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Abstract

Alterations in the quality, quantity and architecture of baseline and recovery sleep have been
shown to occur during aging. Sleep deprivation induces endoplasmic reticular (ER) stress and
upregulates a protective signaling pathway termed the unfolded protein response (UPR). The
effectiveness of the adaptive UPR is diminished by age. Previously, we showed that endogenous
chaperone levels altered recovery sleep in Drosophila melanogaster. We now report that acute
administration of the chemical chaperone sodium 4-phenylbutyrate (PBA) reduces ER stress and
ameliorates age-associated sleep changes in Drosophila. PBA consolidates both baseline and
recovery sleep in aging flies. The behavioral modifications of PBA are linked to its suppression of
ER stress. PBA decreased splicing of x-box binding protein 1 (XBP1) and upregulation of
phosphorylated elongation initiation factor 2 a. (p-elF2a.), in flies that were subjected to sleep
deprivation. We also demonstrate that directly activating ER stress in young flies fragments
baseline sleep and alters recovery sleep. Alleviating prolonged/sustained ER stress during aging
contributes to sleep consolidation and improves recovery sleep/ sleep debt discharge.
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1. Introduction

Aging involves progressive deterioration of many physiological functions over time. Many
age-associated diseases such as Alzheimer’s disease, Parkinson’s disease and type Il
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diabetes are partially characterized by accumulation and aggregation of misfolded proteins,
indicating a decline in quality control and chaperoning systems (Naidoo 2009a). One such
quality control system, the endoplasmic reticulum (ER) stress response also known as the
unfolded protein response (UPR), is responsible for maintaining protein homeostasis in the
ER, the location for synthesis, processing, folding, and post-translational modifications of all
secretory and integral membrane proteins. Alterations in ER homeostasis disrupt proper
folding and lead to accumulation of misfolded proteins, which are deleterious to cell
survival. A variety of physiological conditions can provoke ER stress, including glucose/
energy deprivation, redox changes and alterations in calcium signaling. The UPR (Schroder
& Kaufman 2005, Zhang & Kaufman 2006) has three distinct cellular responses: 1)
upregulation of distinct molecular chaperones such as immunoglobulin binding protein/
glucose-regulated protein 78(BiP/GRP78) through the inositol-requiring enzyme-1 (IRE1)
pathway, 2) attenuation of protein translation mediated by the serine-threonine kinase PKR-
like ER kinase (PERK), which phosphorylates the eukaryotic initiation factor 2a. (elF2a.),
subsequently reducing translation; and 3) degradation of misfolded proteins by ER-
associated degradation (ERAD) (Harding et al. 1999). Excessive or extended ER stress leads
to a maladaptive response and apoptosis, through activation of caspases and/or INK
signaling pathways (Szegezdi et al. 2006, Wu & Kaufman 2006).

Prolonged wakefulness/ sleep deprivation activates the UPR in mice (Naidoo et al. 2005)
and the fruitfly Drosophila melanogaster (Shaw et al. 2000, Naidoo et al. 2007).
Additionally, the UPR influences recovery sleep following sleep loss. Overexpression of
BiP, also known as heat shock cognate 70 (HSC70-3) in Drosophila, results in increased
recovery sleep when compared to sleep deprived wild type controls (Naidoo et al. 2007).
Further, animals that had reduced levels of functional BiP recovered less sleep after
deprivation. These results are particularly pertinent in the context of baseline sleep and
recovery sleep in the aged/elderly. Impairments in sleep architecture and sleep
consolidation, including an increase in excessive daytime sleepiness (EDS), nighttime
awakenings and reductions in recovery sleep, are well documented in aging populations
(Wolkove et al. 2007, Pandi-Perumal et al. 2002, Mendelson & Bergmann 2000). EDS is
associated with significant negative health consequences including increased incidence of
functional impairments (Lee et al. 2007) and mortality (Empana et al. 2009). EDS is also
one of the most prevalent features of neurodegenerative diseases (Kato et al. 2012). Basal
expression of BiP as well as other UPR components decreases with age (Naidoo 2009b).
Collectively, these results suggest that the amount of chaperone present influences the
amount of sleep recovered after sleep loss (Naidoo et al. 2007).

In this study, we examined the role of ER stress in sleep and sleep homeostasis. First, we
wanted to determine if supplementing basal levels of endogenous molecular chaperones with
a chemical chaperone would alleviate ER stress and alter baseline and recovery sleep in
aged flies. Secondly, we sought to ascertain whether inducing ER stress in young flies
would confer an aged phenotype. Lastly, we examined the effect of the chemical chaperone
on sleep behavior in a short-sleeping mutant. The chemical chaperone we chose is sodium 4-
phenylbutyrate (PBA), which is a non-selective chaperone that binds to the exposed
hydrophaobic regions of misfolded proteins. It has been shown to stabilize protein
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conformation, improve the folding capacity of the ER and facilitate the trafficking of mutant
proteins (Ozcan et al. 2006). We wanted to establish whether acute administration of PBA
would alter the UPR response and/or modify sleep behavior. We assessed sleep in aging
populations of Drosophila and demonstrated consolidation of baseline sleep in aging flies by
application of a clinically relevant dose of PBA. We also show that recovery sleep is altered
in aged populations of flies and that PBA ameliorates some of these age-related sleep
changes. We found that tunicamycin treatment, which induces ER stress, fragments baseline
sleep and alters recovery sleep, demonstrating a direct link between ER stress and sleep. We
also illustrate that PBA treatment consolidates sleep in a short sleeping mutant. These results
demonstrate a correlation between the improvements in sleep by PBA application and
attenuation of the IRE1 and PERK pathways of the UPR.

2. Methods

2.1 Fly stocks and maintenance

The D. melanogaster strain white Canton-Special (wCS10), a gift from Ronald Davis,
Baylor College of Medicine (Houston, TX), w1118 from Bloomington Stock Center
(Indiana) and Sleepless (sssP1) and its background control strain iso3, a gift from Amita
Sehgal/ Kyunghee Koh (University of Pennsylvania/ Thomas Jefferson University,
Philadelphia, PA) were used in these studies. All flies were maintained at room temperature
on standard food that contained molasses or dextrose, cornmeal and yeast on a 12 h: 12 h
light: dark cycle. Flies were transferred onto new food every 2—-3 days. wCS10 maximum
lifespan = 93 days, wl118&x = 73 days, ctrl sss, isogenic wild-type strain, iso3! = 101 days
and sssP1 = 50 days. Flies were divided into age groups as follows: wCS10 young (9-12
days) and aged (8 weeks). At 8 weeks >40% of these animals were still alive. For the
wlll8ex jso3land sssPl strains, flies were young (7 days) and aged (5-6 weeks).

2.2 Drug administration

4 sodium phenylbutyrate (PBA) and tunicamycin were purchased from Calbiochem, EMD
Chemicals Inc. (Gibbstown, NJ). The purity of PBA was 99.6%. PBA was diluted in
deionized distilled water. 5SmM PBA was chosen as the preferred dose from a survival curve
using 1ImM, 5mM and 10mM. An acute treatment of PBA was shown to be more beneficial
than a continuous dose on life span (Zhao et al. 2005). Tunicamycin was prepared in 95%
ethanol for a stock solution of 1.19mM. For both PBA and tunicamycin treatment, flies were
placed into locomotor tubes containing the sucrose/agar media and drug (5mM PBA or
12uM tunicamycin) or vehicle (distilled water or 0.01% ethanol).

2.3 Circadian and behavioral sleep assays

Flies were collected one day after eclosion and housed in groups until behavior was
recorded using video (see 2.5). For all behavioral experiments, D. melanogaster virgin
females were placed in individual locomotor activity tubes onto plates that hold 28 animals.
Each locomotor activity tube contained a minimal media food mixture that consisted of 5%
sucrose 1% agar media with or without 5mM of PBA. Flies were allowed to acclimate to the
tubes at least 24 h before the recordings began. Baseline sleep was recorded for 2 days.
Sleep was defined as a 5-minute bin without activity (Andretic & Shaw 2005). Sleep/ wake
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behavior was monitored throughout the study. We performed 15 baseline experiments of 28
flies each with young wCSl0 flies. For the aged wCS10 flies, we performed 10 baseline
experiments of 28 flies each. For the w1118% strain, we performed 4 behavioral baseline
experiments in the young flies and 4 experiments in the aged flies. The tunicamycin baseline
experiments consisted of 4 experiments. The flies were treated with tunicamycin 24 h prior
to recording sleep behavior. We performed 5 experiments for the sss”> mutants and their
background controls iso3L.

2.4 Sleep deprivation (SD) and recovery

Baseline behavior was recorded for 2 days before SD. Flies were sleep deprived for 6 hours
during the consolidated rest period from ZT 18 to ZT 24 (Naidoo et al. 2007). This task was
accomplished manually by gently tapping the plates as necessary to keep the flies moving as
determined by visual observation of fly behavior under red light conditions. We estimated
that flies lost between 90-100% of their sleep based on previously published studies where
sleep loss during SD was measured using the same method (Naidoo et al, 2007). Time and
aged matched control flies were maintained in the monitors without intervention until
sacrificed.

Recovery sleep was recorded for 24 h immediately following sleep deprivation beginning at
ZTO0. There were 12 recovery experiments performed for young wCS10 flies and 8
experiments for the aged wCS10 flies (n=28/ experiment). For wl118&X we performed 4
recovery experiments for the young and 4 experiments in the aged flies (h=28/experiment).

The tunicamycin studies consisted of 4 experiments (n=28/experiment). For these sets of
experiments, flies were placed on tunicamycin 18 h before SD. Each experiment consisted
of 28 flies each recorded in a separate locomotor tube. Flies that died before the end of the
experiments were not included in the behavioral analysis.

2.5 Video recording and analysis

Flies were recorded using the video system previously described (Zimmerman et al 2008).
Images were acquired at 5 second intervals using a Retiga 2000R camera (Qimaging, Surrey
BC) and custom software written using MatLab (Mathworks, Natick MA). Infrared LED
lamps (Lilin Corp., Arcadia CA) at a peak wavelength of 850nm were used for camera
illumination during the dark period. Video analysis: Custom software written with Matlab
and C computer languages was used to analyze the video images using subtraction analysis.
Corresponding pixels from two temporally adjacent images are subtracted and each pixel in
the DIFFERENCE image has the value: GS (XiY])=[(GS2(XiYj)-GS1(XiY]))/2]+127,where
GS(XiYj) is the DIFFERENCE image grayscale value centered around a value of 127 at
pixels X position i and Y position j and GS2 and GS1 are the grayscale values at that same
pixel for the second and first video frames, respectively, in a pair of temporally adjacent
frames.

2.6 Fly head preparation and western blotting

Flies were either sacrificed at the end of the undisturbed rest period or after sleep
deprivation. Protein was extracted using a standard cell lysis protocol as described
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previously (Naidoo et al. 2007) (groups of 10 pooled fly heads, n=4). Protein concentrations
were determined using the Pierce micro-BCA assay Kit. Protein samples from pooled head
homogenate (15ug/well) were run on SDS-PAGE gels (Bio-Rad, 4-20% Tris-HCI) and then
transferred to nitrocellulose membranes (Bio-Rad) and incubated with primary antibodies.
Primary antibodies and dilutions used were: Hsc 3 (Heat shock cognate 3)-BiP/GRP78
(Brabaham, UK) 1:2500, anti-phospho-elF2a (Ser51) polyclonal antibody and p-actin (Cell
Signaling Technology, Tokyo, Japan), 1:1000. This was followed by a 1 h incubation with
secondary antibodies (anti-rat 1:20 000, Sigma, for BiP/GRP78 and anti-rabbit 1:10 000 for
all other antibodies, except B-actin [mouse, 1:10 000]). Protein bands were detected and
analyzed by the Odyssey Infrared Scanner (Li-Cor). We first detected the phospho-protein
and then used NewBIlot™ Nitro stripping buffer (Li-Cor, 30 min @ room temperature) and
re-probed the membranes with an antibody recognizing the non-phosphorylated form.

2.7 Reverse transcriptase PCR and product quantification

Total RNA from flies was isolated using TRIzol reagent (Invitrogen) in conjunction with the
RNeasy Mini Kit (Qiagen). We synthesized cDNA from one microgram of total RNA
samples using Superscript 111 (Invitrogen). XBP1 cDNA was amplified by RT-PCR using
primers that flanked the unconventional splice site (Sidrauski & Walter 1997) in xbpl
mRNA (Xbpl_F, 5’-CGCCAGCGCAGGCGCTGAGG-3’ and Xbpl_R, 5’-
CTGCTCCGCCAGCAGACGCGC-3’). The protocol was 25 PCR cycles long. PCR product
was then ran on a 3% agarose gel and stained with Ethidium bromide (EtBr) to visualize the
bands. The unspliced band was observed at 127 base pairs and the spliced variant was
observed at 104 base pairs. For quantification of the unspliced and spliced variants of XBP1,
we used the Agilent 2100 Bioanalyzer and ran the PCR product on a DNA 1000 chip. The
chip comes with its own ladder and set of internal standards. The generated product was
then run on the chip with a standard curve and the internal standards and quantified.

2.8 Statistical analysis

3. Results

Mixed effects models were utilized to examine the interactive effects of age, drug treatment
and rebound on sleep outcomes. Multiple linear regression was utilized to examine between
group effects on primary sleep outcomes in Drosophila. Day and night time data were
analyzed separately. Comparisons were made between groups of young and aged animals
and age-matched individuals for baseline and recovery sleep analysis. Student’s t test was
applied when appropriate.

3.1 PBA consolidates/increases baseline sleep in aged animals

Daytime Baseline Sleep and Wake—Sleep/ wake cycle strength in Drosophila
diminishes with age and sleep becomes more fragmented, as demonstrated by increased
sleep bout numbers and decreased sleep bout duration (Koh et al. 2006). In addition to
fragmentation of sleep during the night, we found that aged flies sleep significantly less
during the daytime as compared to their young counterparts, leading to an overall decrease
in total sleep (Fig. 1A and Fig. 1B). We hypothesized that decreases in endogenous
chaperone levels contribute to age-related changes in sleep. Therefore, we examined the
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effect of PBA treatment on baseline sleep at different ages. Flies were treated with PBA
(5mM) for two days before recording sleep. We found that there was an age-dependent
response to PBA treatment. Aged flies treated with PBA experienced a significant increase
in total sleep time during the day in comparison to their untreated age-matched controls
(WCSL0, p<0.05, w18 p<0.05 (Fig.1A and 1B). Sleep architecture was also modified
with PBA treatment. Sleep bout numbers ([p<0.01], wCS10 and [p<0.05], w118&) (Fig. 1C
and D) and sleep bout duration (p<0.05; wCS10 and wl118&) (Fig. 1E and F) were both
significantly increased in aged flies treated with PBA compared to their untreated age-
matched controls.

In young flies treated with PBA, wake bout duration was significantly increased in both
strains (WCSL10 [p<0.001]; wl118&x [9<0.05] during the day (Fig.1G and 11). Aged flies
exhibit extremely long wake bout durations during the day in comparison to the young flies.
PBA treatment significantly decreased wake bout duration in aged flies (wCS10 [p<0.001];
wl118exn<0.05]) (Fig.1H and Fig. 1J), during the day. In the wCS10 aged flies treated with
PBA, the wake bout duration trended towards the amount observed in the young flies. These
results suggest that PBA activity is different in young versus aged animals.

Nighttime Baseline Sleep and Wake—We found no significant changes in total sleep
in young flies treated with PBA during the 12 h night time period. Sleep bout numbers
however, (Fig. 1C and D) were increased in both strains when treated with PBA (wCS10;
p<0.01, wll18ex (n<0.05). In aged w18 PBA significantly increased total sleep (p<0.05;
Fig. 1B), sleep bout number (p<0.05; Fig. 1D) and sleep bout duration (p<0.05; Fig. 1F) in
these flies. Wake bout duration, on the other hand, decreased in aged w118 fljes treated
with PBA (p<0.05) (Fig. 1J). These results suggest that PBA treatment consolidates waking
in young flies during the day and sleep both during the day and night in aged flies.

To determine whether the alterations observed in the aged flies under light-dark conditions
had not occurred as a result of declining responsiveness to light, we also examined flies
under constant darkness (DD). Flies were acclimated for 4 days in 12h light: 12h dark (LD)
before being placed into DD for 7 days. Similar to other studies, we observed that the
majority of the aged animals were arrhythmic and displayed a longer period (Rakshit et al.
2012). However, we found no significant differences in the sleep and wake of young or aged
flies treated with PBA in DD compared to LD, indicating that the effects in LD are
recapitulated in DD (data not shown).

3.2 Recovery sleep is altered with age

The homeostatic component of sleep governs the aspect involving recovery sleep, i.e. the
longer animals are in a state of wakefulness, either normal or forced, the more profound the
ensuing sleep period will be. Flies were sleep deprived for 6 h between ZT18 to ZT24; the
sleep period where they display the most consolidated sleep (Naidoo et al. 2007) and
unpublished observations). Recovery sleep was assessed immediately after lights on at ZTO
for 24 h. The mechanism(s) governing recovery sleep are intact in young wCSl0 flies, so 4 h
of recovery sleep is sufficient (Fig. 2A and Fig. 2B).
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Aged flies also display a homeostatic response to sleep deprivation however, the pattern of
recovery is altered; they recover sleep over an extended period (>12 h) (Fig. 2C). Since the
aging process diminishes the efficiency of sleep debt discharge following sleep deprivation,
we wanted to determine if this defect could be modified. Based on the rationale that
endogenous chaperones can regulate the homeostatic component of sleep (Naidoo et al.
2007) and that these chaperones decrease with age (Naidoo et al. 2008); we asked whether
application of a chemical chaperone would alter recovery sleep in aged flies.

PBA treated young wCS10 flies recover sleep in the first 3 h post deprivation, which is an
hour earlier than their untreated age-matched controls (Fig. 2B). Aged wCSI0 flies that were
treated with PBA, like the young control flies (both treated and untreated), recover sleep
during the first 4-5 hours post deprivation. This period is shorter than the age-matched
untreated control flies which sleep throughout the day (Fig.2A and 2C). In aged flies treated
with PBA, the recovery sleep peak is left shifted. Aged wl118&X flies demonstrated a similar
recovery profile as the aged wCS10 animals in that PBA altered the recovery sleep pattern in
a comparable manner in these flies (Supplemental Fig. 1).

3.3 Induction of ER stress fragments baseline sleep and alters recovery sleep

Aged animals display sleep fragmentation and also exhibit basal ER stress (Naidoo et al.
2008). To directly demonstrate that ER stress and sleep fragmentation in aged flies affects
the recovery sleep response to sleep deprivation; we treated young flies with the drug
tunicamycin to induce sleep fragmentation and simulate an aging phenotype. Tunicamycin,
an inhibitor of protein glycosylation which leads to protein misfolding, was used to induce
ER stress (Ozcan et al. 2006) in young flies. Flies were treated with tunicamycin 24 h prior
to behavioral recordings. We found that tunicamycin fragmented daytime and nighttime
sleep in a dose dependent manner in concentrations ranging from 1 to 24uM (data not
shown).

Total sleep was significantly decreased in wCS10 flies that were treated with tunicamycin
(12uM) (day and night p<0.05). Tunicamycin also significantly decreased sleep bout
numbers during the day (p<0.05) and increased sleep bout humbers during the night
(p<0.05). Flies treated with tunicamycin also displayed significant decreases in sleep bout
duration (p<0.05) during the night (Fig. 3A—C). We then subjected tunicamycin treated flies
to 6 h of acute sleep deprivation from ZT18 to ZT24. We found that recovery sleep in young
flies treated with tunicamycin (12uM) phenocopied recovery sleep in the aged flies (Fig.
3D); as flies continued to get recover sleep over a longer period.

3.4 PBA increases daytime sleep and consolidates nighttime sleep in a short sleeping
mutant remember to underline all changes in this section

The major effect of PBA on sleep was observed largely in aged flies; total sleep and sleep
bout duration were increased. That these effects were not observed in young flies could be
due in part to the significant amount of sleep that young flies experience, which could
potentially mask PBA effects. To determine the effect of PBA on sleep in young flies, we
examined the short sleeping fly sleepless (sssP1). The mutant sssP? displays a drastic
decrease in total sleep with severe reductions in both sleep bout numbers and sleep bout
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duration and reduced longevity (Koh et al. 2008). Similar to what was observed in the aged
wild type flies (WCS10 and w1118%); PBA increased and consolidated sleep in the mutant
sssPL. We found that PBA significantly increased total sleep (p<0.001) (Fig. 4A), the
numbers of sleep bouts (p<0.001) (Fig. 4B) and sleep bout duration (Fig. 4C) (p<0.0001)
during the day in the sss”! flies. Sleep bout duration was also significantly increased during
the night (p=0.03) in the sss”! flies, although there were no significant effects on total sleep.
Interestingly, PBA treatment actually decreased sleep bout numbers (p=0.013) and total
sleep during the night in the background strain (Fig. 4A), although the decrease in total sleep
was not significant.

3.5 Molecular characterization of the UPR and recovery sleep

To establish whether the behavioral changes following the administration of PBA were
mediated by the UPR, we assessed the following UPR markers: BiP, x-box binding protein 1
(XBP1) and phosphorylated elongation initiation factor 2 a. (p-elF2a.). Since similar results
for these molecular markers were obtained in both the wCS10 and wl118&X strains, only the
results for wCSI10 flies are presented. Sleep deprivation increased BiP expression levels in
both the young and aged flies. Young sleep deprived (YSD) flies display a greater than 1.5 -
fold increase in BiP levels when compared their young undisturbed counterparts (YUD)
(Fig. 5A and Fig. 5B) (p=0.007). Young flies treated with PBA (YPBA) responded similarly
to 6 h of SD (p<0.05) as the young sleep deprived (YSD) flies without PBA (p<0.05). Aged
sleep deprived flies (ASD) displayed a 1.2 fold increase in BiP expression versus aged
undisturbed flies (AUD) (p<0.05). However, aged flies treated with PBA showed no
significant induction of BiP after sleep deprivation (Fig. 5C and Fig. 5D).

As induction of BiP in young and aged flies did not seem to be markedly different, we
examined an earlier event during the UPR, the activation of IREL. IRE-1, a transmembrane
protein with both cytoplasmic kinase and endoribonuclease activity, is very sensitive to
protein misfolding (Lin et al. 2007) and small amounts of misfolded proteins can initiate its
activity. Activation of the ribonuclease leads to the splicing of XBP1, a conserved UPR
transcription factor (Pincus et al. 2010, Walter 2010) which in turn launches the
transcription of ER chaperones, including BiP. We measured XBP1 mRNA splicing by
reverse transcription polymerase chain reaction (RT-PCR) and quantified the amount of
spliced to unspliced XBP1 by DNA chip analysis. The unspliced variant of XBP1 was
significantly increased in young flies subjected to 6 h of sleep deprivation (YSD)
([p=0.017]), although the increase in the spliced variant was not significant (Fig. 5E-F).
PBA, however, suppressed the increase in both the unspliced (p= 0.035) and spliced
(p=0.044) variants of XBP1 after sleep deprivation (Fig. 5E-F) in the young flies. In the
aged flies (ASD), both the unspliced (p<0.01) and spliced (p<0.05) variants of XBP1 were
increased with sleep deprivation. Conversely, the unspliced (p=0.008) and spliced variants
(p=0.047) of XBP1 were significantly decreased with PBA treatment in the aged sleep
deprived flies (Fig. 5E and Fig. 5F). Our data demonstrates that PBA treatment reduces
XBP1 splicing as well as the unspliced variant, which suggests a diminution in ER stress
and in protein misfolding.
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3.6 PBA treatment represses age-related activation of p-elF2a

PERK, a transmembrane kinase, is another of the three transducers of the UPR. Upon
activation, PERK homodimerizes, autophosphorylates, then phosphorylates the elongation
initiation factor 2 a. (elF2a) to attenuate protein translation, thereby reducing cellular
protein synthesis. Phospho-elF2a levels are increased in young sleep deprived animals
compared to undisturbed animals (Fig. 5G and Fig. 5H) (p=0.006). Undisturbed aged flies
display a 1.65 fold increase in the basal expression of phospho-elF2a (Fig. 5H) (p=0.03)
when compared to the young undisturbed flies. These animals also demonstrate significant
decreases in total elF2a expression (data not shown), suggesting that the UPR is activated
during aging without the stimulus of an external stressor. PBA treatment significantly
reduced p-elF2a levels (0.58 fold or 32%) in aged sleep deprived flies when compared to
their untreated sleep deprived controls (p<0.001). These results are consistent with earlier in
vitro studies that show PBA treatment suppresses activation of the UPR by inhibiting PERK
phosphorylation (Kubota et al. 2006).

4. Discussion

With advancing age, humans demonstrate a number of sleep disruptions (Ancoli-Israel 1997,
Wolkove et al. 2007), which contribute to poor health consequences and accelerated
senescence. The mechanisms that lead to these negative health outcomes, however, remain
unclear. In this study, we found that both baseline and recovery sleep are changed with age
and that these alterations can be modulated by the chemical chaperone PBA. PBA is a low
molecular weight fatty acid that has been shown to act as a chemical chaperone for
misfolded or mislocalized proteins (Ozcan et al. 2006, Yam et al. 2007) (Ozcan et al. 2006,
Perlmutter 2002, Yam et al. 2007). It has also been shown to suppress ER-stress induced cell
death without the aid of endogenous ER chaperones (Kubota et al. 2006). We also
demonstrate in this study, that directly inducing ER stress in young flies fragments baseline
sleep and alters recovery sleep, phenocopying aged flies. Sleep fragmentation may
contribute to accelerated aging and it has been suggested that an intervention that
consolidates sleep may delay the aging process and increase life span (Koh et al. 2006).

Aged flies had less total baseline sleep and an altered homeostatic response in that they
recovered sleep over an extended 12 h period, whereas young flies recoup lost sleep within a
much shorter window. Similar sleep disturbances are seen in humans and mammals, where
aged individuals lose the ability to initiate and maintain nighttime sleep (Wolkove et al.
2007) and recovery sleep after prolonged wakefulness is altered (Mendelson & Bergmann
2000, Tobler & Borbely 1990). Similar to Mendelson et al., (Mendelson & Bergmann 2000)
we demonstrate a significant age by time interaction, where young flies recover sleep in the
first 4-5 h following sleep deprivation. Sleep deprived aged flies however; recover sleep
over much a longer period. Variations in our behavioral results compared with those existing
in the literature are possibly due to our use of video analysis, which has been shown to be
more accurate than DAMS in measurements of fly sleep, in particular daytime sleep and
architecture (Zimmerman et al. 2008).

During the course of this study, we observed an increase in locomotor activity in both young
and aged flies treated with PBA (Supplemental Fig.2 A-D). A previous study found that
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PBA maintained locomotor vigor (activity) during aging in Drosophila (Kang et al. 2002).
These results suggest that PBA is in fact increasing sleep and not merely reducing
movement in the aged flies. Although total wake did not change in the young flies treated
with PBA, wake became more consolidated. Not observing changes in total wake is possibly
due to a ceiling effect in the young healthy flies. These results indicate that there is an age
by drug interaction in the modification of sleep by PBA that remains to be elucidated.

Aging also impairs quality control systems that are necessary for protein homeostasis.
Earlier work from our laboratory demonstrated that aging decreased BiP levels and
increased pro-apoptotic factors such as CCAAT/enhancer-binding protein-homologous
protein (CHOP), in the cerebral cortex of mice (Naidoo et al. 2008). Young flies experience
less ER stress and their adaptive UPR is fully functional. Aged flies, on the other hand, are
under chronic ER stress conditions with a diminished adaptive UPR. Therefore, basal ER
stresses for the two groups are vastly different and likely contributes to the disparate
responses to sleep deprivation. The young flies are readily able to handle acute sleep
deprivation, whereas aged flies, already under stress, are overwhelmed by the secondary
stressor. Addition of PBA has little effect on recovery sleep in young flies; however, PBA
treatment ameliorates existing ER stress and suppresses further UPR induction in aged flies.
As a result, treated aged flies display more efficient recovery sleep or are able to discharge
sleep debt more efficiently than untreated aged flies.

Although we found no significant differences in BiP expression in flies treated with PBA,
XBP1 was significantly affected by PBA treatment. PBA not only reduces the amount of
spliced XBP1, it also reduces the expression of the unspliced variant as well. PBA likely
suppresses UPR induction by chaperoning unfolded proteins, so that BiP stays bound to
IRE1 and PERK and delays or prevents its activation, even under the condition of sleep
deprivation. Phosphoe-1F2a levels were significantly reduced in the PBA treated aged flies
subjected to sleep deprivation. Changes in p-elF2a can be directly linked to the behavioral
changes in the aged flies given that increased p-elF2a facilitates baseline (Methippara et al.
2009) and recovery sleep (Methippara et al. 2012). The reduced elF2a. phosphorylation in
PBA treated animals may account for the improved homeostatic response in the aged SD
flies.

In this study, we also chemically induced ER stress in young flies and then subjected them
to sleep deprivation. This acute tunicamycin treatment decreased and fragmented baseline
sleep and phenocopied the recovery sleep behavior that was seen in the aged flies (Fig. 6).
There are two possible explanations for the tunicamycin results. First, tunicamycin activity
leads to inhibition of glycosylation and general misfolding of proteins, which will ultimately
result in ER stress. Secondly, tunicamycin could potentially prevent maturation of
glycoproteins required for sleep maintenance. This data demonstrates that ER stress induces
sleep fragmentation. Together with our previous findings that sleep deprivation caused ER
stress and activated the UPR, these results suggests that both processes are intimately linked
and feedback on one another.

PBA has been shown to significantly increase life span in Drosophila, purportedly through
inhibition of HDAC activity (Kang et al. 2002). The moderate effects of PBA on sleep
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consolidation in young sss” mutant flies suggest that protein stabilization by PBA is only
partially ameliorating defects in these animals. The decrease in sleep in the ctrl sss
background strain treated with PBA supports the increase and consolidation of wake in the
wild-type lines. It was previously shown that induction of ER stress impaired waking in
mice (Naidoo et al. 2011). We speculate that application of PBA also promotes wake-active
neuronal function and consolidates wake in the flies by reducing ER stress. The issue is not
the accumulation of sleep debt, but the discharge of sleep debt that is impaired in the aged
flies. By ameliorating ER stress and suppressing activation of the UPR, PBA allows for
more efficient recovery sleep in the aged flies.

Since PBA ameliorates ER stress by directly reducing aberrant protein load (Kubota et al.
2006), treating Drosophila with PBA supplements chaperone activity and decreases the
burden of misfolded proteins that occurs as a consequence of an external stressor, sleep
deprivation, as well as normal aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Total sleep time decreases with age. (A) Total sleep in minutes in young (n=143) and aged
(n=106) wCS10 flies. Total sleep significantly decreases in the aged flies (p<0.001) in
comparison to the young flies. Treatment with 5mM of PBA has little effect on young flies,
but it significantly increases total daytime sleep in the aged flies (p<0.01). (B) Total sleep in
minutes in young (n=54) and aged (n=40) w1118% flies. PBA significantly increased total
sleep in aged flies during both the day and night (p<0.05). (C, D) The number of sleep bouts
significantly decreases during the daytime (p<0.01) in the aged flies in comparison to the
young flies. Treatment with PBA significantly increased the number of sleep bouts (p<0.01)
in the aged flies during the day and the young flies during the night. PBA significantly
increased the sleep bout numbers in the young (night) and aged flies (day and night,
p<0.05). (E, F) Sleep bout duration in the aged wCS10 during the day and in the aged
w1118% in both the day and night (p<0.05) was increased with PBA. (G-J) Mean wake bout
duration is increased with PBA during the daytime in the young wCS10 (p<0.001) and the
w1118% flies (p<0.05). In the aged wCS10 and w1118% flies, treatment with PBA
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significantly decreased wake bout duration during the daytime in comparison to their age-
matched controls (wCS10, p<0.001; w1118% p<-0.05). In the aged w1118% flies, wake bout
duration was also significantly decreased during the night (p<0.05). Mean + S.E.M. shown
*P<0.05, **P<0.01, ***P<0.001
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Fig. 2.

Sleep homeostasis is impaired during aging. Aging alters the homeostatic response after 6 h
of sleep deprivation. Flies were sleep deprived (SD) for 6 h from (Zeitgeber times, ZT)
ZT18 to ZT24 and allowed to recover sleep for 24 h after deprivation. Young flies
efficiently recover lost sleep whereas the aged flies do not. Recovery sleep per hour 24
hours post sleep deprivation in (A) young (n=47) and aged untreated control (n=43) flies.
Data is shown as the difference in sleep per hour post deprivation to that over same time
interval on preceding day for each fly averaged across all flies with standard error of the
mean. PBA has minimal effects in the (B) young (n=47) flies, however, it increased the
amount and efficiency of recovery sleep in the (C) aged wCS10 flies (n=37). Data is
displayed as the average amount of total minutes of sleep after baseline subtraction and
S.EEM.

Neurobiol Aging. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Brown et al.

Slesp (min)
58 8 8 8 8 &

*

— 1

D

20 * 35
* ls 1
| W .
lﬁ .
14 Pl
=
O Cantral R OcCantrdl z
sz B s ETUNIZpM =5
® s 10
2
5
2
‘ o o -
Maght Day Neght Day Wight
30
— 20
=
-E- [ T)
E8 10
os
a2 0
n o -~ Control
235 10
2 § =&~ Tunicamycin
2 2
-30
0 2 4 6 & 10 12 14 16 18 20 22 24

Hours Post Deprivation

Fig. 3.

Tt?nicamycin fragments baseline sleep. (A) Total sleep at baseline during both the day and
the night (12uM [p<0.05]) is decreased. (B) Sleep bout numbers are increased (p<0.05) and
(C) sleep bout duration is decreased (p<0.05) during the night in young wCSl10 flies treated
with tunicamycin (n=36). (D) Recovery sleep is altered in young flies treated with 12uM
tunicamycin after 6h of sleep deprivation in comparison to the young untreated control flies
(n=20) subjected to SD. Mean +S.E.M. shown, *P<0.05, **P<0.01
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PBA consolidates sleep in the short sleeping Sleepless (sss”1) mutant. (A) Total sleep in
sssP1 (n=20) and its background control strain iso3! (n=32). PBA increased total sleep
(p<0.01) during the day in the sss”1 mutant flies (n=28). (B) PBA also significantly
increased both sleep bout number (p<0.01) and (C) sleep bout duration during the day
(p<0.001) in the sssP mutants. Total sleep (NS) and sleep bout duration, (p<0.05) are
decreased during the night in the control strain (iso3L), treated with PBA (n=32). Mean +

S.E.M. shown,*P<0.05, **P<0.01, ***P<0.001
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Fig. 5.
Upregulation of ER stress markers with sleep deprivation (SD). (A) Densitometric

quantification of BiP expression in young undisturbed (YUD), young sleep deprived (YSD),
young PBA (YPBA) and young PBA sleep deprived (YPBASD) wCS10 fly heads (n=4
trials, 10 heads/pool). 6 h of SD increased BiP levels in young flies in comparison to their
non-SD counterparts (p=0.007). Young flies treated with PBA responded similarly to young
untreated flies when sleep deprived (p<0.05). (B) Representative western blots. 15ug of
protein were loaded per well from undisturbed and sleep deprived flies. (C) Quantification
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of BiP expression in aged undisturbed (AUD); aged sleep deprived (ASD), aged PBA
(APBA) and aged PBA sleep deprived (APBASD) fly heads. (D) Representative western
blot shows 15ug of protein loaded per well from undisturbed and SD flies. BiP expression
increased in aged sleep deprived flies (ASD) versus aged undisturbed flies (AUD) (p<0.05)
(n=4 trials, 10 heads/pool). Aged flies treated with PBA showed no significant induction of
BiP after sleep deprivation. All gels were stripped and reprobed with B-actin as the loading
control. (E-F) ER stress triggers Drosophila XBP1 mRNA splicing, which is characterized
by the elimination of a 23 base pair intron from Drosophila XBP1 mRNA. PBA reduced
both the unspliced and spliced variant of XBP1 in the YPBASD and APBA flies. In the
APBASD flies XBP1 splicing is decreased. Mean +S.E.M. shown for XBP1 *P<0.05,
**P<0.01, #P<0.001 (G) Densitometric quantification of phosphoelF2a levels in fly heads
(n=4 trials, 10 heads/pool). 6 h of sleep deprivation (SD) increased pelF2a expression in
YSD flies in comparison to their undisturbed counterparts (YUD) (p=0.032). Aged flies
(AUD) have increased basal levels of p-elF2a that are significantly higher than the YUD
flies (p=0.006). There was no significant difference between the AUD and aged ASD flies;
however, p-elF2a levels are markedly reduced in aged SD flies with acute application of
PBA (ASDPBA) (p<0.05). Mean +S.E.M. shown, *P<0.05, **P<0.01. (H) Representative
Western blots of p-elF2a shows 15ug of protein loaded per well from undisturbed and SD
flies. All gels were stripped and reprobed with B-actin as the loading control.
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Fig. 6.
Model demonstrating the relationship between aging, UPR activation and sleep. Sleep

fragmentation resulting from age-related impairments in the UPR can be ameliorated by
administration of a chemical chaperone. Treatment with the chemical chaperone results in
sleep consolidation and improved sleep debt discharge, recapitulating a young healthy
phenotype. Tunicamycin treatment induces ER stress, which leads to sleep fragmentation
and confers an aged phenotype.
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