and Kondratov,
2012; Reddy and O'Neill, 2010) and Drosophila models (Krishnan et al., 2012). Therefore,
it is important to understand the connections between the circadian system and AD
pathology.

The links between AD and circadian rhythms were inferred from transgenic model animals
expressing pathogenic versions of human genes (Rezaval et al., 2008; Roh et al., 2012;
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Sterniczuk et al., 2010). Recent reports showed that pathogenic human amyloid peptides
disrupt behavioral rest-activity rhythms in Drosophila but are not sufficient to disrupt
molecular oscillations of PERIOD (PER) in central pacemaker neurons (Chen et al., 2014;
Long et al., 2014). Here, we manipulated AD-related genes in the fruit fly, Drosophila
melanogaster in order to understand endogenous pathways that may interfere with the
circadian system. APP has a functional ortholog in Drosophila called Amyloid Precursor
Protein-Like (APPL) (Luo et al., 1992; Luo et al., 1990; Rosen et al., 1989). In addition,
orthologs of BACE, the a-secretase, and the Y-secretase complexes have been identified in
Drosophila. They are known as dBACE, Kuzbanian (KUZ) and Presenillin (PSN),
respectively, and were shown to process APPL resulting in peptide fragments comparable to
APP fragments (Bolkan et al., 2012; Carmine-Simmen et al., 2009; Greeve et al., 2004).
This conservation made Drosophila a suitable model for our study. Because BACE is the
rate-limiting enzyme in the production of A, we first investigated if over-expression of
dBACE is involved in the rest-activity disturbances characteristic of AD.

We found that increasing dBACE expression disrupted endogenous rest-activity rhythms.
This effect was most severe in aged flies suggesting an age-dependent mechanism.
Furthermore, dBACE expression resulted in the dampened oscillation of the core clock
protein PER in central pacemaker neurons, which are master regulators of rest-activity
rhythms. Surprisingly, over-expression of Kuzbanian (KUZ) also disrupted rest-activity
rhythms suggesting a mechanism independent of endogenous Drosophila A peptide (dAp)
production, which like its vertebrate ortholog has been shown to be neurotoxic (Carmine-
Simmen et al., 2009). This suggested that rhythm deficits were due to a cleavage product of
APPL conserved in both a and p cleavage pathways. Therefore, we expressed the APPL
intracellular domain (dAICD) and this caused severe disruption of behavioral rest-activity
rhythms. In contrast, expression of full-length APPL in central clock neurons protected
against an age-dependent decline in rest-activity rhythms. Taken together, these findings
suggest that APPL and specifically the dAICD can affect circadian behavior by interfering
with molecular clock oscillations.

Materials and methods

Fly stocks

D. melanogaster were reared on diet containing 1% agar, 6.25% cornmeal, 6.25% molasses,
and 3.5% Red Star yeast at 25 °C. Flies were entrained to 12-hour light:dark (LD, 12:12)
cycles (with an average light intensity of ~1500 Ix). All experiments were performed on
mated male flies of different ages, as specified in the results. We used the binary UAS-
GAL4 system to express specific genes using transgenic flies carrying the following
constructs: UAS-dBACE, UAS-APPL, UAS-dAICD (Carmine-Simmen et al., 2009), and
UAS-KUZ (Bloomington Stock Center). The drivers used to express these responders in a
tissue specific manner were: tim-GAL4 active in all clock cells (Kaneko and Hall, 2000),
elav-GAL4 pan-neuronal driver from the Bloomington Stock Center, and the pdf-GAL4
active in clock pacemaker neurons (Renn et al., 1999). Full genotypes of flies used are given
in supplemental data Table S4. To express the dAICD in salivary glands, we used
P{GawB}ABL. provided by the Bloomington stock center. Control flies were generated by
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crossing tissue specific drivers to Green Fluorescent Protein (UAS-GFP) for all behavioral
experiments. For Immunocytochemistry (ICC), we used UAS-dBACE flies crossed to white
(wild-type) flies as a control to avoid GFP fluorescence.

Locomotor activity analysis

Flies were entrained in LD 12:12 at 25 °C. Locomotor activity for 5d, 35d, and 50d old flies
was recorded for 3d in LD 12:12 followed by 7d in constant darkness (DD) using the
Trikinetics locomotor activity monitor (Waltham, MA) following a protocol described
previously (Rakshit et al., 2012). Rhythmic locomotor activity was determined by fast
Fourier transform (FFT) values and periodograms created using ClockLab software
(Actimetrics; Wilmette, IL). Flies with FFT values below 0.04 and a periodogram peak that
did not break the line of significance were considered arrhythmic. Flies with FFT values
between 0.04 and 0.08 were considered weakly rhythmic, while FFT values of 0.08 and
above were designated as strongly rhythmic. Period length calculations were based on
rhythmic flies only. For statistical analysis, an unpaired t-test with Welch’s correction was
used to compare experimental genotypes to age-matched controls (GraphPad Prism v5.0;
GraphPad Software Inc. San Diego, CA).

Rapid iterative negative geotaxis (RING) assay

The RING assay was used to test the climbing ability in age 5d, 15d, 35d, and 50d flies as
previously described (Gargano et al., 2005). Briefly, 25 flies of a given genotype were
placed in empty vials and tapped in rapid succession to the base of the vial. This action
initiated a rapid negative geotaxis response. Still frame images were captured four seconds
following the final tap. These images were converted to gray scale and analyzed using NIH
Image J software to calculate the average climbing distance in each vial following a negative
geotaxis response. Statistical significance of average distance climbed based on at least 3
vials per age and genotype was determined by two-way ANOVA with Bonferroni’s post-test
using GraphPad Prism5 software, as previously described (Rakshit et al., 2012).

Longevity assay

Flies were held in 240ml round bottom polypropylene ventilated bottles (Genesee Scientific,
San Diego, CA). Each bottle contained 50 mated male flies, 4 bottles for each genotype.
These bottles were inverted on 35 mm Falcon Prinaria tissue culture dishes (Becton,
Dickinson and Company) each filled with 15ml of diet. Fresh diet was provided and
mortality recorded 3 times a week. Lifespan curves were plotted using Kaplan-Meier
survival curves and statistical analysis of median lifespan was done by the log-rank test
(Mantel-Cox) using GraphPad Prism5 software, as described (Rakshit et al., 2012).

Immunocytochemistry

Pigment Dispersing Factor (PDF) and PERIOD (PER) immunostaining was used to examine
the pacemaker neurons of flies held in constant darkness for 72 hours. Identification of
specific central clock cells expressing PER was accomplished by co-staining for the PDF
neuropeptide. Samples were collected at circadian time (Ct) 22 and Ct10 which correspond
to the relative peak (Ct22) and trough (Ct10) of PER protein levels in wild-type flies in DD.
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Flies were fixed in freshly prepared 4% paraformaldehyde in Phosphate Buffer Saline (PBS)
with 0.1% Triton-X100 (PBS-T 0.1%) for 30 minutes. Fly brains were then dissected in
PBS-T 0.1% and post-fixed in 4% paraformaldehyde in PBS-T 0.1%, then rinsed with PBS
with 0.5% Triton-X100 (PBS-T 0.5%). Brains were blocked overnight in 5% normal goat
serum (NGS) in PBS-T 0.5%, and incubated for 48 hours in primary 1:500 mouse nb33
monoclonal anti-PDF (Developmental Studies Hybridoma Bank) and 1:10,000 rabbit anti-
PER (kindly provided by R. Stanewsky). Following incubation, brains were rinsed 6 times
in PBS-T 0.5%, and incubated overnight in secondary Alexa Fluor 555 anti-mouse and 488
anti-rabbit, both 1:500 (Life Technologies). Following incubation, brains were rinsed 6
times in PBS-T 0.5% and mounted on microscope slides in Vectashield™ mounting media
with DAPI (Vector Laboratories, Burlingame, California). Images were acquired via an
Olympus Fluoview 5 confocal microscope on an OlympusBX51 platform housed at Oregon
Health and Science University. Images were acquired using the 40x oil immersion objective.

Relative immunofluorescence intensity was calculated using Fiji (available at Fiji.sc/Fiji)
with a 30-pixel circle region of interest (ROI) corresponding to the size of PER-positive
nuclei. The mean intensity of these 30 pixels was quantified for individual cells in each
neuronal group: small lateral ventral (SLNv), large lateral ventral (ILNv), and lateral dorsal
(LNd) neurons. Nuclear PER signal from individual cells was then averaged for each
neuronal group to yield one value for each group of neurons in each hemisphere (n=1); 5-22
brain hemispheres were quantified for a given neuronal group. To obtain the mean staining
intensity for each neuronal group in each hemisphere we utilized a formula described
previously 1= 100 x (S-B)/B where mean relative intensity per cell group (I) is equal to, 100
multiplied by mean relative signal per cell group (S) subtracted from average background
signal (B) divided by average background signal (B) (Yoshii et al., 2009). Statistical
comparison of average PER signal intensity was calculated by two-way ANOVA with
Bonferroni’s post-test using GraphPad Prism5 software. For the immunocytochemistry on
salivary glands, glands were dissected from 3 instar larvae, fixed in 4% paraformaldehyde,
blocked in 5% NGS overnight and incubated in anti-C-terminal APPL (kindly provided by
P. Copenhaver) at 1:4000 for 4 hours. Staining was detected with FITC conjugated anti-
chicken 1:1000 (Jackson ImmunoResearch). Nuclear stain ToPro3 was obtained from
Molecular Probes and diluted 1 uM in PBS. Staining was done for 30min.

Over-expression of dBACE in clock cells accelerates aging phenotypes and disrupts rest-
activity rhythms

To examine effects of elevated dBACE in flies, we expressed dBACE in all clock cells
using the timeless (tim-GAL4) driver. We first tested whether this affected lifespan, and
found a significant reduction (p<0.0001) in tim>dBACE flies with a median lifespan of 61d
compared to 82d for tim>GFP controls (Fig. 1LA). Aging also was accelerated in
tim>dBACE flies as they had significantly reduced climbing ability (p<0.0001) at 35d and
50d compared to age-matched controls (Fig. 1B). We next investigated the status of
behavioral rest-activity rhythms in tim>dBACE flies. In LD, age 5d tim>BACE flies had the
characteristic bimodal activity pattern with morning and evening peaks preceded by
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anticipatory activity, but these peaks were attenuated in age 35d and 50d flies relative to
controls (Fig. S1 A). To test endogenous rest-activity rhythms, we next monitored flies in
DD and found that free-running rhythms were disrupted such that flies had short bouts of
activity and rest around the clock. The average rhythm strength (calculated by FFT) was
significantly reduced at age 35d (p<0.001), and at age 50d (p<0.0001) compared to age-
matched controls (Fig. 1C and 1D). At age 50d, only 11% of tim>dBACE flies remained
rhythmic compared to 64% of controls (Table 1).

Neuronal over-expression of dBACE disrupts behavioral rest-activity rhythms

Circadian clocks are found throughout the nervous system and peripheral organs, and the
tim-GALA4 driver is active in all these clock cells. To determine whether rhythm disruption
in tim>dBACE flies was due to dBACE elevation in the nervous system, we expressed
dBACE with the pan-neuronal elav-GAL4 driver. This also disrupted behavioral rest-
activity rhythms in aging flies. In LD, morning and evening activity peaks were attenuated
in age 35d and 50d elav>dBACE flies relative to controls (Fig. S1 B). FFT analysis of
locomotor activity in DD showed significant weakening of endogenous rest-activity rhythms
at age 35d and 50d (p<0.0001) (Table 1, Fig. 2A). At age 50d only 18% of elav>dBACE
flies remained rhythmic, compared to controls that maintained 86% rhythmicity (Table 1
and Fig. 2B). The arrhythmic flies were active around the clock without consolidated rest
periods (Fig. 2C). To determine if over-expression of dBACE in central pacemaker neurons
is sufficient to induce this phenotype, we over-expressed dBACE in the PDF-positive central
pacemaker neurons (pdf-GAL4). Resulting pdf>dBACE flies showed distinct but attenuated
activity peaks in LD (Fig. S1 C), and severe rhythm disruption in DD. Average rhythm
power was significantly reduced in age 50d pdf>dBACE flies (p<0.001) when compared to
pdf>GFP control flies (Table 1 and Fig. 3A). Only 27% of pdf>dBACE flies remained
rhythmic at age 50d compared to 90% in controls (Table 1 and Fig. 3B). As shown in Figure
3C, pdf>dBACE flies were fairly active in old age with activity bouts distributed around the
clock without consolidated rest, in contrast to pdf>GFP control flies, which maintained
consolidated rhythms. Thus, dBACE over-expression in central pacemaker neurons is
sufficient to induce circadian behavioral deficits.

Over-expression of dBACE dampens the cycling of PER in central pacemaker neurons

Given that increased p-cleavage is sufficient to disrupt behavioral rhythmicity, we next
asked whether this phenotype is a product of alterations in central clock neurons. Expression
of the core clock gene period (per) in these neurons is essential to generate oscillations in
gene expression that result in behavioral rhythmicity (Hall, 2005; Helfrich-Forster, 2005).
To determine if the disruption of behavioral rest-activity rhythms was associated with
disruption of per in these neurons, we examined PER protein levels using an anti-PER
antibody in three distinct groups of lateral pacemaker neurons: the small ventral Lateral
Neurons (SLNv), the large ventral Lateral Neurons (ILNv), and the dorsal Lateral Neurons
(LNd) (Helfrich-Forster et al., 2007). The sSLNv and ILNV are easily identified by co-
staining with PDF, a neuropeptide present in high concentrations in the cytoplasm of each
cell, with the exception of the 51" sLNv and LNd which are PDF-negative. These cells can
only be identified by the expression of PER. PER oscillations were examined following 3
consecutive days in DD because dBACE over-expression most severely disrupts behavioral
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rest-activity rhythms in DD. Because the levels of PER protein peaks around Ct22 and are
lowest at Ct10 in wild type flies, we examined these two time points. As a control, we used
transgenic UAS-dBACE flies crossed to white flies in order to avoid background fluorescent
signal from a GFP-expressing control.

In analyzing the pattern of PDF-expressing cells, we did not observe changes in the
morphology of dorsal or optic lobe arborizations, or the number of these cells, suggesting
that they are intact (data not shown). Although the LNd do not express PDF, these cells were
easily identifiable by PER expression and their proximity to LNv and they also appeared
intact. Despite this, expression of dBACE via tim-GALA4 significantly reduced PER protein
expression in the central pacemaker neurons. In age 5d tim>dBACE flies, PER cycling was
significantly dampened (p<0.0001) in sSLNv, ILNv, and LNd (Fig. 4A-D). These data are in
line with behavioral rest-activity disruption in age 5d in tim>dBACE flies, which was
observable as a trend but did not reach statistical significance when compared to control
flies (Table 1.)This reduction in PER levels persisted in age 50d flies in the SLNv
(p<0.0001) but we could not detect a significant difference in ILNv and LNd due to the
dampened PER-expression in controls (Fig. 4A-D). elav>dBACE flies also revealed a
modest but significant (p<0.05) dampening in PER expression in the LNd at age 5d (Fig.
4D) but not in the other examined cell types. At age 50d, elav>dBACE flies showed
significant attenuation of PER levels in sLNv (p<0.01) and ILNv (p<0.05) (Fig. 4A-C). PER
oscillations in pdf>dBACE flies were not significantly altered at age 5d (Fig. 4A-D).
However, by age 50d, PER oscillations are significantly attenuated in both sLNv (p<0.0001)
and ILNv (p<0.05). As expected, PER levels were not affected in LNd of pdf>dBACE flies
(Fig. 4A-D) because pdf-GAL4 does not result in dBACE over-expression in these cells
(Fig. 4D) (Helfrich-Forster et al., 2007).

Rest-activity rhythms are disrupted by KUZ over-expression

To determine whether effects of dBACE expression are related to a cleavage product
specific to the p-cleavage pathway, we monitored rest-activity rhythms in flies with over-
expressed KUZ. KUZ is an ortholog of human ADAM10 and has been shown to have a-
secretase activity against APPL in flies (Carmine-Simmen et al., 2009). To our surprise,
expression of KUZ had similar effects as expression of dBACE. At age 50d, only 25% of
elav>KUZ flies and only 8% of pdf>KUZ flies remained rhythmic in DD compared to 86%
and 90% in respective age-matched controls (Table S1, Table S2). Overall, over-expression
of KUZ led to continuous activity without consolidated rest, in contrast to GFP-expressing
control flies, which maintained consolidated rhythms (Fig. 5B and 5D). The phenotype of
KUZ over-expression was comparable to dBACE expression at age 50d; in both pan-
neuronal (elav-GAL4) and central clock (pdf-GAL4) neurons, KUZ expression resulted in a
significant disruption of rest-activity rhythms (p<0.0001) (Fig. 5A and 5C). In fact, the
phenotype was even more severe with KUZ expression than dBACE expression. Already at
age 5d elav>KUZ were only 54% rhythmic while elav>dBACE were 76% rhythmic and not
different from controls at this age (Table S1). Similarly, over-expression of KUZ in the
central clock neurons via pdf-GAL4 resulted in severely dampened rest-activity rhythms
already at age 5d. At age 5d pdf>KUZ flies were only 25% rhythmic compared to
pdf>dBACE, which at 84% were not different from pdf>GFP controls (Table S2). Together,
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these data suggested that the rhythm disruption observed is likely caused by a cleavage
product that can be generated by both a and p-cleavage.

Expression of AICD disrupts rest-activity rhythms

Because over-expression of dBACE and KUZ similarly affected rest-activity rhythms, we
hypothesized that an excess of APPL-intracellular domain (dAICD) could interfere with
behavioral rhythmicity. Like the APP cleavage pathway in mammals, in Drosophila
cleavage of APPL by KUZ or dBACE results in a C-terminal fragment (CTF) that is
subsequently cleaved by the Y-secretase complex resulting in the production of dAICD
(Carmine-Simmen et al., 2009). Indeed, pan-neuronal expression of dAICD resulted in an
age-dependent decline in rhythmic locomotor activity (Table S1 and Fig. 6A). Beginning at
age 35d, elav>dAICD flies had significantly reduced rhythmic locomotor activity
(p<0.0001) and the phenotype was more severe at age 50d (p<0.0001) (Table S1, Fig. 6A—
B). This phenotype nearly mimics the dampening of rhythmic locomotor activity seen in
both elav>dBACE flies and elav>KUZ flies at age 50d (Table S1). Expression of dAICD in
central clock neurons also resulted in dampened rest-activity rhythms beginning at age 5d
(p<0.0001), continuing through 35d (p<0.0001) and 50d (p<0.0001) (Fig. 6C-D). This
phenotype is more severe than that observed in age 5d pdf>dBACE. At age 50d expression
of dAICD, KUZ and dBACE in the central clock neurons yields a similar phenotype with all
groups showing a significant dampening of rest-activity rhythms compared to controls
(p<0.0001 and p<0.001) (Table S2). This strongly suggests that dAICD is disrupting
rhythmicity and that the effect of dBACE and KUZ is mediated by increased production of
dAICD.

dAICD is capable of entering the nucleus, but is not toxic to central pacemaker neurons

In mammals, the AICD is transported to the nucleus where it exerts transcriptional activity
(Ghosal et al., 2010; Goodger et al., 2009; Maulik et al., 2012; Robinson et al., 2014). To
determine whether dAICD also undergoes nuclear translocation, we expressed it in salivary
glands, which due to their large cells and nuclei provide better resolution than neuronal
cells. Indeed, we could detect dAICD in the nuclei of these cells (Fig. S2 A) which were co-
stained with the nuclear marker To-Pro3 (Fig. S2 B). This suggests that the dAICD could be
involved in the transcriptional regulation of the circadian clock.

Because the AICD was reported to have toxic effects on cells, we tested the status of central
pacemaker neurons in age 50d pdf>dAICD flies using the anti-PDF antibody. Both SLNv
and ILNv neurons were present in these flies (Fig. S3), suggesting that the PDF-neurons
remain viable in the presence of elevated dAICD.

Rest-activity rhythms are strengthened by APPL expression in central pacemaker neurons

Increased a or 3 cleavage by KUZ or dBACE not only results in an increase of dAICD but
also a decrease of full-length APPL, which could affect behavioral rhythms. We therefore
tested whether over-expression of full-length APPL had an effect on rest-activity rhythms.
Pan-neuronal expression of full-length APPL resulted in rest-activity rhythms similar to
elav>GFP controls at age 5d and 35d but became slightly but significantly deteriorated by
age 50d, p<0.05 (Table S3). In contrast, we detected robust rhythm strengthening when
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APPL was expressed only in central pacemaker neurons. Induction of full-length APPL in
PDF-positive central pacemaker neurons resulted in strengthened rest-activity rhythms
compared to pdf>GFP controls beginning at age 35d (p<0.0001) (Table S3 and Fig. 7A).
This effect continued to age 50d with average FFT values significantly higher than controls
(p<0.001) and more highly consolidated rest-activity rhythms in pdf>APPL flies (Table S3
and Fig. 7A and 7B). These data suggest that the presence of full-length APPL may be
beneficial to maintain strong behavioral rhythmicity specifically when expressed in PDF-
positive central pacemaker neurons.

Discussion

Loss of rest-activity rhythms is a well-established early symptom of AD in humans. Because
disruption of circadian rhythms is detrimental to neuronal homeostasis (Kondratova and
Kondratov, 2012; Krishnan et al., 2012), it is important to understand relationships between
AD and circadian rhythms at the cellular and molecular levels. To address this question, we
examined how manipulations of the fly ortholog of APP and its cleaving enzymes affect
endogenous rest-activity rhythms and clock mechanism in Drosophila. We report here that
the over-expression of dBACE disrupts behavioral rest-activity rhythms, and that this effect
was most severe in aged flies suggesting an age-dependent mechanism. Furthermore,
dBACE expression resulted in the dampened oscillation of core clock protein PER in central
pacemaker neurons, which are master regulators of rest activity rhythms. Significantly
reduced PER levels were observed in the SLNv and ILNv neurons of age 50d flies
expressing dBACE in all clock cells (including glia), all neurons, or only in PDF-positive
SLNv and ILNv neurons. These data suggest that manipulation of APP-cleavage by dBACE
over-expression directly affects the oscillation of PER protein in central pacemaker neurons
in a cell-autonomous manner. Since a functional clock mechanism in sSLNv is necessary and
sufficient to maintain free running activity rhythms, reduced oscillations of PER in these
neurons could be responsible for the loss of activity rhythms in age 50d flies. Importantly,
the decline in PER levels occurred only in flies with manipulated dBACE, not in old control
flies. This is in agreement with recent findings that aging does not dampen PER oscillations
in pacemaker neurons of wild type flies (Luo et al., 2012) (but see also (Umezaki et al.,
2012)), while it reduces clock oscillations in peripheral clocks (Luo et al., 2012; Rakshit et
al., 2012).

While we report here that the loss of behavioral rhythms after manipulation of dBACE is
associated with reduced expression of clock genes in the central pacemaker, recent work
showed that expression of human A peptides leads to disruption of rest activity rhythms
without interfering with PER oscillations in the central pacemaker (Chen et al., 2014; Long
et al., 2014). Even strongly neurotoxic Ap peptides, such as AB*2 arctic, did not cause
rhythm disruption when expressed in central pacemaker neurons; rather, pan-neuronal
expression was required (Chen et al., 2014; Long et al., 2014). The fact that even the most
neurotoxic AP peptides are not capable of dampening PER oscillation in pacemaker neurons
suggests that AB production does not affect clock oscillations and that it is not Ap
production that causes the phenotype we observe upon over-expression of dBBACE. We
confirmed this by expression of KUZ, whose activity does not increase dAS production;
however, it also led to disruption of rest-activity rhythms. Similar rhythm disruption by
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dBACE and KUZ suggested that an excess cleavage product of both pathways might be
responsible for the disruption. Like in the mammalian APP cleavage pathway, in Drosophila
cleavage of APPL by KUZ or dBACE results in a C-terminal fragment (CTF) that is
subsequently cleaved by the Y-secretase resulting in the production of dAICD (Carmine-
Simmen et al., 2009). Indeed, we show that expression of dAICD resulted in an age-
dependent decline in rhythmic locomotor activity. As with dBACE and KUZ expression,
dAICD expression caused weakening or complete loss of behavioral rhythms while age-
matched control flies remained highly rhythmic. In this context, it is worth noting that a-
secretase activators are considered for clinical trials to reduce A production in AD patients
(Epis et al., 2012; Panza et al., 2009). However, according to our results this could lead to
disruptions of circadian rhythms and sleep patterns thus negatively impacting the live of
patients and their caretakers.

Our data suggest that increased dAICD may be the proximal cause of decay in rest-activity
rhythms. The role of AICD in AD is increasingly evident but poorly understood (Vassar et
al., 2009). AICD is able to enter the nucleus and has been implicated in transcriptional
regulation that may affect cell death, neurite outgrowth and neuronal excitability (Ghosal et
al., 2010; Goodger et al., 2009; Maulik et al., 2012; Robinson et al., 2014). Interestingly,
transgenic mice expressing AICD have increased activity of GSK-3 (Ryan and Pimplikar,
2005), which in flies affects the circadian clock. Over-expression of GSK-3 in Drosophila
leads to altered circadian behavior by hyper-phosphorylation of TIMELESS (TIM), a key
circadian protein which forms dimers with PER that enter the nucleus and regulate the clock
mechanism (Martinek et al., 2001). Of further interest, increased GSK-3 activity has been
implicated in AD, and it was shown in Drosophila that increased GSK-3 activity mediates
the toxicity of AP peptides (Sofola et al., 2010).

Cleavage of APPL likely results in a significant decline in intact APPL, and this could be
detrimental as APPL has neuroprotective effects (Wentzell et al., 2012). It was also recently
shown that loss of full-length APPL induces cognitive deficits in memory (Goguel et al.,
2011). We report here that flies over-expressing full-length APPL in central pacemaker
neurons maintained stronger behavioral rest-activity rhythms during aging than control flies;
however this effect was not observed when APPL was expressed pan-neuronally. This could
be caused by negative effects of APPL when expressed in other unspecified neurons, or
could be related to driver strength. Overall, our data suggest that the loss of full-length
APPL might negatively affect circadian behavior by way of the central pacemaker neurons.

Over-expression of dAICD induced a severe phenotype, disrupting rest-activity rhythms as
early as age 5d when expressed in central pacemaker neurons and by age 35d with pan-
neuronal expression. Taken together these results suggest that while loss of full-length
APPL by over-expression of its secretases might negatively impact circadian behavior, the
cleavage product dAICD induces the most severe behavioral rest-activity disruption.
Interestingly, the observed effect is not likely a product of neurodegeneration as it was
previously shown that dAICD has no effect on neurodegeneration (Wentzell et al., 2012),
and we show in this study that the pacemaker cells appear intact in pdf>dAICD flies. In
addition, we show that dAICD, like the vertebrate AICD, can be found in the nucleus.
Therefore, our study suggests that dAICD may directly or indirectly affect the expression of
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clock genes. This offers a novel entry point toward understanding the mechanism of
circadian rhythm disruption in Alzheimer’s disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Overexpression of dBACE in all clock cells with tim-GAL4 accelerates aging phenotypes.

(A) Median lifespans show a significant reduction in tim>dBACE flies (p<0.0001).

Statistical analysis by log-rank test. (B) Climbing ability is significantly reduced in age 35d
and 50d tim>dBACE flies (p<0.0001). Statistical analysis by two-way ANOVA. (C) The
strength of rest-activity rhythms is significantly reduced in tim>dBACE flies compared to
controls, at age 35d (p<0.001) and 50d (p<0.0001). Statistical analysis by Welch’s unpaired
t-test. (D) Representative actograms demonstrate deterioration of rest-activity rhythms in
age 50d tim>dBACE flies compared to age-matched tim>GFP controls. Darkness indicated

by gray shading.
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Figure 2.
Pan-neuronal over-expression of dBACE disrupts rhythmic locomotor activity in aging flies.

(A) Average FFT values are significantly reduced in age 50d elav>dBACE flies in DD
compared to elav>GFP controls (p<0.0001). Statistical analysis by Welch’s unpaired t-test.
(B) Most elav>dBACE flies become arrhythmic at age 50d. (C) Representative actograms
illustrate deterioration of rest-activity rhythms in age 50d elav>dBACE flies compared to
age-matched elav>GFP controls. Darkness indicated by gray shading.
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Figure 3.
Over-expression of dBACE in central clock neurons disrupts rhythmic locomotor activity.

(A) Average FFT values are significantly reduced in age 50d pdf>dBACE flies compared to
pdf>GFP controls (p<0.001). Statistical analysis by Welch’s unpaired t-test (B) Most
pdf>dBACE flies become arrhythmic at age 50d. (C) Representative actograms illustrate the
deterioration of rest-activity rhythms in age 50d pdf>dBACE flies compared to age-matched
pdf>GFP controls. Darkness indicated by gray shading.
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Figure 4.
Over-expression of dBACE affects the levels of PER in the small ventral Lateral Neurons

(sLNv), large ventral Lateral Neurons (ILNv), and dorsal Lateral neurons (LNd).
Measurements of PER expression were taken at Circadian time (Ct) 22 and Ct 10. (A)
Representative pictures showing PER levels at age 5d and 50d in sLNv relative to dBACE/+
controls. Scale bar = 25 pm. (B) Quantification of PER expression in SLNv. At age 5d
tim>dBACE flies show significantly dampened PER oscillation (p<0.0001). By age 50d all
genotypes show significant dampening in PER oscillation, tim>dBACE and pdf>dBACE
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(p<0.0001), and elav>dBACE (p<0.01) compared to age-matched controls. (C)
Quantification of PER expression in ILNv. At age 5d tim>dBACE flies show significantly
dampened PER oscillation (p<0.0001) compared to age-matched controls. By age 50d
significant dampening in PER oscillation occurs in elav>dBACE and pdf>dBACE (p<0.05)
compared to age-matched controls. (D) Quantification of PER expression in the LNd. At age
5d tim>dBACE and elav>dBACE flies show significantly dampened PER oscillation,
p<0.0001 and p<0.05 respectively. At age 50d no significant difference in PER oscillation is
observed compared to age-matched controls.
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Rhythmic locomotor activity is disrupted by over-expression of KUZ. (A) Rest-activity
rhythms in age 50d elav>KUZ flies are significantly reduced (similarly to elav>dBACE
flies), compared to elav>GFP (p<0.0001). Statistical analysis by Welch’s unpaired t-test. (B)
Representative actograms illustrate rhythmic locomotor activity disruption by age 50d in
elav>KUZ. (C) Expression of KUZ in central clock neurons also significantly reduces power
of activity rhythms in pdf>KUZ flies at age 50d (p<0.0001), similarly to expression of
pdf>dBACE (p<0.001), compared to age-matched pdf>GFP controls. Statistical analysis by
Welch’s unpaired t-test. (D) Representative actograms illustrate rhythmic locomotor activity
disruption by age 50d in pdf>KUZ flies compared to age-matched pdf>GFP controls.
Darkness indicated by gray shading. Percent rhythmic flies are indicated in Table S1 and S2.
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Figure 6.

Rhythmic locomotor activity is disrupted by the expression of dAICD. (A) elav>dAICD
flies show a significant reduction in rhythm power at age 35d and 50d (p<0.0001) compared
to elav>GFP controls. Statistical analysis by Welch’s unpaired t-test. (B) Representative
actograms illustrate the disruption of rhythmic locomotor activity in elav>dAICD flies at
age 50d compared to elav>GFP controls. (C) pdf>dAICD flies show significant reduction in
rhythmicity at all ages examined (p<0.0001), compared to pdf>GFP controls. Statistical
analysis by Welch’s unpaired t-test. (D) Representative actograms illustrate the disruption of
rhythmic locomotor activity in pdf>dAICD flies at age 50d compared to pdf>GFP controls.
Darkness indicated by gray shading. Percent rhythmic flies are indicated in Table S1 and S2.
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Over-expression of full-length APPL in central clock neurons prevents age-related decline in
rhythmic locomotor activity. (A) The power of locomotor activity rhythms is significantly
improved in pdf>APPL flies at age 35d (p<0.001) and age 50d (p<0.0001) compared to age-

matched pdf>GFP controls. Statistical analysis by Welch’s unpaired t-test. (B)

Representative actograms illustrate the strengthening of activity rhythms in pdf>APPL flies
at age 50d. Darkness indicated by gray shading. Percentage of rhythmic flies is shown in

Table S3.
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