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PARKINSON DISEASE (PD) RESULTS IN THE PRO-
GRESSIVE LOSS OF DOPAMINERGIC NEURONS AND 
IS ASSOCIATED WITH MOTOR DEFICITS INCLUDING 
bradykinesia, rigidity, and loss of postural reflexes. In addition, 
many PD patients develop cognitive deficits eventually lead-
ing to dementia, thus significantly increasing the personal and 
socioeconomic burden of the disease.1 Cognitive impairments 
occur both at the early and late stages of the disease, indepen-
dently of depression and dementia.2 These impairments are 
well documented and predominantly affect prefrontal cortex 
and dopamine dependent executive functions including work-
ing memory, response inhibition, and behavioral flexibility.3,4 
Poorer cognitive performance correlates with increased sever-
ity of the motor deficits, indicating that they may share a similar 
etiology.5

In addition to motor and cognitive deficits, sleep abnormali-
ties are highly prevalent in PD (> 74% of patients).6-9 Sleep 
disturbances are both a primary feature of the disease and a 
secondary consequence of medications, tremor, rigidity, and 
bradykinesia. Primary sleep disturbances include excessive 
daytime sleepiness and REM sleep behavior disorder (RBD). 
RBD may predate the motor symptoms by many years,10 can 
predict cognitive impairment,11 and is associated with demen-

tia.12 In addition, PD patients present narcolepsy-like symptoms 
that appear to be associated with a substantial loss of hypocre-
tin neurons.13 Secondary sleep disturbances include insomnia, 
sleep fragmentation, restless legs syndrome, and sleep apnea.14

Multiple lines of evidence in both mammals and flies indi-
cate important interactions between sleep and dopaminergic 
systems.15-22 For example, in healthy adult wild-type flies, sleep 
deprivation results in an increase in dopamine levels, a reduction 
in dopamine D1-receptor (dDA1) mRNA and learning impair-
ments that are recovered following a brief 2-h nap.21 A similar 
process affecting the D2/D3 receptor has been reported in sleep 
deprived humans.22 Importantly, dopaminergic transmission 
plays a critical role in regulating sleep following environmental 
manipulations associated with brain plasticity.23 Although in-
creased dopamine may facilitate plastic processes in the healthy 
adult, an acute change in dopamine signaling during critical 
windows of plasticity in dopaminergic circuits may result in 
long-lasting decrements in learning and other adaptive behav-
iors that persist when normal dopamine levels are restored.24 
Together, these observations raise the possibility that sleep de-
privation, by affecting the function of dopaminergic systems,21 
may be particularly deleterious during degenerative processes 
that alter dopamine signaling such as PD. Drosophila, with the 
availability of models recapitulating many features of PD, and 
the ease of manipulating and monitoring sleep, appears well 
suited to address this question..

Using the GAL4-UAS system25 human α-synuclein can be 
expressed throughout the nervous system of the adult fly. Flies 
expressing α-synuclein (αS flies) reproduce key symptoms of 
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human PD: age dependent and progressive disruption of se-
lective dopaminergic neuronal groups, motor dysfunction re-
sponsive to dopaminergic treatment, and formation of Lewy 
body-like protein inclusions.26,27 To evaluate the consequences 
of sleep deprivation in αS flies, a functional readout of dop-
aminergic systems that is relevant to the deficits observed in PD 
is required. Since cognitive impairments appearing early in PD 
affect executive functioning,3 we chose to evaluate short-term 
memory and response inhibition in αS flies, using aversive pho-
totaxis suppression (APS).28 Here we show that at an intermedi-
ate stage of the pathology, a single sleep deprivation challenge 
results in persistent short-term memory defects in αS flies. To 
explore possible mechanisms underlying these impairments, 
we evaluated dopaminergic neuron numbers using whole brain 
immunohistochemistry and mRNA levels of genes involved in 
dopamine signaling. We found that learning impairments are 
prevented when αS flies are administered a D1 antagonist dur-
ing sleep deprivation suggesting that the deficits are due to an 
extended activation of D1-like receptors. Finally, we report that 
flies fed curcumin, a compound known to protect against the 
neurotoxic effects of 6-hydroxydopamine in rats29 and inhibit 
the formation of α-synuclein aggregates,30 prevents sleep depri-
vation induced impairments in short-term memory in αS flies.

MEtHodS

Fly Stocks, Sleep Monitoring, and Sleep deprivation

We obtained ElavGAL4 and UAS α-synuclein flies from Mel 
Feany (Harvard University). ElavGAL4 and UAS α-synuclein 
(UAS α-syn) flies outcrossed to a w1118 stock served as genetic 
controls. Flies were cultured at 25°C, 50% to 60% humidity, in 
12h:12h light: dark cycle, on a standard food containing yeast, 
dark corn syrup, molasses, dextrose, and agar. Newly eclosed 
female adult flies were collected from culture vials daily un-
der CO2 anesthesia. Sleep was evaluated using the TriKinet-
ics activity monitoring system as previously described18 (www.
trikinetics.com). Flies were aged in groups of 20 to 30 indi-
viduals per vial and transferred to TriKinetics tubes at least 48 
h before being sleep deprived. Flies were sleep deprived using 
an automated sleep deprivation apparatus that has been found 
to produce waking without nonspecifically activating stress re-
sponses.31 Flies were sleep deprived for 12 h, from ZT12 to 
ZT0, during the primary sleep period.

learning

The APS learning test was performed as previously de-
scribed.28 Each fly was individually tested in a T-maze and al-
lowed to choose between a dark and a lighted vial. Flies are 
phototaxic and choose the lighted vial in > 80% of the trials in 
the absence of reinforcer. During training, choices to the lighted 
vial are associated with an aversive stimulus provided by a filter 
paper soaked with a quinine solution placed in the vial. The test 
is constituted by 16 trials through the maze during which flies 
learn to make more frequent choices to the dark vial (photone-
gative choices). The performance score is the average percent-
age of photonegative choices made in the last block of 4 trials 
for all the participating flies. For each experiment, learning was 

evaluated by the same experimenter who was blind to genotype 
and condition. All flies were tested in the morning between ZT0 
and ZT4. Score differences between control and experimental 
groups were assessed using a Student t-test or analyses of vari-
ance (ANOVA), which were followed by planned pair-wise 
comparisons with a Tukey correction. Phototaxis index: pho-
totaxis was evaluated in the T-maze without filter paper. The 
average proportion of choices to the lighted vial during 10 trials 
was calculated for each individual fly. The phototaxis index (PI) 
is the average of the scores obtained for at least 5 flies ± SEM. 
Sensitivity to quinine/humidity was evaluated as in Seugnet et 
al. 200821: each fly was individually placed in a 14-cm transpar-
ent cylindrical tube covered with filter paper. The quinine/hu-
midity sensitivity index (referred to as quinine sensitivity index 
or QSI) was determined by calculating the time in seconds that 
the fly spent on the dry side of the tube when the other side had 
been wetted with quinine, during a 5-min period.

climbing assay

Flies were aged in groups of 20 to 30 individuals per vial and 
then tested for geotaxis as described before.26 Briefly, groups of 
10 flies were placed in an empty 95 × 27 mm vial. Flies were 
gently taped to the bottom of the vial, and the number of flies 
crossing an 8-cm mark after 10 s was recorded. Scorers were 
blind for genotype and condition. Thirty flies were assayed for 
each experimental condition.

drug treatment

Flies were raised on regular food and transferred to curcumin 
or melatonin containing food after eclosion and until being test-
ed. Curcumin (0.5 mg/mL), melatonin (1.16 mg/mL), and the 
D1 antagonist SCH23390 (1 mg/mL) were suspended in melted 
regular food at 40°C. SCH23390 has been shown to inhibit ac-
tivation of Drosophila D1-like receptors.32

Immunohistochemistry

Fly brains were dissected in cold PBS and fixed in 4% para-
formaldehyde. Mouse anti-tyrosine hydroxylase (ImmunoStar) 
antibodies were used at 1:50 to detect DA neurons. Brains were 
mounted in Vectashield HardSet mounting medium (Vector 
Laboratories) and imaged using a FluoView confocal micro-
scope (Olympus). Dopaminergic neurons were counted using a 
Zeiss Axiophot epifluorescence microscope. At least 10 brains 
were scored for each experimental condition. For α-synuclein 
detection, fly heads were fixed in formalin and embedded in 
paraffin using standard methods.27 Immunostaining on paraf-
fin sections was performed using the avidin-biotin-peroxidase 
complex (ABC) system from Vector laboratories. The LB509 
anti α-synuclein antibodies (Zymed) were used at a 1:5000 di-
lution to detect protein aggregates.

QpcR

Total RNA was isolated from groups of 20 fly heads and pro-
cessed as described21 for cDNA synthesis and QPCR. Expression 
values for RP49 were used to normalize results between groups.
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RESultS

α-Synuclein pathology in 16- to 20-day-old αS Flies

We used the pan-neuronal driver elav-GAL4 to drive expres-
sion of human α-synuclein throughout the nervous system. As 
previously reported,27 we observed widespread accumulation of 
α-synuclein inclusions in 16- to 20-day-old αS flies (Figure 1A-
B). Importantly, genes associated with dopamine handling and 
synthesis including tyrosine hydroxylase (pale), the vesicular 
monoamine transporter (VMAT), and the Dopamine transporter 
(DAT) were reduced in 20-day-old αS flies (Figure 1C). These 
transcriptional changes suggest that dopaminergic transmission 
is disrupted by the pathology. Moreover, we found that several 
genes that are transcriptionally down-regulated in association 
with α-synuclein pathology in mammals33 were also down-reg-
ulated in 20-day-old αS flies (Figure 1C). Previous works have 
shown that a decrease in the ability of the flies to climb up the 
wall of a plastic vial is associated with the progression of the pa-
thology and is sensitive to L-DOPA treatment.26,27 In accordance 
with those findings, we found that climbing ability was disrupted 
in 30-day-old αS flies compared to genetic controls (Figure 1D). 
In contrast, no climbing defects were observed in younger flies 
(16-day-old, Figure 1D). We then used APS to evaluate short-
term memory and response inhibition in αS flies. In this operant 
paradigm, flies are trained individually in a T-maze to repress 
an instinctive attraction towards light.28 Normal performance 
requires flies to maintain the association between light and an 
aversive stimulus for ~2 minutes.34 As shown in Figure 1E, 
20-day-old and 45-day-old αS flies showed normal performance. 
Together, these results indicate that at 16-20 days of age αS flies 
display an early stage of pathogenesis, when dopamine circuits 
are already affected, but not to the extent that they interfere with 
normal behavior or short-term memory and response inhibition.

Sleep loss in αS Flies Produces Persistent Deficits in Short-
term Memory

To determine whether sleep loss would have long-term con-
sequences on learning, 16-day-old αS flies were sleep deprived 
for 12 h and allowed to recover unperturbed for 3-14 days (Fig-
ure 2A). As expected from previous work,21 learning was im-
paired immediately following sleep deprivation (Figure 2B, No 
recovery). Surprisingly, flies that were allowed to sleep unper-
turbed for 3 days following 12 h of sleep deprivation continued 
to display a significant reduction in performance (Figure 2B, 
3 days recovery). Subsequent follow-up studies indicated that 
learning impairments could still be observed 14 days after the 
initial sleep deprivation challenge (data not shown). Flies that 
had been deprived at 16 days of age and allowed to recover 
for 3 days completed the 16 trials (TCT) in the same amount 
of time as control flies indicating that they did not suffer from 
long-term changes in motivation or locomotor activity (Figure 
2C). Similarly, sleep deprivation did not alter the phototaxis in-
dex (PI), nor the sensitivity to quinine (QSI), indicating that the 
learning deficits were not due to changes in sensory thresholds 
(Figure 2C). Moreover, sleep deprivation did not result in long-
term modifications to either sleep time or sleep architecture, 
indicating that baseline sleep could not account for the persis-

tent learning impairments (Figure 2D). As shown in Figure 2E, 
long-term learning impairments were specific to αS flies and 
were not observed in aged-matched genetic control flies that 
underwent the same treatment. Finally, we showed that when 
αS flies were sleep deprived at a pre-symptomatic younger age 
(7 days old), no persistent learning impairments were observed 
(Figure 2E).
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Figure 1—PD-like pathology in flies expressing human 
α-synuclein. A, Time line for the progression of α-synuclein pa-
thology in flies expressing UAS α-synuclein under the control 
of the elavGAL4 driver (αS flies). B, Detection of numerous 
α-synuclein aggregates in the brains of 20-day-old αS flies. Ar-
row: large Lewy-body like inclusion in a cell body. Immunohis-
tochemistry on brain sections using anti α-synuclein antibodies. 
Similar results were obtained in 16 day old αS flies (not shown). 
C, Genes associated with α-synuclein pathology are down-regu-
lated in 20-day-old αS flies compared to elavGAL4/+ and UAS 
α-syn/+ controls. Transcript levels are presented as the difference 
in expression between elavGAL4/+ and UAS α-syn/+ or αS divid-
ed by the expression value in elavGAL4/+ flies (% Genetic control 
change). QPCR data obtained with 2 independent sets of 20 whole 
fly heads for each condition. One of 2 replicates shown. D, No sig-
nificant impairment in climbing ability is observed in 16-day-old 
αS flies; 30-day-old αS flies show significant motor impairments 
compared to age-matched elavGAL4/+ and UAS α-syn/+ controls. 
A main effect for age is revealed by 3 (Genotype: elavGAL4/+, 
UAS α-syn/+, αS) × 2 (Age: 16 vs. 30 days) ANOVA (F2,12 = 18.1, 
P = 0.001, *P < 0.05, planned comparison with Tukey Correction). 
E, APS performance in 20- and 45-day-old αS flies compared to 
wild-type Cs flies (n = 10 for each group).
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10 days following sleep deprivation (see also supplementary 
Figure S1 for additional examples). Quantification of the im-
ages is shown in Figure 3B for 5 identified clusters of dopamine 
neurons, including the most vulnerable to α-synuclein neurode-
generation27,35; no changes were observed between previously 
sleep deprived flies and their controls (see supplementary Table 
S1 at www.journalsleep.org for quantification at 0 and 10 day 
recovery time points). Given that learning impairments fol-
lowing 12 h of sleep deprivation are associated with an acute 
decrease in transcript levels of dopamine receptors in young 
Canton-s (Cs) flies, we evaluated dopamine receptor mRNA in 
αS flies using QPCR.21 We began by evaluating the expression 
levels of the two D1-like receptors dDA1 and DAMB, and the 
D2-like receptor D2R under baseline conditions in the absence 
of sleep deprivation.

As seen in Figure 3C, non-sleep deprived 20-day-old αS flies 
displayed decreased mRNA levels for all 3 dopamine receptors 
compared to the elavGAL4/+ and UAS α-syn/+ genetic back-
ground controls (Figure 3C, results expressed as % change from 

dopaminergic neurons and dopamine Receptors in Sleep 
deprived αS Flies

Next we evaluated potential mechanisms that might account 
for the persistent learning impairments in sleep deprived αS 
flies. Whole brain tyrosine-hydroxylase immunohistochemistry 
was used to evaluate the number and morphology of dopamin-
ergic neurons in control and sleep deprived flies after 0, 5, and 
10 days of recovery. As seen in Figure 3A the number of dop-
aminergic neurons, their morphology, and their staining inten-
sity was similar between control and sleep deprived flies 5 and 
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Figure 3—Long term changes in DA signaling. A-B, Long term 
impairments in αS flies are not associated with an accelerated 
loss of dopaminergic neurons. Untreated age-matched controls 
(control) are compared to sleep deprived flies allowed 3-5 days 
of recovery (sleep deprived). A, Representative dopaminergic 
neuronal clusters (PPM1,2 and PPM3) in old αS flies ,whole-
mount immunostaining with anti-TH antibodies). B, Number of 
dopaminergic neurons included in the PPM1,2, PPM3, PPL1 and 
PPL2 clusters. Data represents the average obtained from 12 inde-
pendent clusters. No difference is observed between control and 
sleep deprived flies allowed 5 days of recovery. C, Under baseline 
conditions old αS flies show reduced DA receptor mRNA levels 
compared to their genetic background controls elavGAL4/+ and 
UAS α-syn/+. Gene expression is presented as % change from 
elavGAL4/+ control levels (% Genetic control change). One of 2 
replicates shown, 20 whole heads used for each condition. (*P < 
0.05 one-sample t-test). D, Dopamine receptor mRNA levels are 
increased after 3 days of recovery following total sleep depriva-
tion (TSD) in αS flies. Gene expression is presented as % change 
from untreated controls (% Baseline change). One of 2 replicates 
shown. (*P < 0.05 one-sample t-test).
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DAT and dDA1 mRNA levels were no longer down-regulated 
in curcumin treated αS flies. Importantly, we found that cur-
cumin treatment prevented sleep deprivation from increasing 
the levels of dopamine receptors (Figure 4C). Instead, we ob-
served a decrease in the expression of all 3 dopamine receptors 
in curcumin treated flies (Figure 4C). As above, caution must 
be used when evaluating relative expression levels between the 
experiments described in 4B and 4C. Thus, curcumin treatment 
appears to affect dopamine receptor expression both under 
baseline conditions and after sleep deprivation.

levels observed in elavGAL4/+). These results indicate that, un-
der baseline conditions, αS flies are able to obtain normal per-
formance despite a reduction in dopamine receptor expression. 
These transcriptional changes in dopamine receptor expression, 
combined with those observed for dopamine handling and syn-
thesis genes (Figure 1C), further confirm that dopamine sys-
tems are undergoing changes in 20-day-old αS flies. Although 
sleep deprivation results in an acute down-regulation of dDA1 
expression in young Cs flies,21 mRNA levels for dDA1 and 
DAMB were significantly increased in sleep deprived αS flies 
compared to their non-sleep deprived age-matched controls af-
ter 3 days of recovery (Figure 3D). Note that the data presented 
in Figure 3C represent relative differences between genotypes, 
while the data presented in Figure 3D are expressed as a per-
centage of non-sleep deprived age-matched siblings. In the later 
comparison, a relative increase in expression level in one geno-
type in response to sleep loss does not mean that the absolute 
level of the gene is higher than another genotype. Caution must 
therefore be used when interpreting the relative changes in gene 
expression between these two data sets. Although we observed 
a modest increase in dDA1 levels in both genetic background 
controls following sleep deprivation, the change was to lesser 
extent than in the αS flies. However, the expression of the other 
D1-like receptor, DAMB, was either unchanged or decreased 
in the genetic controls after sleep deprivation (Figure 3D). We 
did not observe consistent changes in genes involved in dop-
amine synthesis and handling following sleep deprivation in αS 
flies compared to controls (data not shown). Thus the persistent 
short-term memory deficits in sleep deprived αS flies were as-
sociated with changes in dopamine receptor expression.

curcumin protects αS flies from persistent impairments

The data presented above indicates that learning may be used 
as a functional assay to rapidly evaluate potential therapeutic 
interventions. With this in mind, we fed αS flies melatonin or 
curcumin throughout their adult life. Curcumin is a natural poly-
phenolic antioxidant that has been shown to inhibit the formation 
of α-synuclein aggregates30 and to protect against 6-hydroxydo-
pamine induced loss of tyrosine hydroxylase cells in rats.29 Me-
latonin has neuroprotective effects on dopaminergic neurons in 
both mammalian and Drosophila models of PD.36-38 As before, 
flies were sleep deprived at 16 day of age and tested with APS 3 
days later (Figure 4A). Interestingly, long-term impairments were 
successfully prevented when αS flies were treated with curcumin 
throughout their lives (Figure 4A). However, similar treatment 
with melatonin did not protect flies from the long-term learning 
deficits induced by sleep deprivation (data not shown). As above, 
feeding flies curcumin did not change control metrics for APS 
(Table1), indicating that the treatment did not simply optimize 
motoric ability or sensory thresholds.

To evaluate potential mechanisms for the protection provided 
by curcumin, we used QPCR to examine the transcriptional ex-
pression of genes involved in dopamine synthesis and handling 
in flies treated with curcumin, compared to vehicle controls. 
As shown in Figure 4B, Pale, VMAT, and the dopamine recep-
tors DAMB and D2R were all down-regulated compared to ge-
netic controls in non-sleep deprived 20-day-old αS flies treated 
with curcumin, similar to flies fed vehicle. On the other hand, 
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curcumin did not show long-term performance impairments after 
sleep deprivation (bottom graph, right). N = 10 for each condition. 
A 2 (Drug: curcumin vs. vehicle) × 2 (Condition: 3 days recovery 
vs. control) ANOVA show main effect for Drug (F2,36 = 4.38, P = 
0.04, *planned comparison with Tukey correction P < 0.05). B, 
Feeding αS flies curcumin (curcumin, white) changes DAT and 
dDA1 mRNA levels compared to flies fed vehicle (vehicle, black). 
Gene expression represented as % change from elavGAL4/+ 
controls fed vehicle. One of 2 replicates shown. C, DA receptor 
mRNA levels are decreased after 3 days of recovery following 
sleep deprivation in flies maintained on curcumin (white) and are 
increased in controls maintained on vehicle (black). Gene expres-
sion represented as % change from untreated controls (% Baseline 
change). One of 2 replicates shown. (*P < 0.05 one-sample t-test). 
D, Blocking D1 receptor activation during sleep deprivation pre-
vents long term performance deficits. Top scheme: sleep depriva-
tion and test schedule. Old αS flies were fed the D1 antagonist 
SCH-23390 (1 mg/mL) or vehicle during total sleep deprivation 
(TSD), then transferred to regular food until being tested for learn-
ing 3 days later. Performance in flies fed the D1 antagonist during 
sleep deprivation (TSD+ D1 antagonist, n = 10) was significantly 
improved compared to flies sleep deprived on vehicle (TSD, n = 
12). The score of age-matched control αS flies is shown for com-
parison (n = 10) (*t-test, P < 0.05).
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suggest that αS flies compensate for emerging deficits to main-
tain normal behavioral output. Indeed, performance in the APS 
requires dopamine,21 and while brain dopamine levels decline 
substantially with age,46,47 50-day-old wild-type flies continue 
to learn.48 Moreover, compensatory mechanisms are known to 
preserve the function of degenerating dopaminergic systems in 
the presymptomatic phase of human PD.49-51 As a consequence 
of these compensations, parkinsonian symptoms only appear 
after a substantial degeneration of dopaminergic systems has 
occurred. As with mammals, Drosophila display evidence of 
plastic changes at both the synaptic and structural levels that 
can be induced in adults.52,53 Thus, we hypothesize that during 
the early stages of αS pathology, the brain may be in a transi-
tion state requiring significant plastic changes and that these 
changes are highly vulnerable to sleep loss.

The long-term deficits in short-term memory observed in αS 
flies following sleep deprivation stand in marked contrast to the 
rapid recovery of performance seen in both mature wild-type 
flies and age-matched genetic controls. However, the long-term 
learning deficits are similar to what is observed when flies are 
prevented from sleeping on their first full day of adult life when 
brain plasticity is high. Sleep loss in both the developing fly, and 
in 16-day-old αS flies resulted in an increase in dDA1 mRNA 
expression but no evidence of disruption in dopaminergic neu-
rons as measured by tyrosine-hydroxylase immunohistochem-
istry (Seugnet et al., in preparation). Moreover, administering a 
D1 antagonist during sleep deprivation is able to prevent long-
lasting learning deficits in both the developing fly and in flies 
expressing α-synuclein. Together these results suggest that sleep 
loss durably modifies components downstream of dopaminergic 
neurons. These data are consistent with recent reports showing 
that Lewy body diseases result in pathologies postsynaptic to 
dopaminergic neurons54 and with the long-standing observation 
that dopaminergic neurons are not the only neurons affected 
in PD.13,42,43 The cellular and molecular consequences of sleep 
deprivation thus add another layer of complexity in α-synuclein 
pathology. The Drosophila genetic tool-kit should open new 
ways to characterize and dissect the interactions between the 
effects of sleep disruption and the neurodegenerative processes 
associated with PD.

An important question, that is not easily resolved, is whether 
the learning impairments induced by sleep deprivation advance 
the progression of αS pathology or reveal a new αS phenotype. 
Old αS flies at 45 days of age obtain normal learning scores 
similar to that found in young flies. These data imply that sleep 
deprivation may not simply advance the progression of αS pa-
thology as measured by memory. However, as mentioned above, 

Sleep Deprivation Induced Impairments Require D1 Receptor 
activation

Our recent data suggest that sleep deprivation results in 
learning impairments and that these deficits are mediated, in 
part, through the dDA1 receptor.21 If extended activation of 
dDA1 in αS flies contributes to the persistent learning deficits, 
then it should be possible to prevent long-term impairments in 
short-term memory and response inhibition by blocking D1-
like receptors during sleep loss. Thus, 16-day-old αS flies were 
administered the D1 antagonist SCH23390 during sleep depri-
vation and allowed to recover unperturbed in the absence of the 
antagonist for 3 days (Figure 4D). As seen in Figure 4D, block-
ing D1-like receptor activation during sleep deprivation pro-
tected flies from the long-term cognitive impairments normally 
associated with sleep loss in these conditions. No changes in 
the control metrics were observed in flies treated with the D1 
antagonist indicating that the drug did not produce long-term 
changes in motivation or sensory thresholds (Table 1).

diScuSSion

The pathogenesis of PD is multifactorial and is influenced 
by a complex interaction between behavioral, environmental, 
and genetic factors.39 Interestingly, cognitive impairments and 
sleep deficits may precede motor symptoms in PD patients by 
several years, making their evaluation particularly well suited 
for early detection and the assessment of therapeutic interven-
tions.40 Using a well characterized Drosophila model of PD,27,41 
we showed that a single challenge of sleep deprivation that oc-
curs prior to the onset of motor symptoms results in deficits in 
short-term memory and response inhibition that persist for at 
least 3 days. In addition, we demonstrated that pathology asso-
ciated with the expression of α-synuclein could be prevented by 
administering the polyphenolic compound curcumin. Together 
these data suggest that sleep may play an important role in the 
degenerating/reorganizing brain and that therapeutic interven-
tions can be quickly evaluated in a genetic model organism us-
ing a relevant functional assay—short-term memory.

Given that synuclein pathology is known to affect many brain 
circuits,13,42,43 we chose to express human α-synuclein through-
out the brain using a pan-neuronal driver. However, dopamin-
ergic neurons are known to be negatively affected in humans, 
rodents and flies. Dopamine is also known to promote synaptic 
plasticity, long-term potentiation, and memory consolidation.44 
Recent evidence obtained from PD patients and in rats with 
6-hydroxydopamine-lesions suggests that the loss of dopamine 
is associated with aberrant forms of plasticity.45 Moreover, pa-
tients with PD also exhibit disruptions in executive functions 
and disturbed sleep.4,14 Thus we evaluated dopaminergic path-
ways to determine the extent to which the fly could be used to 
model the effects of sleep deprivation on pathology found upon 
α-synuclein expression.

At 20 days of age, αS flies showed widespread α-synuclein 
aggregates and reduced expression of several genes associated 
with dopamine synthesis and handing. However, in the absence 
of sleep loss, αS flies showed no overt signs of behavioral 
deficits as measured by changes in climbing ability, locomo-
tor activity, sleep, or short-term memory. Together, these results 
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Table 1—Control Metrics after Pharmacological Treatment

Condition TCT PI QSI
  mean ± sem mean ± sem mean ± sem
vehicle  13.4 ± 0.5 74% ± 7% 291 ± 04
curcumin 14.1 ± 1.1 84% ± 6% 281 ± 09
D1 antagonist 12.4 ± 0.6 82% ± 4% 287 ± 04

Data obtained with sleep deprived αS flies allowed to recover 
3 days undisturbed.TCT: Time to complete test in minutes; PI: 
Phototaxic index (n=5); QSI: quinine sensitivity index (n=5).
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long term learning impairments in αS flies. Melatonin has been 
shown to protect flies against rotenone induced dopaminer-
gic cell loss, a model of sporadic PD, at the dose used in this 
study.37 However, its effectiveness in α-synuclein expressing 
flies has not been reported before. In addition, while melatonin 
has been shown to be neuroprotective in some instances in hu-
man and mammalian systems, it has been ineffective in other 
cases.38,64,65

A concern with all sleep deprivation studies that evaluate 
learning and memory is whether the method used to keep the 
animal awake can negatively affect cognitive behavior inde-
pendently from sleep loss. Studies from our lab have shown 
that learning deficits following sleep deprivation are not caused 
by nonspecific effects of the mechanical stimulation used to 
keep the animal awake or stress.21 For example, the mechani-
cal stimulus produced by the sleep nullifying apparatus (SNAP) 
does not produce learning deficits in the absence of sleep loss21 
and does not activate stress response genes.31 Similarly, learn-
ing is disrupted by sleep fragmentation and episodes of sponta-
neous wakefulness in the absence of mechanical intervention.21 
In addition, sleep deprivation in αS flies was not associated 
with long-term changes in the time to complete the task, senso-
ry thresholds (phototaxis and quinine sensitivity), α-synuclein 
expression (not shown), or sleep. Moreover, when αS flies are 
sleep deprived during the early stages of degeneration (7 days 
old) short-term memory quickly returned to baseline indicating 
that the impairments in older flies are most likely due to the 
state of degeneration and not potential nonspecific effects of 
the apparatus. Finally, the administration of melatonin, an agent 
commonly used to protect against the effects of various stres-
sors in flies, was not able to prevent long-term learning impair-
ments. Together these results indicate that the persistent deficits 
in short-term memory and response inhibition in αS flies are 
most likely due to sleep loss and not confounding variables.

Previous studies have shown that the fly can be used to model 
neurodegenerative diseases.41,66,67 With few exceptions,68 behav-
ioral tasks that are known to be modified in these disease states 
have not been evaluated in fly models. We show here that short-
term memory can be evaluated in Drosophila models of neurode-
generation and that it is disrupted by acute sleep loss. It should be 
noted that several studies have evaluated sleep in animal models 
of PD with mixed results.69-71 Together these findings emphasize 
that sleep loss may be particularly deleterious to the degenerating 
brain and provide future directions for the genetic and molecular 
dissection of the consequences of sleep deprivation in PD. 
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we cannot exclude the possibility that learning is maintained 
in older flies due to compensatory processes. Could the learn-
ing impairments represent a new αS phenotype? In mammals, 
pharmacologically altering dopamine during critical windows 
of plasticity in dopaminergic circuits results in long-lasting def-
icits.24,55 Moreover, elevated cytoplasmic dopamine is a main 
factor underlying the early stage of αS mediated neurodegen-
eration in Drosophila primary neuronal cultures.56 Thus it is 
possible that sleep deprivation, by altering dopamine levels21 
during a specific stage of degeneration, has uncovered a previ-
ously unrecognized vulnerability in αS flies. A final possibility 
is that the short-term memory deficits induced by sleep depriva-
tion are not specific to αS and reflect a general vulnerability of 
a degenerating brain. That is, sleep deprivation may result in 
long-term learning impairments in any fly expressing neurode-
generative disease genes. Distinguishing between these possi-
bilities is not trivial and thus is beyond the scope of the current 
investigation. Nonetheless, our data suggest that studies of this 
type have the potential to reveal new insights into the relation-
ship between sleep and neurodegenerative diseases.

Does sleep deprivation have consequences in human patients 
with PD? Although, a single sleep deprivation challenge has 
been reported to improve motor symptoms in PD patients,57,58 a 
more recent study concluded that there was no significant ben-
eficial effect of either partial or total sleep deprivation.59 Com-
parisons between studies are complicated by differences in the 
evaluation of motor symptoms, patient selection, and medica-
tion regimen.59 Moreover, not all studies have controlled for de-
pression, a condition that is improved by sleep deprivation. In 
contrast to the effects of sleep deprivation, several studies sug-
gest that sleep itself might be beneficial for PD symptoms.60-62 
That is, a significant proportion of PD patients display improve-
ment in motor symptoms during the first hour after awakening 
from a night of sleep.60-62 However, a recent report indicates 
that patients in the early stages of PD do not display the con-
solidation of procedural memory that typically occurs follow-
ing a night of sleep.63 Thus, pathology associated with PD and 
the effects of sleep deprivation might impinge, at least in part, 
upon molecular pathways underlying components of synaptic 
plasticity. Given the complexity of these issues further work is 
clearly warranted to determine which symptoms are modified 
by sleep deprivation in human patients with PD.

Although previous studies have shown that curcumin can 
ameliorate biochemical modifications associated with Parkin-
son disease, our results may be the first to demonstrate neuro-
protection as measured by a cognitive behavior. While further 
work will be necessary to understand the effect of curcumin 
on α-synuclein pathology, the mRNA profiling of dopamine 
receptors presented here suggests that curcumin may alter the 
progression of the pathology. In addition, curcumin modified 
the progression of gene expression changes following sleep de-
privation. Given the changes observed, it is likely that curcumin 
ameliorates a global change in synuclein pathology rather than 
simply protecting αS flies from specific effects of sleep depriva-
tion. Indeed, curcumin has been reported block α-synuclein ag-
gregation and enhance disaggregation of preformed α-synuclein 
aggregates in cellular models30 and does not prevent the im-
mediate learning deficits induced by sleep deprivation in wild-
type flies. In contrast to curcumin, melatonin failed to prevent 
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