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Abstract
Huntington’s disease (HD) is a progressive neurological disorder whose non-motor symptoms include sleep disturbances.
Whether sleep and activity abnormalities are primary molecular disruptions of mutant Huntingtin (mutHtt) expression or
result from neurodegeneration is unclear. Here, we report Drosophila models of HD exhibit sleep and activity disruptions very
early in adulthood, as soon as sleep patterns have developed. Pan-neuronal expression of full-length or N-terminally truncated
mutHtt recapitulates sleep phenotypes of HD patients: impaired sleep initiation, fragmented and diminished sleep, and
nighttime hyperactivity. Sleep deprivation of HD model flies results in exacerbated sleep deficits, indicating that homeostatic
regulation of sleep is impaired. Elevated PKA/CREB activity in healthy flies produces patterns of sleep and activity similar to
those in ourHDmodels.Wewere curiouswhetheraberrations in PKA/CREB signalingwere responsible for our early-onset sleep/
activity phenotypes. Decreasing signaling through the cAMP/PKA pathway suppresses mutHtt-induced developmental
lethality. Genetically reducing PKA abolishes sleep/activity deficits in HD model flies, restores the homeostatic response and
extends median lifespan. In vivo reporters, however, show dCREB2 activity is unchanged, or decreased when sleep/activity
patterns are abnormal, suggesting dissociation of PKA and dCREB2 occurs early in pathogenesis. Collectively, our data suggest
that sleep defects may reflect a primary pathological process in HD, and that measurements of sleep and cAMP/PKA could be
prodromal indicators of disease, and serve as therapeutic targets for intervention.

Introduction
One goal of neurodegenerative disease research is to identify
early, prodromal phenotypes. Early diagnosis could lead to earl-
ier intervention, increasing the odds of success. A related advan-
tage is that early pathogenesis may also be less complex, with
fewer compensatory cellular and molecular changes that may
complicate later intervention (1). Sleep disruptions are evident
in pre-symptomatic HD carriers and early HD patients, and

include altered sleep architecture (2), fragmented sleep–wake be-
havior or insomniawith decreased randomeyemovement (3), in-
creased sleep latency (4) and increased nocturnal activity (5).
Sleep disturbances correlate with early cognitive alterations
(6,7) and are progressive (8,9). Whether these sleep disruptions
contribute to disease advancement is unknown, but longitudinal
MRI studies among HD carriers revealed significant loss of gray
matter in the hypothalamus, an area critical in sleep regulation,
that precedes clinical diagnosis by a decade or more (10).
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Transgenic animal models of HD also exhibit sleep disruptions,
from Drosophila melanogaster (11), mice (12,13), to sheep (14), indi-
cating that they reflect a conserved disturbance of cellular ormo-
lecular function.

As a model organism, Drosophila has been critical to the mo-
lecular and genetic dissection of the circadian clock, and has
emerged as a similarly powerful system for understanding the
regulation of sleep (15,16). Sleep has two major, partially inde-
pendent regulatory mechanisms: circadian regulation, which
limits sleep behavior to ecologically appropriate times, and
homeostatic regulation, which controls how sleep pressure accu-
mulates during wake and dissipates during sleep. When homeo-
static mechanisms are intact, extended wakefulness or sleep
deprivation (SD) results in compensatory ‘rebound’ sleep that is
longer and more consolidated than at baseline (17,18). Mutants
have been identified that selectively decrease basal sleepwithout
changing the homeostatic response (19), demonstrating that al-
tered sleep patterns do not necessarily reflect impaired homeo-
static regulation. Since sleep was first described in Drosophila
(20,21), a number of molecules involved in sleep regulation have
been identified in flies (16,22,23). Among these, the cAMP/PKA/
CREB pathway occupies a key role in sleep/wake and homeostatic
regulation in flies (24–27) and sleep/wake in mammals (28–31).

Canonical signaling through the highly conserved cAMP/PKA/
CREB pathway initiates with ligand binding to G-protein-coupled
receptors (GPCRs). This binding leads to dissociation of the het-
erotrimeric G protein complex, and the subsequent activation
or inhibition of transmembrane adenylyl cyclase molecules.
When the cyclase is activated, it increases the synthesis of cyclic
adenosine monophosphate (cAMP), which binds to the regula-
tory subunit of protein kinase A (PKA-R). Binding causes the dis-
sociation of the catalytic subunits (PKA-C) from tetramers
consisting of regulatory and catalytic subunits. Free PKA-C then
phosphorylates substrate proteins, including the transcription
factor CREB. Phosphorylation of CREB is required for interaction
with the CBP co-activator, and activation of transcription from
genes that contain CRE sites in their promoters (32). In general,
elevation of cAMP, PKA and CREB activity decreases sleep in the
fly (24,25,27).

The genemutated inHuntington’s disease (HD), HTT, encodes
the ∼348 kDa Huntingtin protein (Htt) whosewild-type functions
are still being elucidated (33). In addition to the exon 1 polygluta-
mine tract that is expanded in HD, Htt contains a number of well-
characterized proteolytic cleavage sites whose contributions to
HD pathogenesis are under active investigation (34,35). The first
transgenic murine HD models, the R6/1 and R6/2 mice, express
exon 1 of the human HTT gene with ∼115 and ∼150 CAG repeats,
respectively, and toxicity of the transgenes corresponds to repeat
length (36,37). Nuclear aggregates of transgenic N-terminal HTT
protein (mutHtt) corresponding to symptomatologywere first ob-
served in R6/2 and R6/1mice (38), leading to the discovery of poly-
glutamine-expanded Htt proteolytic fragments in the cortices
and striata of HD patients (39). To this day, most widely used
transgenicmodels of HD express polyglutamine expanded N-ter-
minal truncations of HTT; there are fewer full-length mutHtt
transgenic animal models. Patterns of pathology vary within,
and across, N-terminal and full-length mutHtt transgenic mod-
els (34,40,41). For these reasons, we elected to useDrosophilamod-
els expressing both full length and N-terminally truncated
human mutHtt transgenes with distinct subcellular distribution
and aggregation patterns (42,43).

Molecular conservation, a short lifespan and genetic malle-
ability of the fly also provide experimental advantages formodel-
ing HD pathogenesis. We have previously demonstrated that

sleep disruptions are present in Drosophila models of HD. Here,
we demonstrate that sleep and activity abnormalities are an
early adult behavioral phenotype in full-length and N-terminal
mutHtt flymodels.We also describe disrupted sleep homeostasis
in HD model animals for the first time. These sleep defects
implicate pathological up-regulation of the cAMP/PKA signaling
pathway early in HD pathogenesis. We tested PKA pathway com-
ponents for suppression of a mutHtt-associated developmental
lethality phenotype. Genetic reduction in PKA signaling sup-
presses larval lethality and reverses sleep and activity pheno-
types accompanying neuronal mutHtt expression. We also find
that PKA reduction extends the median lifespan of HD model
flies. Using in vivo reporters of dCREB2-responsive transcription,
we find that dCREB2 activity is not elevated inHDmodel flies dur-
ing periods when PKA-associated sleep disturbances are evident.
These data are consistent with earlier results indicating de-
pressed CREB transcription in HD pathogenesis, and provide fur-
ther evidence that CREB pathway dysregulation in HD may
include early dissociation of PKA signaling activity fromCREB ac-
tivation. These studies suggest that dysregulated sleep could
serve as a preliminary screen for modifiers of mutHtt pathology,
or serve as a systemic outcome measures in the process of drug
development. In addition, this provides entry points to analyze
early pathology in the disease progression pathway.

Results
Sleep and activity defects present in early adulthood
in HD model flies

Flies do not exhibit adult sleep patterns until 3–4 days post-
eclosion (DPE) (21). We have previously shown that fly models
of HD exhibit sleep abnormalities, but these measurements
began with animals 5–7 DPE. Since the climbing deficits and in-
creased mortality that have been reported for these HD model
lines occur considerably later (42,44,45), we wanted to determine
precisely when sleep abnormalities are first detectable in HD
model flies. Light entrained, virgin females were collected and
sleep recording initiated within 12 ho of eclosion. Sleep over
the first 6 DPE is shown for UAS-Htt128QFL M36 (‘M36’) (Fig. 1A),
and UAS-Htt128QN-terminus F27B (‘F27B’) (Fig. 1A′) lines in the
presence (elav-Gal4>) or absence (UAS-Htt128Q/+) of a pan-neur-
onal elav-Gal4 driver. There is a clear, persistent decrease innight-
time sleep in both lineswithin 4 days, and this effect is dependent
upon HD transgene expression. Sleep latency, a measure of sleep
initiation, is consistently increased by 4 DPE in elav-Ga-
l4>UAS-Htt128QFL M36 (Fig. 1B) and elav-Gal4>UAS-Htt128QNT

F27B flies (Fig. 1B′) relative to controls.
Sleep consolidation is also altered in HD models, with de-

creases in the average duration of day and night sleep bouts
(Fig. 1C and C′), and an increase in the number of night bouts
(data not shown). Night sleep is selectively fragmented in elav-
Gal4>UAS-Htt128QFL M36 flies (Fig. 1C), while elav-Gal4>UAS-
Htt128QNT F27B flies exhibit decreases in day and night bout
duration (Fig. 1C′), indicating a more general fragmentation of
sleep patterns. Therefore, sleep disturbances appear in the HD
flies as soonas theanimal showsnormaladult behavioral rhythms.

The number of infrared beam breaks per waking minute is a
measure of the fly’s basal activity state. This metric allows us to
distinguish between animals that are awake, but largely inactive,
and animals that are very active when awake but sleep much of
the hour (46). Figure 1D and D′ shows that elav-Gal4>UAS-
Htt128QFL M36 and elav-Gal4>UAS-Htt128QNT F27B flies exhibit
persistent nighttime hyperactivity relative to controls by 5DPE.
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Figure 1. Sleep defects are evident early in adulthood in HDmodel flies. (A) Sleep for the first 6 DPE amongUAS-Htt128QFL M36 flies in the presence (blue) or absence (gray)

of the elav-Gal4G28 driver. (A′) Sleep for the first six DPE inUAS-Htt128QNT F27Bflies in the presence (red) or absence (white) of the elav-Gal4G28 driver. Gray box fromZT 0–9

represents the period offly collection and experiment set-up. Recording began atZT 10 on the dayof eclosion.X-axes are labeledwith ZT values relative to the beginning of

the experiment. Matings and flies were maintained on a 12:12 light:dark cycle, with dark periods indicated by dark rectangles along the x-axes. Sleep latency is

significantly increased in elav-Gal4>UAS-Htt128QFL M36 (B) and elav-Gal4>UAS-Htt128QNT F27B flies (B′) relative to controls by 4 DPE (corresponding to hours 72–96 of

recording). (C) Average nighttime bout length is selectively reduced in elav-Gal4>UAS-Htt128QFL M36 flies by 5 DPE. (C′) Average day sleep bout is reduced in elav-

Gal4>UAS-Htt128QNT F27B flies compared with sibling controls and night bout length trends lower at 5 DPE. (D) Day and night activity in elav-Gal4>UAS-Htt128QFL

M36 flies and controls from 3 to 5 DPE. Elav-Gal4>UAS-Htt128QFL M36 flies show persistent nighttime hyperactivity by 3DPE. (D′) Nighttime hyperactivity is evident in

elav-Gal4>UAS-Htt128QNT F27B flies by 4 DPE, while daytime activity is comparable to that of controls. UAS-Htt128QFL M36/+, n = 31. Elav-Gal4>UAS-Htt128QFL M36,

n = 30. UAS-Htt128QNT F27B/+, n = 19. Elav-Gal4>UAS-Htt128QNT F27B, n = 27. Data are presented as averages ± SEM. P-values using Student’s t-test, *≤0.05; **≤0.01; ***≤0.005.
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Basal sleep and activity parameters in elav-Gal4/+ flies, an add-
itional genetic control, overlapped with UAS-Htt128Q/+ controls,
demonstrating that sleep disturbances in HDmodel flies resulted
from neuronal mutHtt expression (Supplementary Material,
Fig. S1).

HD model flies exhibit disturbed sleep homeostasis

Mutations in genes regulating sleep do not necessarily alter sleep
homeostasis (16,19), and it is not currently known whether sleep
homeostasis is disrupted in humans with HD (47). To determine
whether sleep homeostasis is intact in HD model flies, we as-
sessed their response to SD using the Sleep Nullifying Apparatus
(SNAP). The SNAP produces a mild repetitive physical stimulus
that does not induce non-specific stress pathways in healthy
flies (48). Flies were deprived of sleep for 12 h during a dark peri-
od, whenM36 and F27B animals exhibit reduced and fragmented
sleep, followed by 72 h of recovery recording. Elav-Gal4/+ controls
exhibit robust sleep recovery following deprivation as expected
(Supplementary Material, Fig. S2). Figure 2A shows the percent-
age change in sleep over baseline during the SD period, and dur-
ing the recovery days and nights for M36 flies in the presence

(violet) and absence (gray) of the elav-Gal4 driver. While both
elav-Gal4>UAS-Htt128QFL M36 flies and controls show increased
daytime sleep in the 12 h following deprivation, daytime recovery
trends lower in elav-Gal4>UAS-Htt128QFL M36, and nighttime
sleep remains depressed. Elav-Gal4>UAS-Htt128QNT F27B flies
(Fig. 2B, red) have significantly decreased daytime sleep recovery
relative to sibling controls (Fig. 2B, white), and show further de-
pression of nighttime sleep following SD. Interestingly, night
sleep consolidation is not increased in HD models after depriv-
ation: average night bout duration remains depressed in both
M36 (Fig. 2C) and F27B (Fig. 2D) relative to controls, and the num-
ber of night sleep bouts increases post-SD in elav-Gal4>UAS-
Htt128QFL M36 flies (Fig. 2E). There is no change in the number
of bouts in elav-Gal4>UAS-Htt128QNT F27B flies after deprivation
(Fig. 2F). These data show that SD does not increase night sleep in
HD model flies.

Heightened sensitivity to physical stimulationmight account
for further disruption of sleep following SD in HDmodel flies and
hyperarousal has been associated with mutations affecting
sleep maintenance (49). If HD model flies were hypersensitive
to mechanical stimulation, we would expect to see increased
waking activity after the end of SNAP-induced SD. Hyperactivity

Figure 2. Sleep homeostasis is disrupted in HD flies. Percentage sleep lost during 12 h SD and regained in the first 24 h of recovery in UAS-Htt128QFL M36 (A) and UAS-

Htt128QNT F27B flies (B). (A) Elav-Gal4>UAS-Htt128QFL M36 flies (violet) exhibit a trend toward decreased SD recovery from sibling controls (gray). (B) Elav-Gal4>UAS-

Htt128QNT F27B flies (red) exhibit significant decreases in day and night sleep recovered after deprivation compared with controls (white). Depressed average night

bout duration is not increased after SD in elav-Gal4>UAS-Htt128QFL M36 (C) or in elav-Gal4>UAS-Htt128QNT F27B (D) relative to controls. (E) Night bout number further

increases following SD in elav-Gal4>UAS-Htt128QFL M36 flies and remains high but stable in elav-Gal4>UAS-Htt128QNT F27B (F) relative to controls. (G) Daytime activity

(left) is depressed in controls after SD but remains elevated in elav-Gal4>UAS-Htt128QFL M36 flies. Nighttime hyperactivity (right) relative to controls persists in elav-

Gal4>UAS-Htt128QFL M36 following SD. (H) Daytime activity (left) decreases in controls after SD but is unchanged in elav-Gal4>UAS-Htt128Q NT F27B flies. Nighttime

hyperactivity (right) remains pronounced in F27B flies relative to controls before and after SD. UAS-Htt128QFL M36/+, n = 31. Elav-Gal4>UAS-Htt128QFL M36, n = 31. UAS-

Htt128QNT F27B/+, n = 32. Elav-Gal4>UAS-Htt128QNT F27B, n = 48. Data are presented as averages ± SEM. P-values using Student’s t-test, *≤0.05; **≤0.01; ***≤0.005.
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is present in HD flies prior to SD, and persists after it ends, but
does not increase (Fig. 2G and H, colored bars). In addition to
increasing sleep in the day period following SD, control flies
depress waking activity, but SD does not change day or night ac-
tivity in elav-Gal4>UAS-Htt128QFL M36 flies or elav-Gal4>UAS-
Htt128QNT F27B (Fig. 2G andH). Hypersensitivitymay be assessed
by the use of mild physical stimuli to induce geotactic behavior
(50). We found no change in geotactic response in young M36
and F27B flies (Supplementary Material, Fig. S3). These data sug-
gest that heightened sleep disruptions after SD in HDmodel flies
do not result from sensitivity to physical stimulation. Together,
our data demonstrate that HD model flies have disrupted sleep
homeostasis, including exacerbated nighttime fragmentation
and sleep loss following SD.

Neuronal mutHtt expression results in sleep and activity
defects across HD models

In total, we assayed sleep and activity phenotypes of one full-
length mutHtt model and three different genomic insertions of
an N-terminally truncated mutHtt transgene (42,43) and the
elav-Gal4 driver alone. Basal sleep and SD response for elav-
Gal4/+ flies are shown in Supplementary Material, Figures S1
and S2. Data for the elav-driven HD models are summarized in
Table 1. Neuronal expression of mutHtt is sufficient to produce
these phenotypes; glial mutHtt expression does not result in
sleep and activity changes in young flies (data not shown). Varia-
tions in severity of the sleep and activity phenotypes among the
three N-terminal transgene insertions predominantly affected
daytime activity and consolidation. The F27B line exhibited be-
havior similar to that of the full-length line, M36, where disrup-
tions were primarily limited to nighttime sleep and activity. We
have previously shown that M64, a second insertion on the
same chromosome, exhibits broad disruptions of day and night
sleep and activity (11). It also shows high mortality during SD
(Table 1). A third insertion on the X chromosome exhibited inter-
mediate phenotypes between F27B and M64 (data not shown).
The variability among these lines provides the opportunity to
screen potential modifiers of weak (F27B) and strong (M64)
sleep and activity phenotypes.

Genetically decreasing PKA suppresses mutHtt
phenotypes

The sleep phenotypes of these HDmodel flies are striking because
few genetic or pharmacological interventions selectively alter
nighttime sleep in Drosophila. Many involve dopaminergic signal-
ing or its effectors, cAMP/PKA signaling (25,27,51,52). Consistent
with elevated dopaminergic signaling throughGαS, feeding a tyro-
sine hydroxylase inhibitor (3-iodo-tyrosine or 3IY) to adult HD
model flies restores their sleep to control levels (Supplementary
Material, Fig. S4). Interestingly, feeding 3IY to HD model flies be-
ginning at an advanced physiological age also reverses sleep and
activity deficits (Supplementary Material, Fig. S5). Chronic admin-
istration of 3IY, however, resulted in significantly decreased life-
span relative to control food for HD model flies as well as genetic
controls (data not shown). In addition, HDmodels exhibit reduced
response to caffeine (Supplementary Material, Fig. S6), which
affects sleep in flies by acting as a phosphodiesterase (PDE) inhibi-
tor (27). Furthermore, LC-MS/MS analysis of head extracts suggests
that basal cAMP is increased in HD models compared with con-
trols (SupplementaryMaterial, Fig. S7). Collectively, these data im-
plicate pathological elevation of the cAMP/PKA signaling pathway
as a factor in early-onset sleep abnormalities in HD model flies.

If aberrant cAMP/PKA/CREB pathway signaling occurs early in
HD pathogenesis, manipulation of that pathway should suppress
sleep/activity defects and other disease-related phenotypes, such
as shortened lifespan. Strong neuronal mutHtt expression causes
developmental lethality (44), and we used this phenotype to test
PKA pathway components for suppression. Elav-Gal4C155 (C155)
is a stronger X-chromosome driver than the second chromosome
elav-Gal4 insertion used in our sleep experiments. C155 expres-
sion of F27B results in ∼85% lethality during metamorphosis.
When M64 is expressed using C155, there is 100% pupal lethality.
Death occurs at multiple developmental transitions and fewer
larvae pupate, indicating that lethality occurs earlier in develop-
ment in this insertion line than in F27B (C.S. Wesley and E.D.G.,
unpublished data). The severity of the developmental lethality
parallels that of sleep and activity phenotypes in the UAS-
Htt128QNT insertion lines (Table 1) and permits us to test trans-
genes that affect the cAMP/PKA/CREB pathway relatively rapidly.

Table 1. Comparison of sleep phenotypes among HD full-length and N-terminal insertion lines

UAS-Htt128Q Full length (M36) N-term (F27B) N-term (NtX) N-term (M64)

Chromosome insertion II III X III
Total day sleep change NS NS ↑ ↑

Average day bout NS ↑ ↑ ↑

Day bout # NS NS NS ↑

Average day activity NS ↑ ↓ ↓

Total night sleep change ↓ ↓ ↓ ↓

Average night bout ↓ ↓ ↓ ↓

Night bout # ↑ ↑ ↑ ↑

Average night activity ↑ ↑ ↑ ↑

Rebound sleep after SD ↓ ↓ Not tested Not determined***
Day bout # after SD ↑ ↑ Not tested Not determined***
Average day bout after SD ↓ ↓ Not tested Not determined***
Night bout # after SD ↑ ↑ Not tested Not determined***
Average night bout after SD ↓ ↓ Not tested Not determined***
Lethality of SD 5–10% 10–20% Not tested >60%

SD, sleep deprivation (12 h).

NS, not significantly different from -elav controls.

Not determined***, insufficient n due to lethality of sleep deprivation.

Comparisons were made between flies expressing the specified HD transgene under the control of the elavG28-Gal4 driver and siblings lacking the Gal4 driver.
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Two different methods were used to genetically alter PKA le-
vels: UAS-driven transgenes that express RNAi directed against
the catalytic and regulatory subunits of PKA (53) (ViennaDrosoph-
ila Resource Center) or overexpression of a regulatory subunit
(54); RNAi lines targeting PKA catalytic subunits were selected
for their absence of predicted OFF-target effects. Table 2 shows
that decreasing PKA in HD model flies, either by knocking down
PKA catalytic subunits or overexpressing regulatory subunit, sup-
presses lethality. As controls, we use UAS-FLP (whose product is
neutral) or UAS-PKA-RIIRNAi to increase PKA activity. Co-expres-
sion of UAS-FLP or UAS PKA-RIIRNAi with UAS-Htt128QNT F27B
or M64 does not suppress developmental lethality. These results
demonstrate that the beneficial effects of knocking down PKA are
due to the directionality of altered PKA activity, and not off-target
effects of RNAi or dilution of available Gal4 across multiple UAS-
driven targets. Transgenes that rescue lethality, i.e. permitted
eclosion of adult flies, were subsequently tested for their effects
on sleep and longevity.

Genetically decreasing PKA suppresses sleep defects
of HD N-term models

PKA-C1 mRNA is present and enriched relative to other mRNAs in
adult brains, whereas PKA-C2 is expressed at very low levels (55).
Since RNAi directed against both PKA-C1 and -C2 suppressed
C155-associated mutHtt lethality (Table 2), we used the milder
second chromosome elav-Gal4G28 driver to assess their effects on
sleep.Disruptionsof sleepandactivity in elav-Gal4>UAS-Htt128QNT

F27B animals at 7–8 DPE are summarized in Figure 3A–D. To control
for potential location effects of the suppressor and mutHttN-term

transgenes, comparisons are made between animals with the
elav-Gal4 driver and their driver-less siblings. Co-expression of
the PKA-C1RNAi transgene in F27B flies (Fig. 3E) prevents the night-
timesleep loss seen inanimals expressing F27Balone (Fig. 3A). Like-
wise, PKA-C1RNAi suppresses (Fig. 3F–H) diminishednighttime sleep
consolidation (Fig. 3B and C) and nighttime hyperactivity (Fig. 3D).
Pan-neuronal co-expression of a PKA-C2RNAi transgene produces
similar effects (Fig. 4B, and data not shown). RNAi-mediated
suppression of PKA is sufficient to prevent F27B-mediated sleep
consolidation and activity defects, in addition to suppressing
pupal lethality.

As a complementary means of decreasing PKA activity, we
can increase PKA-RI levels, whose expression is enriched in the
adult Drosophila brain (55). UAS-PKAr*BDK35 expresses an RI
subunit whose cAMP binding site has been mutated to prevent

PKA-RI dissociation from PKA catalytic subunits regardless of
cAMP levels (54). Co-expression of UAS-PKAr*BDK35 with F27B
in neurons suppresses nighttime sleep loss (Fig. 3I) present in
animals expressing F27B alone (Fig. 3A). PKAr*BDK35 rescues
sleep consolidation defects accompanying mutHtt expression,
restoring night bout length (Fig. 3J) andnumber (Fig. 3K) to control
levels, and restores normal activity (Fig. 3L).

Can decreasing PKA restore sleep homeostasis in HD model
flies? PKAr*BDK35 co-expression with F27B not only restores
baseline day and night sleep to that of controls (Fig. 4A), but
there is no further loss or fragmentation of nighttime sleep
following SD. Recovery following SD is comparable between
elav-Gal4>UAS-Htt128QNT F27B/UAS-PKAr*BDK35 flies and
UAS-Htt128QNT F27B/UAS-PKAr*BDK35 siblings (Fig. 4B), as is
night bout number (Fig. 4C), night bout length and activity (data
not shown). UAS-PKA-C2RNAi, the sole transgene that suppresses
developmental lethality in both the weak F27B and strong M64
mutHtt insertion lines, also suppresses the effects of F27B
alone on baseline day and night sleep (Fig. 4D) and restores nor-
mal amounts of recovery sleep (Fig. 4E). In addition, PKA-C2RNAi

co-expression with F27B returns nighttime sleep consolidation
before and after SD to control levels (Fig. 4F). Therefore, in
addition to restoring basal sleep and activity levels, genetically
reducing PKA is sufficient to suppress sleep homeostasis defects.

While elav-Gal4G28-driven M64 flies are viable and survive to
adulthood, they have dramatically altered sleep and activity pat-
terns (Table 1). SD experiments in elav-Gal4>UAS-Htt128QNTM64
flieswere confounded by highmortality rates (60–80%)when sub-
jected to our standard 12 h deprivation protocol, which results in
5–10%mortality in elav-Gal4>UAS-Htt128QNT F27B flies (Table 1).
When UAS-PKA-C2RNAi is co-expressed with M64, SD-associated
mortality is reduced to 20%anddayandnight sleep return to con-
trol levels (Fig. 4G). Similar to its effects on theweaker F27B inser-
tion, PKA-C2RNAi co-expressionwithM64 results in recovery sleep
that is not significantly different from sibling controls (Fig. 4H)
with no significant difference in sleep consolidation or activity
after SD (Fig. 4I, and data not shown). Hence, reducing PKA in
neurons expressing mutHtt limits the enhanced sensitivity to
SD exhibited by HD models (Table 1 and Fig. 2).

Decreasing PKA restores immediate memory
impairments in HD model flies

Early cognitive deficits in R6/1 model mice have been linked to
pathological increases in hippocampal PKA activity (56,57). We

Table 2. Suppression of c155 developmental lethality by PKA manipulations

Gal4 driver UAS-Htt128QN-term line Potential suppressor Suppresses lethality

Elavc155 F27B (weak) N
Elavc155 F27B (weak) UAS-FLPa N
Elavc155 F27B (weak) UAS-PKA-RII RNAi N
Elavc155 F27B (weak) UAS-PKA-C2 RNAi Y
Elavc155 F27B (weak) UAS-PKA-C1 RNAi Y
Elavc155 F27B (weak) UAS-PKAraBDK35b Y
Elavc155 M64 (strong) N
Elavc155 M64 (strong) UAS-FLPa N
Elavc155 M64 (strong) UAS-PKA-RII RNAi N
Elavc155 M64 (strong) UAS-PKA-C2 RNAi Y
Elavc155 M64 (strong) UAS-PKA-C1 RNAi Delays lethality
Elavc155 M64 (strong) UAS-PKAraBDK35b Not tested

aGal4 dilution control: co-expresssion of an unrelated UAS-driven transgene is not sufficient to suppress lethality.
bPKA-RI overexpression transgene.

842 | Human Molecular Genetics, 2016, Vol. 25, No. 5



used a classical conditioning olfactory avoidance paradigm
(58,59) to determine whether HD model flies have cognitive defi-
cits when sleep and activity problems are readily apparent. We
assessed learning and memory in the F27B or M64 lines at 8–10
DPE under the control of the elav-Gal4G28 driver used in sleep ex-
periments. Learning (or immediate memory after a single train-
ing trial) was intact in both lines compared with controls (data
not shown). This led us to test immediate memory in response
to 3×massed training (60,61). TheM64 line exhibits an immediate
memory deficit after three cycles of massed training (Supple-
mentary Material, Fig. S8, black bar), but the weaker F27B line
does not (data not shown). PKA-C2 is a minor transcript in the
adult brain (55) when compared with DC0/PKA-C1, which has a
well-established role in memory (62,63). Therefore, decreasing
PKA-C2 is less likely to exert a dominant negative effect on

memory. Indeed, elav-Gal4G28-driven expression of PKA-C2RNAi

does not have an effect on immediate memory (Supplementary
Material, Fig. S8, white and dark gray bars). Co-expression of
PKA-C2RNAi with M64 partially reverses the immediate memory
deficit of M64 alone (Supplementary Material, Fig. S8, light gray
bar). These data suggest that the immediate memory disruption
may be delayed relative to sleep and activity abnormalities in HD
model flies.

Knockdown of PKA catalytic subunits extends longevity
of HD model flies

Diminishing PKA suppresses developmental lethality and sleep
defects in HD fly models. Are these genetic manipulations able
to suppress later-onset, disease-related phenotypes? Genetic

Figure 3. Decreasing PKA activity in neurons suppresses sleep and activity defects in HDmodel flies. (A–D) Sleep phenotypes of UAS-Htt128QNT F27B flies at 7–8 DPE. (A)

Nighttime sleep is decreased in elav-Gal4>UAS-Htt128QNT F27B flies (red) relative to sibling controls (white). (B) Duration of average night sleep bout is reduced in elav-

Gal4>UAS-Htt128QNT F27B flies. (C) Nighttime sleep bout number is elevated in elav-Gal4>UAS-Htt128QNT F27B flies. (D) Day and night activity patterns are disrupted in

elav-Gal4>UAS-Htt128QNT F27B flies. (E) Co-expression of RNAi against PKA-C1 withmutHtt restores nighttime sleep in elav-Gal4>UAS-PKA-C1RNAi; UAS-Htt128QNT F27B

flies to control levels. (F) Average night sleep bout duration is increased in elav-Gal4>UAS-PKA-C1RNAi; UAS-Htt128QNT F27B flies so that it is comparable to that of controls.

(G) Number of night sleep bouts is reduced in elav-Gal4>UAS-PKA-C1RNAi; UAS-Htt128QNT F27B flies. (H) Day and night activity patterns in elav-Gal4>UAS-PKA-C1RNAi;

UAS-Htt128QNT F27B flies are indistinguishable from controls. (I) Co-expression of PKA regulatory subunit PKAr*BDK35 with mutHtt restores nighttime sleep in elav-

Gal4>UAS-Htt128QNT F27B/UAS-PKAr*BDK35 flies. (J) Average night sleep bout duration is comparable in elav-Gal4>UAS-Htt128QNTF27B/UAS-PKAr*BDK35 flies

to sibling controls. (G) Number of night sleep bouts is reduced in elav-Gal4>UAS-Htt128QNT F27B/UAS-PKAr*BDK35 flies. (H) Day and night activity patterns in

elav-Gal4>UAS-Htt128QNT F27B/UAS-PKAr*BDK35 flies are indistinguishable from controls. UAS-Htt128QNT F27B/+, n = 28. Elav-Gal4>UAS-Htt128QNT F27B, n = 31.

UAS-PKA-C1RNAi/+; UAS-Htt128QNT F27B/+, n = 21. Elav-Gal4>UAS-PKA-C1RNAi; UAS-Htt128QNT F27B/+, n = 25. UAS-PKAr* BDK35/UAS-Htt128QNT F27B, n = 22.

Elav-Gal4>UAS-PKAr* BDK35/UAS-Htt128QNT F27B, n = 31. Data are presented as averages ± SEM. P-values using Student’s t-test, *≤0.05; **≤0.01; ***≤0.005.
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Figure 4. Genetically decreasing PKA in neurons partially suppresses sleep homeostasis defects. (A) Co-expression of PKA regulatory subunit UAS-PKAr*BDK35with UAS-

Htt128QNT F27B makes total day and night sleep in elav-Gal4>UAS-PKAr*BDK35/UAS-Htt128QNT F27B flies indistinguishable from that of controls. (B) The percentage of

sleep recovery after SD in elav-Gal4>UAS-PKAr*BDK35/UAS-Htt128QNT F27B flies (gray) is not significantly different from sibling controls (red). (C) Number of sleep bouts is

not significantly different between elav-Gal4>UAS-PKAr* BDK35/UAS-Htt128QNT F27B flies and controls before SD (white and light red, ‘pre’) or after SD (gray and dark red,

‘post’). (D) UAS-PKA-C2 RNAi expression with UAS-Htt128QNT F27B (white) restores day and night sleep to control levels (red). (E) Sleep recovery following SD in elav-

Gal4>UAS-PKA-C2RNAi; UAS-Htt128QNT F27B flies is not significantly different from driverless siblings. (F) Number of night sleep bouts is not significantly different

between elav-Gal4>UAS-PKA-C2RNAi; UAS-Htt128QNT F27B flies and controls before SD (white and light red, ‘pre’) or after SD (gray and dark red, ‘post’). (G) Co-
expression of UAS-PKA-C2RNAi with the strong mutHtt insertion UAS-Htt128QNT M64 restores day and night sleep to control levels. (H) Percentage recovery sleep

following SD in flies co-expressing PKA-C2RNAi with M64 (green) is comparable to controls (gray). (I) Night bout number is not significantly different between elav-

Gal4>UAS-PKA-C2RNAi; UAS-Htt128QNT M64 flies and control siblings before SD (light gray and green, ‘pre’) or after SD (dark gray and green, ‘post’). UAS-PKAr* BDK35/

UAS-Htt128QNT F27B, n = 28. Elav-Gal4>UAS-PKAr* BDK35/UAS-Htt128QNT F27B, n = 30. UAS-PKA-C2RNAi/+; UAS-Htt128QNT F27B/+, n = 16. Elav-Gal4>UAS-PKA-C2RNAi;

UAS-Htt128QNT F27B/+, n = 15. UAS-PKA-C2RNAi/+; UAS-Htt128QNT M64/+, n = 14. Elav-Gal4>UAS-PKA-C2RNAi; UAS-Htt128QNT M64/+, n = 12. Data are presented as

averages ± SEM. P-values using Student’s t-test, *≤0.05; **≤0.01; ***≤0.005.
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reduction in PKA activity to ∼60% of WT levels has no effect on
lifespan in aged flies (64), and knockdown of PKA in-and-of itself
would not be expected to extend survival unless PKA activity
plays a role in HDpathogenesis.We compared lifespan offlies ex-
pressingmutHtt alone orwith UAS-PKA-C1 or -C2RNAi transgenes
under elav-Gal4G28 control. Co-expression of either PKA-C1RNAi or
PKA-C2RNAi with F27B (Fig. 5A, red triangles and red circles, re-
spectively) increases survival over-expression of F27B alone
(Fig. 5A, red squares). The median lifespan in flies co-expressing
PKA-C1RNAi or PKA-C2RNAi with F27B is restored to that of sibling
controls lacking driver (Fig. 5A, white squares, gray triangles and
gray circles). Likewise, co-expression of PKA-C2RNAi with M64 ex-
tends the median survival (Fig. 5B, green triangles) over that of
M64 neuronal expression alone (Fig. 5B, green squares). This ef-
fect is comparable to the life expectancy of sibling controls that
lack a driver (Fig. 5B, gray triangles). Thus, decreasing PKA in
HD models not only suppresses sleep and activity defects, but
also extends survival.

Patterns of dCREB2 activity are altered in HD models

Our data indicate that when mutHtt is expressed at high levels
in neurons, early and persistent elevations in PKA underlie
pupal lethality, sleep defects and early mortality in adults. The
canonical nuclear target of PKA phosphorylation is CREB, a
transcription factor implicated in neuronal function and neuro-
protection (65–67). Based on our PKA suppression data, a simple
prediction is that CREB activitymay be increased in the HDmodels.
Drosophila contains a single CREB/CREM gene, dCREB2, which en-
codesmultiple protein isoforms generated through alternative spli-
cing and the use of alternative translation start sites (68,69). How
does mutHtt expression affect dCREB2 activity when sleep defects
are present? To measure dCREB2 activity in vivo in HD model flies,
we employ a genetically encoded CRE-luciferase reporter (70,71).
dCREB2 activity undergoes circadian oscillations in vivo, with a
large transcriptional peak during the day and a smaller peak in
thenighttime.Wedonotdetect changes in basal dCREB2protein le-
vels or phosphorylation state by immunoblot at 7–10 DPE when
sleep defects are present (data not shown).

Growth temperature was used to control HS-Gal4-responsive
M36 expression. Larvae were maintained at 19°C throughout
development to repressM36 expression or shifted to 30°C as 3rd in-
star to induce expression. Upon eclosion, both groups of flies were
switched to and maintained at 19°C during the measurements of
reporteractivity. CRE-luciferase activity is almost indistinguishable
betweenM36 flies and controlsmaintained at 19°C throughout de-
velopment (Fig. 6A). In contrast, there are decreases in dCREB2 ac-
tivity that persist days after the end of mutHtt induction in flies
raised at 30°C (Fig. 6B). Interestingly, these decreases in dCREB2 ac-
tivity are more pronounced during the day. These data show that
organism-wide dCREB2 activity is altered even after the end of ubi-
quitous mutHtt induction, suggesting that changes to transcrip-
tional patterns in HD may be established early in disease.

In HD, transcriptional irregularities can vary in different
tissue types (34,72). To restrict our analysis to tissues where we
have demonstrated the effects of mutHtt expression, we used a
novel CRE-luciferase reporter system, FRT-CRE-luci (73). This
Flippase-dependent reporter system (Fig. 6C) allows us to gener-
ate CRE-luciferase mosaics in a temporally or tissue-specific
fashion. Figure 6D shows the genotypes of the animals used for
in vivo FRT-CRE-luciferase monitoring beginning 5–6 DPE when
sleep defects are evident. In these experiments, neuronal CRE-lu-
ciferase activity is compared between animals with or without
the mutHtt transgene. Animals lacking either the UAS-FLP or
FRT-CRE-luci transgenes exhibit minimal activity as expected.

Interestingly, there is negligible change in CRE activity when
F27B is expressed (Fig. 6E, red) relative to controls (Fig. 6E, gray).
In contrast, neuronal M64 expression depresses and disrupts
CRE-luciferase activity patterns (Fig. 6F, green). The daytime
peaks are split or absent, and there is a reduction in amplitude
relative to controls (Fig. 6F, gray). The nighttime peaks of activity
are reduced in amplitude but appear otherwise normal in M64
flies. These data demonstrate that, despite genetic evidence im-
plicating PKA elevation accompanying mutHtt expression,
dCREB2 activity is not increased, and is likely depressed in neu-
rons when sleep defects are present. Together, our data suggest
that PKA activity may be elevated in HD concurrent with a de-
crease in dCREB2 activity.

Discussion
The identification of prodromal disease states and their biomar-
kers is a shared concern across neurodegenerative conditions

Figure 5. RNAi knockdown of PKA-C1 and -C2 extends lifespan in HDmodel flies.

(A) Survival of UAS-Htt128QNT F27B flies in the presence (dark red) of the elav-

Gal4G28 driver (red squares) is extended by co-expression of UAS-PKA-C2RNAi

(red circles) or UAS-PKA-C1RNAi (red triangles) to lifespan of Gal4 driverless

controls (UAS-Htt128QNT F27B, white squares; UAS-PKA-C2RNAi; UAS-Htt128QNT

F27B, gray circles; UAS-PKA-C1RNAi; UAS-Htt128QNT F27B, gray triangles). (B)
Survival of UAS-Htt128QNT M64 flies in the presence (green squares) of the elav-

Gal4G28 driver is extended by co-expression of UAS-PKA-C2RNAi (green triangles).

Elav-Gal4 driverless controls are in white squares (UAS-Htt128QNT M64) and gray

triangles (UAS-PKA-C2RNAi; UAS-Htt128QNT M64). Longevity assays were

conducted at 25°C. UAS-Htt128QNT F27B/+, n = 149. Elav-Gal4>UAS-Htt128QNT

F27B, n = 237. UAS-PKA-C1RNAi/+; UAS-Htt128QNT F27B/+, n = 74. Elav-Gal4>UAS-

PKA-C1RNAi; UAS-Htt128QNT F27B/+, n = 74. UAS-PKA-C2RNAi/+; UAS-Htt128QNT

F27B/+, n = 174. Elav-Gal4>UAS-PKA-C2RNAi; UAS-Htt128QNT F27B/+, n = 174.

UAS-Htt128QNT M64/+, n = 143. Elav-Gal4>UAS-Htt128QNT M64, n = 132. UAS-

PKA-C2RNAi/+; UAS-Htt128QNT M64/+, n = 216. Elav-Gal4>UAS-PKA-C2RNAi; UAS-

Htt128QNT M64/+, n = 96. Data are presented as averages ± SEM.
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Figure 6. CREB activity patterns are altered in HD model flies. (A) Whole fly CRE-luciferase activity over 4 days (∼7–11 DPE) in flies maintained at 19°C throughout

development. (B) Whole fly CRE-luciferase activity over 7–11 DPE in flies induced at 30°C from 3rd instar to 3 DPE. Altered CREB activity is specific to mutHtt induction.

A and Bwere recorded simultaneously; data are shown starting ∼40 h after transfer to luciferin food and the beginning of recording, i.e. 7–8 DPE. (C) Schematic of the CRE-

luciferase reporter used tomeasure tissue-specific CREB activity in vivo in HDmodel flies. (1) Three CRE binding sites are shown in green upstream of the TATA box in blue.

A start codon is 5′ of an FRT-flanked mCherry ORF ending in three tandem stop codons (red) 5′ of the second FRT to end translation prior to the luciferase ORF (yellow)

lacking a start codon. In the absence of FLP recombinase, onlymCherry is produced. (2) In the presence of the UAS-FLP recombinase, themCherry sequence is excised and

the recombined transgene produces only luciferase in response to CRE-binding. (3) Introduction of an enhancer-Gal4 driver provides tissue specificity toUAS-recombinase

expression. All three transgenes are required for CRE-luciferase expression. (D) Genotypes of flies used in neuron-specific CRE-luciferase recording; values ≤200 RLUwere

excluded as background activity and those genotypes arenot shownon graphs. (E) Neuronal CRE-luciferase activity in the presence or absence of UAS-Htt128QNT F27B. (F)
Neuronal CRE-luciferase activity in the presence or absence of UAS-Htt128Q NT M64. X-axis shows ZT and shaded areas indicate dark periods. Y-axis gives relative light

units (RLU) produced by luciferin hydrolysis. Flies were entrained to a 12:12 L:D cycle as larvae and were collected as adults within 48 h. Recording for E and F began at

5–6 DPE, when sleep phenotypes are evident. Data shown in E and F were recorded simultaneously and represent the period 24–108 h after transfer to luciferin food and

beginning of recording. Flies that did not survive the duration of the experiments were excluded from analysis. CRE-luci (785-3)/Y; HS-Gal4/III flies maintained at 19°C

throughout experiment, n = 48. CRE-luci (785-3)/Y; UAS-Htt128QFL M36/II; HS-Gal4/III flies maintained at 19°C throughout experiment, n = 48. CRE-luci (785-3)/Y;

HS-Gal4/III flies induced at 30°C from 3rd instar to 3 DPE, n = 46. CRE-luci (785-3)/Y; UAS-Htt128QFL M36/II; HS-Gal4/III flies induced at 30°C from 3rd instar to 3 DPE,

n = 48. Elav-Gal4>UAS-FLP; FRT-CRE-luci/III, n = 43. Elav-Gal4>UAS-FLP; FRT-CRE-luci/UAS-Htt128QNT F27B, n = 46. Elav-Gal4>UAS-FLP; FRT-CRE-luci/III, n = 25.

Elav-Gal4>UAS-FLP; FRT-CRE-luci/UAS-Htt128QNT M64, n = 22. Data are presented as averages ± SEM. Lines with # indicate periods of significantly different CRE

luciferase activity with P ≤ 0.05.
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because early therapeutic intervention is presumably most ef-
fective in limiting later order pathology. Sleep disruptions pre-
sent in HD carriers in the earliest stages of disease and have
been detected in animal HDmodels, but themolecular pathways
underlying these sleep defects have not been identified. Here, we
usemultiple flymodels of HD to connect early adult sleep and ac-
tivity disruptions with the cAMP/PKA signaling pathway. We
show that early-onset sleep fragmentation, nighttime hyper-
activity and altered sleep architecture accompany diminished
sleep homeostasis in fly models. Neuronal expression of mutHtt
is sufficient to induce these phenotypes. These sleep and activity
phenotypes manifest early in adulthood and precede climbing
and memory defects, suggesting that sleep is particularly sensi-
tive to disturbances of cell andmolecular dysfunction induced by
mutHtt. Abnormal sleep characteristics are evident in humans
with HD (5,8,74), even in early stages of disease (2,3). Decreasing
PKA signaling partially or fully suppresses all of these pheno-
types, suggesting a relationship between aberrant signaling,
sleep and early disease progression. The early onset of these
sleep defects suggest that they may be a systemic readout of
primary molecular dysfunction in HD.

The pattern of sleep and activity disturbances in HD
model flies is consistent with elevations in cAMP/PKA signaling
(24–27). The inhibition of dopaminergic signaling in adults sup-
presses the sleep and activity phenotypes, demonstrating that
they are reversible. HDmodel flies also exhibit reduced responses
to caffeine, a PDE inhibitor in flies, and they show elevated cAMP
levels in the head. Strong neuronal mutHtt expression results
in developmental lethality, which is suppressed by genetic
reduction in PKA activity. Genetic reductions in PKA also sup-
press sleep and activity phenotypes accompanying weaker
pan-neuronal mutHtt expression, and extend the median life-
span of HD model flies. Notably, suppression of developmental
lethality is a reliable predictor of whether sleep phenotypes will
be suppressed. Both developmental lethality and early-onset
sleep disruptions present opportunities to screen for potential
pharmacological or genetic modifiers.

Sleep has two major, partially independent regulatory
mechanisms: circadian regulation, which limits sleep behavior
to ecologically appropriate times, and homeostatic regulation,
which controls how sleep pressure accumulates during wake
and dissipates during sleep. When homeostatic mechanisms
are intact, extended wakefulness or SD results in compensatory
‘rebound’ sleep that is longer and more consolidated than at
baseline (17,18). Our data show that HD flies either experience
further sleep loss in the night period following deprivation,
in the case of the M36 model, or that fragmentation of nighttime
sleep becomes more pronounced, in the case of the F27B model.
We are the first to report disrupted sleep homeostasis and in-
creased fragmentation following SD in HDmodel flies. These dis-
ruptions of sleep homeostasis may mean that neuronal mutHtt
expression confers a heightened sensitivity to external distur-
bances of sleep or that recovery from SD is compromised in HD.

Genetic down-regulation of PKA signaling in HD flies restores
the amount and consolidation of recovery sleep, suppressing
fragmentation before and after SD. Co-expression of the regula-
tory subunit PKAr*BDK35 with F27B returns recovery sleep to
control levels and prevents increase in night bout number or dur-
ation before and after deprivation. Likewise, PKA-C2 RNAi sup-
presses fragmentation of baseline and post-deprivation sleep in
mutHtt F27B flies, as well as restoring the amount of recovery
sleep. PKA-C2 RNAi suppresses sleep-deprivation-induced mor-
tality in our strong mutHttN-term model, M64, and renders base-
line and recovery sleep indistinguishable from controls. Earlier

work in Drosophila has shown that inducibly overexpressing
PKA-CI results in accumulated sleep debt that is discharged
when PKA induction ends, indicating that high PKA activity in
otherwise healthy animals can occlude homeostatic output
(25). Taken all together, our data and previously reported work
are consistent with the possibility that PKA is an important play-
er in sleep homeostasis, perhaps through a role in GPCR signaling
and cAMP signal transduction.

There are parallels between the sleep abnormalities in HD pa-
tients and those seen in elderly populations (75). This raises the
question whether accelerated aging is part of HD pathogenesis
(47). Shared sleep and activity phenotypes between our young
HD models and aged wild-type flies include increases in
bout number and daytime sleep (76), decreases in bout duration
and disruptions in sleep homeostasis (77). Intriguingly, reducing
PKA is effective in ameliorating aging as well as mutHtt-
associated phenotypes. In aged flies, genetic reductions in PKA
activity reduce circadian instability and arrhythmia, consolidate
sleep (78) and suppress age-relatedmemory impairmentwithout
altering lifespan (64). Decreasing PKA also improves aspects of
health in aged mammals (64,79,80). PKA activity is not elevated
in the heads of aged flies, however (64), suggesting that age-
related increases in PKA signaling may occur downstream of
PKA, perhaps by reduced phosphatase activity or diminished
substrate degradation. Alternatively, reducing PKA may counter-
act dysregulation of a PKA-independent signaling pathway that
shares substrates with PKA. Decreasing PKA in HD model flies
may work by a similar, as-yet unidentified mechanism as it
does in aged flies. The efficacy of PKA reductions in ameliorating
mutHtt- and age-related phenotypes suggest PKA dysregulation
may be a shared molecular disruption in aging and HD
pathogenesis.

We show that decreasing PKA signaling in HD model flies
suppresses several disease-related phenotypes. At the same
time, in vivo CRE reporters suggest that dCREB2 activity is
unchanged or mildly reduced in HD model flies. Our reporter
data are consistent with reports of mutHtt interfering with
CREB co-activators (81–91), but appear to be at odds with the
beneficial effects of reducing PKA in the fly HD models. One pos-
sibility is that in HD, CREB activity becomes dissociated from PKA
activity. Several groups have reported that elevations in cAMP
and PKA are not correlated with increased CREB activity in HD
model systems. Ariano et al. (92) showed that cAMP is elevated
in the striata of five different HD models at the onset of motor
symptoms, while expression of known CREB targets D1R and
D2R is reduced. Alberch and colleagues (56) have demonstrated
that PKA activity is elevated in hippocampi from Stage IV HD pa-
tients and in R6/1 and R6/2 mice prior to the onset of motor dys-
function. Intriguingly, this increase in PKA activity was not
associated with increased S133-P CREB, although phosphoryl-
ation of other, membrane-associated PKA targets was elevated.
Subsequent work by this group shows that nuclear PKA activity
is unaffected in R6/1 mice at the same time point when mem-
brane-associated PKA targets exhibit increased phosphorylation
(57). Our findings are consistent with amodel inwhich PKA activ-
ity increases phosphorylation of non-CREB targets but is accom-
panied by a depression in CREB activity. This dissociation of PKA
and dCREB2 may represent a parallel mechanism of CREB dys-
function in HD pathogenesis.

There is a report of decreased cAMP and CREB phosphoryl-
ation in the striatum and cerebral cortex of HdhQ111 knock-in
model mice well before mutHtt aggregates and neurodegenera-
tion are evident (93). One likely reason for the apparent discrep-
ancy between their results and ours is that our genetic
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manipulations are pan-neuronal, and our cAMP measurements
are made fromwhole heads. The basis of the differential suscep-
tibility of subsets of neurons to HD pathology is unclear, and it is
possible that cAMP/PKA/CREB signaling is selectively altered in
the tissues most susceptible to HD pathology. Indeed, cerebellar
cAMP is unchanged inHdhQ111 knock-inmice evenat 16months
(93). This suggests that the effects ofmutHtt expression on altera-
tions in cAMP/PKA signalingmaybe region- or tissue-specific. Be-
cause our current work relies primarily upon pan-neuronal
genetic manipulations using the UAS-Gal4 system, mutHtt and
PKA signaling are altered during the same developmental peri-
ods. It is possible that the co-expression of PKAwith mutHtt pre-
vents a developmental defect that results in sleep and activity
deficits in adults. Reversal of sleep deficits in adult HD models
by acute administration of a dopaminergic signaling inhibitor
3IY (Supplementary Material, Figs S4 and S5) suggests that this
is not the case, and that sleep alterations are an early-adult
onset phenotype.

Several open questions remain for future experimentation.
Can reducing PKA pathway signaling only in adults reverse
sleep/activity deficits and ameliorate later onset phenotypes? Is
cAMP/PKA/dCREB2 signaling differentially affected in sleep/
wake circuits versus thewhole brain?Whendoes the dissociation
of cAMP/PKA and dCREB2 take place? The ever-expanding genet-
ic toolkit in Drosophilamakes these tractable questions. To deter-
mine whether altering cAMP/PKA signaling in adults can reverse
sleep/activity deficits as well as later onset phenotypes, we could
inducibly alter adenylyl cyclase, PKA components or PDE expres-
sion in adult HD model flies. Alternatively, we could modulate
the activity of this pathway selectively in sleep/wake circuits.
Additionally, by manipulating excitability of defined subsets of
the neuronal sleep circuitry in HD model flies, for example, we
could genetically induce sleep in adults at defined time points
and look for delay of climbing deficits, neurodegeneration or ex-
tension of lifespan. These intersectional genetic manipulations
will require generating novel lines that either constitutively ex-
press mutHtt or express mutHtt under the control of an alterna-
tive to the Gal4-UAS system.

Circadian disturbances are a conserved feature across HD
patients (5) and HD model systems, including mice (5,94,95) and
sheep (14). In the R6/2 mice, there is decreased expression of
central clock genes mPer2 and Bmal1 in several brain regions
(5). Importantly, Morton and colleagues (96) demonstrated that
electrophysiological function and mPer1 transcription patterns
in the suprachiasmatic nucleus (SCN) of R6/2 mice are normal
in vitro, indicating that circadian anomalies arise from circuit dys-
function, not cell autonomous molecular problems. Pharmaco-
logical imposition of sleep with a short-acting benzodiazepine
improved motor and cognitive performance, extended lifespan
and partially restored SCN circadian gene expression. The
authors attribute their results to the imposition of regular
sleep–wake cycles, concluding that sleep abnormalities outside
the central clockmay feed back onto circadian circuitry, inducing
aberrations of circadian rhythms (96). These results suggest that
a pathologic mechanism extrinsic to the SCN underlies circadian
and sleep abnormalities in HD, both of which may contribute to
cognitive dysfunction, and that increasing sleep may provide a
significant therapeutic opportunity in HD.

In this report, we present data that link early-onset sleep
and activity abnormalities in HD models to disruptions of PKA/
dCREB2 signaling. Suppression of developmental lethality by
PKAmanipulations, along with suppression of sleep and activity
deficits, suggests that disturbed PKA/CREB signaling are early
events in HD pathogenesis. PKA is also a molecular connection

between sleep homeostasis and circadian regulation, the key
regulatory elements of sleep behavior. Sleep deficits impair cog-
nitive function in neurologically normal people (97) and have
been linked to metabolic and hormonal disruptions (98) and
may have broad consequences for maintaining health in people
affected by HD. We propose that modulation of PKA activity
might provide a pharmacological target to ameliorate sleep and
circadian dysfunction in HD. Increasing sleep in canonical mem-
ory mutants can improve cognitive performance without specif-
ically rescuing the molecular lesion underlying the memory
defects (99), demonstrating that sleep plays a central role in
modulating neural plasticity. Therefore, improving even subclin-
ical sleep deficits could have an array of benefits for HD patients
and their caregivers.

Materials and Methods
Stocks

Homozygous yw; pUAS-Htt128QFL full-length [M36] and pUAS-
Htt128Q1-208 N-terminal insertion lines [F27B], [M64] and hemi-
zyogus [NtX] were generous gifts of Dr Juan Botas (Baylor College
ofMedicine) and are described in (43). UAS-driven transgenicflies
(PKA-C1RNAi line 101524, PKA-C2RNAi line 108424 and PKA-RIIRNAi

line 39437) all on chromosome II were obtained from the Vienna
Drosophila Resource Center (VDRC) (53). The UAS-PKAr*BDK35 (III)
(stock #35550) (100), UAS-Epac1-camps (stock #25407) and the
UAS-FLP (stock #4539) (101) lines were obtained from the Bloo-
mington Drosophila Stock Center (Bloomington, IA, USA). The
elavc155-Gal4, a gift of Dr Kanae Iijima-Ando (Thomas Jefferson
University), resides on the X chromosome. Additional lab stocks
include the weaker second chromosome insertion elavG28-GAL4/
CyO line, HSP70-Gal4 line, CRE-luciferase (pJY785-3) line and
FRT-CRE-luciferase (pJY2036-4) lines.

All stockswere backcrossed five times into a Cantonizedw iso
(CJ1) lab stock known colloquially as 2202U and abbreviated as
2U. A double balancer stock [w(2U); Sp/CyO; Sb/Ser] was used to
produce the following homozygous stocks:

(i) w(2U); Sp/CyO; pUAS-Htt128QN-term [M64]
(ii) w(2U); Sp/CyO; pUAS-Htt128QN-term F27B [F27B]
(iii) w(2U); pUAS-PKA-C1RNAi; Sb/Ser
(iv) w(2U); pUAS-PKA-C2RNAi; Sb/Ser
(v) w(2U); Sp/CyO; pUAS-PKAr*
(vi) w(2U); pUAS-PKA-RIIRNAi; Sb/Ser
(vii) w(2U); UAS-FLP; Sb/Ser
(viii) w(2U); Epac1-camps; Sb/Ser

Balanced homozygous stocks were crossed together to produce
doubly homozygous lines with potential rescue transgenes on
II and HD transgenes on III.

Developmental lethality assessment and rescue

Fifty elavc155-Gal4 (C155) virgin females were mated to 25 homo-
zygous males of either mutHttN-term [M64] or [F27B] genotypes,
and progeny were assayed for viability. Parents were moved to
newvials every 24 h and vialsweremaintained at 22°C. The num-
bers of pupae were counted 12 days after the beginning of the
mating. Assessment of progress of metamorphosis was done
visually and qualitatively. The C155/+; II; F27B/+ pupae were in
a 4:1 ratio with C155/+; II; M64/+ pupae and metamorphosis ad-
vanced further in C155/+; II; F27B/+ pupae. To determinewhether
C155/+; II; mutHttN-term/+ were viable in low frequencies, the dir-
ection of the matings was reversed and the scale increased.
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Females but not males produced by this mating carry both C155
and themutHttN-term transgene, permitting determination of via-
bility ratios. Approximately 1:100 flies was a C155/w; II; F27B/III
female (13 of >1100 scored), but no females eclosed from the
M64 mating. For rescue experiments, 50 virgin elavc155-Gal4 vir-
gin females were mated to 25 males of the doubly homozygous
w(2U); (Rescue Transgene); UAS-Htt128QNT [M64] or [F27B] geno-
types to assay viability. Pupaewere counted and scored as before.
If adults eclosed and survived 3 DPE, the rescue transgene was
scored as providing complete rescue.

Sleep experiments

Virgin females were isolated within hours post-eclosion using
CO2 anesthesia and placed in vials containing standard corn-
meal-molasses-agar food in cohorts of 6–20 flies. Flies were so-
cialized for 24–48 h following selection before being placed in
TriKinetics (Waltham, MA, USA) monitors in incubators at 22°C.
Data were excluded from analysis for 36–48 h after the end of
CO2 anesthesia to eliminate the effects of anesthesia on sleep.
All monitoring was performed under 12:12 light:dark conditions
at 22°C with 60% humidity unless another temperature is speci-
fied. SD was performed using a SNAP (48) for 12 h at 22°C during
the dark period after two complete days of baseline monitoring.
Recovery fromSDwasmonitored for 72 h following end of depriv-
ation. All experimentswere performedwith aminimum n = 16 for
each genotype; data show representative results of experiments
that have been replicated at least once.

Sleep analysis

Sleep and activity data were collected by the TriKinetics Drosoph-
ila Activity Monitoring System (DAMS) and analyzed using an
Excel-based Macro (30). Percent changes in sleep were calculated
as described in (25). Briefly, sleep lost following deprivation was
determined by subtracting baseline nighttime sleep from night-
time sleep during deprivation. Daytime sleep regainedwas deter-
mined by subtracting baseline daytime sleep from daytime sleep
in the first 12 h following deprivation. Data are expressed as
averages ± SEM. Statistical significance was determined by two-
tailed Student’s t-test; *P < 0.5; **P < 0.1, ***P < 0.005.

Longevity assays

Flies were collected within 24 h of eclosion and kept together in
mixed sex groups for 2 days to ensure that females had mated,
as virgin females have been reported to have extended lifespan
relative to mated females (102). Males and females were then se-
parated under CO2 anesthesia and counted into three groups of
15–20 flies/vial. Vials were flipped three times weekly and flies
that escaped were removed from analysis. Longevity assays
weremaintained at 22°C under 12:12 L:D conditions. Experiments
were repeated at least twice and the results combined to generate
final figures.

In vivo CRE-luciferase assays

In vivo luciferase assays were performed as previously described
(70,73). Briefly, circadian-entrained flies were loaded under light
CO2 anesthesia into a 96-well microtiter plate containing lucifer-
in media: 1% agar 5% sucrose food containing -Luciferin (Gold
BioTechnology). For CRE-luci reporter assays, 5 m -Luciferin
was used, and 25 m -Luciferin was used for FRT-CRE-luci re-
porter assays. Plates were maintained at 22°C under a 12:12 LD
cycle, and automated luminescence measurements were taken

hourly using a Packard TopCount luminescence counter (Perkin-
Elmer). For all light conditions, plates were in the dark during
detection periods (∼20 min/h). The first 24 h of data are excluded
from analysis to allow flies to recover from anesthesia unless
otherwise specified. A smoothing function is applied such that
each data point represents the average of three measurements.
For comparisons of overall activity between groups, the mean
hourly reading is calculated for each fly and compared using
Student’s t-test.

Supplementary Material
Supplementary Material is available at HMG online.
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