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Huntington’s disease (HD) is associated with transcriptional dysregulation, and multiple studies with histone
deacetylase (HDAC) inhibitors suggest that global approaches for restoring transcriptional balance and
appropriate protein acetylation are therapeutically promising. To determine whether more targeted
approaches might be effective, we have tested the impact of all the HDACs in Drosophila on Huntingtin
(Htt)-induced pathology. Among the zinc-dependent or ‘classic’ HDACs, we find that neurodegeneration is
most sensitive to levels of Rpd3. We also find that among the NAD1-dependent class III deacetylases, genetic
or pharmacological reduction of either Sir2 or Sirt2 provides neuroprotection to Htt-challenged animals and
that even greater neuroprotection is achieved when Rpd3 and Sir2 are simultaneously reduced. Our experi-
ments suggest that longevity promoting strategies may be distinct from those that protect against neuro-
degeneration in Drosophila challenged with mutant human Htt. These results highlight a novel therapeutic
approach for HD in the form of Sir2 inhibition and possible combinatorial inhibition of Sir2 and Rpd3.

INTRODUCTION

Huntington’s disease (HD) is a devastating neurodegenerative
disorder caused by an expanded polyglutamine (polyQ) repeat
in the Huntingtin (Htt) protein, and is one of many diseases
fitting into the broader category of protein misfolding diseases
(1–4). Transcriptional dysregulation is one of the early pheno-
types seen in HD (for review see 5). Initial studies in Droso-
phila (6) followed by studies in mammalian (7,8) and other
(9) model systems have demonstrated that global reduction
of histone deacetylase (HDAC) activities slows the rate of
neurodegeneration in in vivo models of HD and related
polyQ diseases.

A number of cellular processes, including modulation of
DNA accessibility for transcription, replication and repair,
are regulated by posttranslational protein modifications includ-
ing acetylation and deacetylation of proteins, most notably his-
tones. Acetylated histones are generally correlated with gene

activity, whereas deacetylated histones are associated with
chromatin structure that is less accessible to transcriptional
activation (10). Deacetylases are divided into two mechanistic
groups: (i) the zinc-dependent or classic HDACs, which
include the Rpd3-like proteins (class I; in humans HDACs 1,
2, 3 and 8), the Hda-1-like proteins (class II; HDACs 4, 5, 6,
7 and 9) and the class IV HDAC11; and (ii) the NADþ-
dependent Sir2-like group of sirtuins (class III deacetylases)
(Table 1). The deacetylases are highly conserved across
species, suggesting non-redundant roles in biological processes
(11–13). Despite the label of HDACs and histone acetyltrans-
ferases, these enzymes also regulate the activity of non-histone
protein targets such as p53 (deacetylated by HDAC1) (14,15) or
tubulin (by HDAC6 and Sirt2) (16). The sirtuins, typified by
yeast and Drosophila Sir2 and the human ortholog SIRT1,
are reported to affect a number of genes that influence neuronal
survival (17–19) and are also reported to promote lifespan
extension in several organisms (20).
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To explore the possibility of modulating specific HDACs as
a therapeutic strategy for treating HD-mediated neurodegen-
eration, we used both genetic and pharmacological strategies
to examine the contribution of members of each deacetylase
class to growth, survival and neurodegeneration in a Droso-
phila model of HD that expresses mutant human Htt exon 1
protein (Httex1p Q93) in all neurons. We find that Httex1p-
induced neurodegeneration in Drosophila is most readily
impacted by inhibition of selected HDACs (i.e. Rpd3; Sir2)
either individually or in combination. These studies indicate
highly restricted roles for the different HDACs in their contri-
bution to mutant Htt-mediated pathology in flies.

RESULTS

Neuronal survival of HD flies is most sensitive to levels
of Rpd3 among the classic HDACs

Previous studies revealed that broad-based inhibition of
classic HDACs (either genetically or pharmacologically) is
protective for neurodegeneration in Httex1p-challenged
Drosophila (6) and other animals (7,8,21). To investigate the
potential specificity of these HDACs in neurodegeneration,
we tested all members of the Drosophila class I, II and IV
HDACs for effects on Htt-mediated degeneration using two
alleles for each locus, including classic loss of function
alleles and short hairpin RNA (shRNA) silencing constructs.

Drosophila Rpd3 is a class I HDAC, that is equally homo-
logous to human HDACs 1/2, and HDAC3 (Table 1). Flies
expressing the mutant human Httex1p Q93 in all neurons,
exhibit reduced eclosion rates, progressive neuronal
degeneration and early lethality (6,22). To determine the
consequences of altered Rpd3 activity to this pathology, we

compared Httex1p Q93-expressing animals with normal
levels of Rpd3 with those with partially reduced levels of
Rpd3. Using two independent mutations, heterozygous
reduction in the levels of Drosophila Rpd3 markedly increases
survival of Htt-challenged flies (Fig. 1A), and neuronal survi-
val is also increased, as measured by the number of remaining
photoreceptor neurons in the eye (Fig. 1B).

The contribution of other HDACs to pathology was also
investigated using loss of function mutations or shRNA con-
structs that reduce the endogenous messenger ribonucleic
acid (mRNA) levels in the nervous system (Fig. 1C and D
and Supplementary Material, Fig. S1A and B). We do not
observe any suppression of lethality or of neuronal degener-
ation in animals with reduced levels of HDAC3, in animals
with reduced levels of either of the class II HDACs
(HDAC4 or 6), nor in Drosophila with reduced levels of
HDAC11 (CG31119). We conclude that among the class I,
II and IV HDACs, neuronal survival is uniquely sensitive to
Rpd3 levels in Drosophila challenged with mutant Httex1p.

Figure 1. Rpd3 is unique among the classic deacetylases in impacting
degeneration: (A) heterozygous reduction of Rpd3 improves survival and
(B) reduces neurodegeneration of flies challenged with Httex1p Q93; (C)
the effect of heterozygous loss of each of the HDACs in Drosophila on
survival to eclosion of Httex1p Q93-challenged animals was determined
using multiple heterozygous mutations and/or shRNA constructs (one allele
from each is shown here, for the full set of allele data see Supplementary
Material, Fig. S1A and B). Only reduction of Rpd3 led to an increase in
survival. Relative survival was calculated as (HDACHtt/HDACwt)/(ctrlHtt/
ctrlwt), where ‘HDACHtt’ and ‘ctrlHtt’ is the number of eclosed elav .

Httex1p Q93 flies with or without the HDAC mutation, and ‘HDACwt’ and
‘ctrlwt’ the eclosion number of the Htt non-expressing siblings with or
without the HDAC mutation; (D) the effect of reduced HDAC levels on sur-
vival of neurons in Httex1p Q93-challenged animals. The results are shown as
the difference in photoreceptor number compared with internal controls with a
normal genetic background. Only Rpd3 leads to improved neuronal survival.
The null allele of Rpd3 shown here, Rpd3[m5-5], reduces the extent of
neuronal loss even more than a weaker hypomorphic allele (see panel B and
Supplementary Material, Fig. S1B).

Table 1. HDAC orthologs in yeast, worm, fly and human are shown for
reference
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Reduction of Sir2 activity is neuroprotective in mutant
Httex1p-expressing Drosophila

Sirtuins have been implicated in diverse processes, such as
aging, neurodegeneration and overall cellular metabolism
(23), and they are capable of deacetylating histones. There-
fore, we investigated the potential impact of the Sir2-ortholog
genes of Drosophila on HD pathology. Httex1p Q93-
challenged flies that are also heterozygous for Sir2 null
mutations exhibit improved survival compared with animals
with normal Sir2 doses (Fig. 2A). The number of photo-
receptor neurons remaining, a measure of neuronal loss (24),
is also improved when the Sir2 dose is reduced by 50%
(Fig. 2B).

Recent studies find that SIRT2, a second member of the
NADþ-dependent HDAC family which is most widely
known for its ability to interact with tubulin, is also found in
the nucleus (25) and in neurons of mice (G. Bates et al., per-
sonal communication), thus identifying SIRT2 as a putative
therapeutic target for affecting HD-mediated transcriptional

dysregulation. Accordingly, we tested Sirt2 in Drosophila.
We find that reduction in the level of Sirt2 in Drosophila
leads to greater survival of photoreceptor neurons (Fig. 2C),
although it does not suppress lethality (Supplementary
Material, Fig. S1A).

The Httex1p Q93 Drosophila model has been used exten-
sively to study the effects of various pharmacological agents
on HD pathogenesis (6,24). At least two HDAC inhibitors,
namely butyrate and suberoylanilide hydroxamic acid
(SAHA), have been shown to suppress neurodegeneration of
these flies. We next explored whether pharmacological modu-
lation of sirtuin activity could mimic the effects observed with
genetic modulation. Sirtinol is an inhibitor of SIR2 (and poss-
ibly other sirtuins) that exhibits no activity against classic
HDACs such as Rpd3 (26). Feeding Httex1p Q93-challenged
flies on sirtinol-containing food increases survival of photo-
receptor neurons with maximal rescue at 100 mM (Fig. 2D).
Nicotinamide is the first product of the deacetylation reaction
catalyzed by sirtuins and has been implicated as a physiologi-
cally relevant inhibitor of SIR2 activity (27,28). We fed flies

Figure 2. Reduced sirtuin levels are neuroprotective: A 50% reduction of Sir2 (i.e. heterozygous null) leads to (A) greater survival to adulthood and (B) an
increased number of photoreceptor neurons of Httex1p Q93-expressing flies; (C) heterozygous loss of Sirt2 also reduces photoreceptor neuron survival; (D)
sirtinol, (E) nicotinamide and (F) niacin administration result in reduced neuronal death; (G) pseudopupil images of a normal eye and 7-day-old Httex1p
Q93 flies is shown; niacin reduces the rhabdomere loss in Htt flies.
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nicotinamide to inhibit the deacetylation reaction and
observed a reduced loss of photoreceptor neurons compared
with control siblings (Fig. 2E). Niacin, a conveniently avail-
able vitamin supplement that can readily exchange with nico-
tinamide, also exhibits a similar rescue (Fig. 2F and G).
Similar results with nicotinamide feeding have been reported
for a Drosophila model of SCA3 (29).

Combinatorial reduction of HDACs is additive

To determine whether Rpd3 and Sir2 affect distinct mechan-
isms, we tested whether combinatorial inhibition of these
two activities is additive. Animals doubly heterozygous for
loss of function mutations of Sir2 and Rpd3, show a greater
reduction in Htt-induced lethality than animals heterozygous
for single mutants (Fig. 3A) and they exhibit less neuronal
degeneration than single mutants (Fig. 3B). To determine
whether this genetic synergy can be replicated pharmacologi-
cally, animals were fed the Rpd3 inhibitor, butyrate, or a Sir2
inhibitor, nicotinamide, or both. To prevent toxicity in this
experiment, we used low concentrations that produce no
effect on pathogenesis when fed alone and found that
feeding these compounds in combination produces a signifi-
cant rescue of photoreceptor neurons (Fig. 3C).

The observation that heterozygous loss of either Rpd3 or Sir2
alone is neuroprotective and that heterozygous loss of both
together is additive is most consistent with a parallel effect of
these two genes on transcription. However, because these
HDACs have opposing effects on lifespan, one study suggested
that Rpd3 may suppress Sir2 expression (30), while another
found that chemical inhibitors of class I, II HDACs (e.g.
Rpd3) did not increase Sir2 levels (31). To resolve this conflict,
we re-examined the response of Sir2 levels to reduced Rpd3.
Using the same allele as previously reported (30), we find that
Sir2 mRNA levels are normal and unchanged in Rpd3 heterozy-
gotes in two different genetic backgrounds, indicating that Rpd3
does not regulate Sir2 expression levels (Fig. 3D). This lack of
change in Sir2 levels in response to lowered Rpd3 was also
observed in Htt-challenged animals (data not shown). Taken
together, we conclude that Rpd3 and Sir2 act independently
and in parallel and that combinatorial reduction of both deacety-
lase activities produces an improved rescue over any single
treatment alone. Importantly, the improvement in neurodegen-
erative phenotypes of flies heterozygous for the Rpd3 or Sir2
mutation is not due to altered transcription levels of the
Httex1p Q93 transgene itself, as measured by reverse transcrip-
tion polymerase chain reaction (RT–PCR) (Supplementary
Material, Fig. S2A and B).

Effects of deacetylase levels on lifespan

HDACs have been implicated in regulating longevity.
Reduced levels of Rpd3 have been reported to extend the life-
span of Drosophila (30,32) while caloric restriction (CR) has
been shown to increase Sir2 levels and lead to increased long-
evity in Drosophila and other metazoans (20,33,34). Since flies
expressing Httex1p Q93 have a significantly shorter lifespan
than normal flies and levels of both of these deacetylases are
important in HD pathogenesis, we designed experiments to
monitor the lifespan of Htt-expressing Drosophila mutant

for Rpd3 or Sir2. We found that the lifespan of Htt
non-expressing control flies was extended from a median of
49 to 56 days by reducing Rpd3, but the early death phenotype
of Htt-challenged flies was unaffected (Fig. 4A).

Increased Sir2 activity is reported to lead to increased long-
evity (35,36), and CR is one of several manipulations that
up-regulates Sir2. To determine whether CR can affect
ongoing HD pathogenesis, adult virgin flies expressing
Httex1p Q93 in their nervous systems were reared on standard
media or media containing half the amount of glucose and
yeast (37). Although the lifespan of Htt non-expressing flies
was increased when reared on diluted food (median lifespan
72 versus 59 days), the early death observed in Htt-challenged
animals was unaffected by CR (Fig. 4C). There was also no
change in photoreceptor neuron survival under these con-
ditions (Fig. 4D). Thus, animals challenged with Htt and
undergoing active neurodegeneration do not derive benefit
from dietary restriction either with respect to neuronal survival
or with respect to longevity.

We also monitored the effect of genetically increasing Sir2
on neuronal survival, lethality and lifespan, using an enhancer/
promoter insertion that increases expression of the down-

Figure 3. Combinatorial reduction of Rpd3 and Sir2 shows increased neuro-
protection in Httex1p Q93 flies: (A) genetic reduction of either Rpd3 or
Sir2 in heterozygotes is protective. The survival to adulthood of control flies
(Httex1p Q93 alone) is increased when double heterozygous for Rpd3 and
Sir2; (B) the level of neuroprotection of Httex1p Q93-challenged flies is
also significantly increased by concurrent reduction of both Rpd3 and Sir2
compared with either alone; (C) pharmacological treatment using butyrate
(B) and nicotinamide (N) is additive. Although each of these compounds
can be neuroprotective at 10 times higher concentrations, here we fed
animals low levels of nicotinamide (2 mM) and butyrate (10 mM) and combi-
natorial synergy is observed leading to neuroprotection; (D) reduced levels
of Rpd3 do not lead to increased levels of Sir2 expression. Animals of the gen-
otype Rpd3[04556]/TM3 were crossed to either wild-type (Ore-R) or w flies
(to control for background effects if present), RNA was extracted from
whole males and real time quantitative RT–PCR used to evaluate the levels
of Sir2 expression.
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stream Sir2 gene (34). We find that overexpression of Sir2
does not reduce the lethality caused by Htt (Fig. 4E), nor do
increased levels of Sir2 reduce the level of neuronal degener-
ation observed in Httex1p Q93 flies (Fig. 4F). However, over-
expression of Sir2 significantly extends the lifespan of Htt
non-expressing flies while slightly increasing the lifespan of
Htt-expressing siblings (Fig. 4G). Conversely, when animals
are heterozygous for a null mutation in Sir2, lifespan is not
significantly altered in either wild-type siblings (Fig. 4B
and 38) or in Htt-expressing flies (Fig. 4B). Thus, Sir2 has dis-

tinct effects on lifespan and on neuronal survival in mutant
Httex1p-expressing flies. Taken together, these studies indi-
cate that manipulations that positively impact aging do not
necessarily positively impact the effects of neurodegeneration.

Since it has been suggested that resveratrol extends lifespan
in flies (39), can be neuroprotective (40), and may act by
modulating SIRT1 activity (41), we tested this drug in our
Htt model by feeding resveratrol to Htt-challenged Drosophila.
We find that resveratrol can rescue neuronal degeneration in
Htt-challenged flies in a dose-dependent manner (Fig. 5A),
although it does not alter the early death phenotype of flies
expressing Httex1p Q93 (Fig. 5B). We also find that
Htt-challenged flies homozygous for a Sir2 null mutation are
rescued to a similar extent (Fig. 5C), indicating that the
ability of resveratrol to suppress neurodegeneration does not
depend on Sir2.

DISCUSSION

This study indicates that selective targeting of specific HDACs
can provide much of the neuroprotection seen with general
HDAC inhibition in Htt-challenged Drosophila. Early studies
using broadly acting pharmacological agents (SAHA, buty-
rate) (6–8,21), or genetic cofactors that act with multiple
HDAC complexes such as Sin3A (6,42) demonstrated that
reducing HDACs can be neuroprotective for flies challenged
by expanded Htt. Here we show that reducing Rpd3 can
provide levels of protection comparable with those achieved
with more broadly acting class I/II agents (Fig. 1; 6). These
observations suggest that specific pharmacological agents
that target Rpd3 would be therapeutically preferable. Our
observations do not mean that other HDACs may not play a
role in neuronal survival but rather that Rpd3 is the most rate-
limiting among them and that the bulk of therapeutic potential
may be achieved by targeted inhibition of this particular clas-
sical HDAC. For example, overexpression of HDAC6 is seen
to be beneficial for a spinobulbar muscular atrophy model in
Drosophila (43) and complete knockdown of HDAC6 by
RNAi increases GFP-HttQ150 inclusion bodies in neuro2a
cells (44) although neuronal degeneration was not evaluated.
The lack of a demonstrable change in response to a 50%
reduction of HDAC6 in our HD model may indicate that
this enzyme is not rate-limiting or that there are disease-
specific differences in the response to protein.

In addition to Rpd3, specific targeting of the NADþ-
dependent class III HDACs, Sir2 and Sirt2, is also beneficial.
Comparing the effect of reduced Sir2 on neurodegeneration
with the effect of increased Sir2 in the modulation of lifespan
in other settings suggests that the role of Sir2 in cellular pro-
tection may be complex. Yeast studies indicate that increasing
Sir2 positively regulates replicative aging, while negatively
impacting chronological aging (45–47). Studies in flies and
worms suggest that lifespan can be extended by increasing
Sir2 (Fig. 4G, 34,48), but the corollary, that Sir2 reduction
might shorten lifespan, is not necessarily true since we and
others find that heterozygous loss of Sir2 has no effect on
lifespan (Fig. 4B; 38,49). We find that reducing Sir2 improves
neuronal survival in mutant Httex1p-expressing flies without
affecting lifespan (Fig. 2A and B, Fig. 4B). These results are

Figure 4. Relationship between lifespan altering treatments and neurodegen-
eration: (A) reduced Rpd3 does not extend the lifespan of Htt-challenged
flies (solid lines) but does extend the lifespan of control flies (dashed lines).
Black lines are flies with reduced Rpd3, gray lines are controls with normal
Rpd3 levels; (B) the reduction in Sir2 levels does not alter the longevity of
either the Htt-challenged animals (solid lines – black: reduced Sir2; gray:
control) or Htt non-expressing siblings (dashed lines – black: reduced Sir2;
gray: control); (C and D) caloric restriction (CR) does not increase longevity
of Httex1p Q93-expressing animals (solid lines) (C) nor is it neuroprotective
(D). control animals not expressing Htt reared on the calorie-restricted diet
(dashed black line) showed an increase in lifespan compared with fully fed
(FF) siblings (dashed gray line) as has been reported; (E–G) overexpression
of Sir2 (oe) does not increase the percent of animals surviving to adulthood
(E) nor does it alter the survival of photoreceptor neurons (F). As previously
described, overexpression of Sir2 (G) does increase the longevity of normal
flies (dashed lines – black: overexpression; gray: controls) and the longevity
of diseased flies is slightly increased by elevated Sir2 (solid lines – black:
overexpression; gray: normal Sir2 controls).
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consistent with the recent observation that reduction of Sirt1 in
cultured neurons can be neuroprotective in the face of
oxidative challenge (50). Also, consistent with our obser-
vations that both niacin and nicotinamide suppress degener-
ation in Htt-challenged animals, pharmacological inhibition
of Sir2 with nicotinamide suppresses neuronal degeneration
of Kenyon cells in a Drosophila model expressing mutant
Ataxin-3 (29), while increased Sir2 enhances degeneration in
Drosophila models of SCA1 (Ataxin-1) (29,42). Although a
NAD synthase (nicotinamide mononucleotide adenylytrans-
ferase) has been found to be protective in a SCA1 model,
this effect was independent of its enzymatic activity but
rather reflected a novel chaperone function for this protein
(51,52). Studies in both Caenorhabditis elegans and Droso-
phila melanogaster suggest that complete loss of Sir2 is
deleterious in the worm (53) and is deleterious compared with
heterozygous loss in Htt-challenged flies (Supplementary
Material, Fig. S1C). In worms overexpressing Sir2, Htt-induced
degeneration of the tail mechanosensory neuron (53) and of the
ASH neurons (21) is suppressed, whereas overexpression in
flies confers no significant neuroprotection. In contrast, hetero-
zygous loss of Sir2 is protective in flies (Fig. 2B) and although
heterozygous loss of Sir2 in worms was not examined, partial
loss of sirtuins using SIRT2 inhibitors leads to rescue of
Htt-induced degeneration in both flies and worms (our unpub-
lished results and C. Neri et al., personal communication).
These SIRT2 inhibitors, while potentially affecting other sir-
tuins with different affinities, are also protective in Drosophila
and cell models of Parkinson’s disease (54) further supporting
a role for sirtuin inhibitors as potential therapeutic agents for
several neurodegenerative diseases including HD.

There are multiple mechanisms whereby altered Sir2/SIRT1
levels may affect neuronal survival. HD is associated with pro-
gressive transcriptional dysregulation, particularly involving
decreased expression of important neuronal proteins such as
the D2 dopamine receptor (55), NMDAR subunits (NR1;
NR2B) (56), PGC1a-regulated genes (57) and brain-derived
neurotrophic factor (58). Lowered Sir2 may positively
impact mutant Htt-induced transcriptional changes both by
affecting histones directly and by potentially affecting specific
other proteins in several ways. For example, the acetyltransfer-
ase activities of CREB-binding protein (CBP) and p300, which
acetylate histones and other cellular proteins, are inhibited
both by mutant Htt in vitro (6) and by the normal action of
SIRT1, which inhibits p300/CBP by directly deacetylating
CBP (18). Increased CBP appears protective in several

models of polyQ repeat disease (59,60) suggesting that
decreased Sir2 deacetylation is relevant to pathology.
Expression of the neuroprotective mitochondrial uncoupling
protein UCP2 (61–64), which is reduced in HD and may
protect against oxidative stress, can be directly suppressed
by SIRT1 (17). Also, SIRT1 is seen to deacetylate PGC1a
in several cell types (19,65), although depending upon the
cell type this may either increase or decrease PGC1a’s
effect on transcription. Interestingly, PGC1a-regulated tran-
scription is suppressed in HD patient and mouse striatum
(66); and SIRT1 can inhibit PGC1a in neuron-like PC12
cells (19). In addition, recent reports indicating that over-
expression of Sir2 activates the c-jun terminal protein
kinase pathway and leads to apoptosis in the Drosophila eye
while loss of Sir2 results in a partial suppression of UV
irradiation-induced apoptosis, provide another avenue for
possible neuroprotection (67).

Resveratrol is a well-studied compound reported to be pro-
tective to mammalian neurons (68) as well as to suppress
aging in yeast (41), Htt-mediated neurodegeneration in
worms (53) and 3NP-induced toxicity in rats (69). Our
studies confirm the value of resveratrol (Fig. 5A). However,
resveratrol has previously been suggested to act by elevating
SIRT1 activity (41,70) although the basis for this conclusion
has been questioned (71,72). We find that the rescuing
ability of resveratrol is similar in Sir2 homozygous null flies
to that observed in flies with normal levels of Sir2 (Fig. 5C).
Thus, while effective in suppressing Htt-mediated pathology
in Drosophila, resveratrol, which is known to affect many cel-
lular targets (73), is likely to be capable of operating through
mechanisms that are independent of Sir2.

Notably, we find that combinatorial targeting of Rpd3 and Sir2
provides additive benefit in this model. This observation indi-
cates that in mature adult neurons of the diseased fly, Rpd3 and
Sir2 exert parallel influences on neuronal survival. Our gene
expression study (Fig. 5D) also demonstrates that Rpd3 does
not repress Sir2 expression as previously suggested (30). The dis-
crepancy between our observations and earlier ones may be due
to improved sensitivity of RNA detection methods in recent
years; or due to the means of identifying the mutant versus
control genotypes. Specifically, we identified non-mutant
segregants by the presence of a dominant mutation while pre-
vious studies used a variable variegation phenotype of Rpd3 as
a selection marker, leaving open the possibility for bias.

We find that in Drosophila, the parameters that allow
neurons to survive in the face of polyQ challenge and the

Figure 5. Resveratrol feeding: (A) resveratrol exhibits a dose-dependent increase in neuronal survival of Httex1p Q93 animals; (B) 10 mM resveratrol does not
rescue the early death phenotype of Htt-challenged flies; (C) 10 mM resveratrol improves the survival of neurons in Sir2 homozygous null Httex1p Q93 flies.
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parameters that affect organism longevity can respond differ-
ently to Rpd3 and Sir2 manipulations; that is, reduction of
both is synergistic with respect to neuronal degeneration
whereas Rpd3 and Sir2 are antagonistic with respect to life-
span extension in wild-type flies. Our study suggests that
therapeutic strategies designed to target both Rpd3 and Sir2
activities specifically are likely to result in improved neuronal
benefit with no reduction in longevity.

MATERIALS AND METHODS

Drosophila crosses

To compare phenotypes of Htt-expressing animals in a normal
versus an HDAC-altered background, an X chromosomal elav-
Gal4[C155] driver stock heterozygous for an HDAC mutation
and with a marked second or third chromosome was crossed to
UAS-Httex1p Q93 (line P463; 6) at 258C on a standard
medium. Eclosion data from �1000 segregants was calculated
as percent of elav . Htt/mutation versus elav . Htt/marker,
normalized to the ratio of Htt non-expressing male siblings.
The shRNA lines were generated by transforming w[1118]
embryos with modified pWIZ vector constructs. Pseudopupil
analysis was performed as described (6). For longevity experi-
ments, the crosses were performed at 188C and the freshly
eclosed virgin flies aged at 258C in groups of 25–30
animals. Longevity was determined by counting the number
of surviving animals daily and the flies were passed every
2–3 days; at least 150 flies were used. Drugs were tested by
placing freshly eclosed virgin females into vials containing
the drug at different concentrations and aged for pseudopupil
analysis for 7 days; except for the combinatorial feeding
experiment, which was performed on 4-day-old animals.
Fresh food was provided daily. Reagent sources were as
follows: Butyrate, Aldrich; Nicotinic acid, Niacinamide,
Resveratrol, Sigma; Sirtinol, Calbiochem. CR was accom-
plished by diluting the food �50% as described (37).

Cloning

UAS-shRNA lines were generated by cloning a fragment of the
gene in question in both the reverse and forward orientation into
a modified pWIZ vector on either side of an intron from the wg
gene (74) and transgenic lines established. Transcript levels in
different shRNA lines driven by elav . Gal4 were determined
by real time quantitative RT–PCR (qRT–PCR) and lines
with at least 50% suppression were selected for further study
(Supplementary Material, Fig. S2C–E).

Quantitative RT–PCR

Total RNA was extracted from heads or whole animals using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s recommendations. Reverse transcriptase reac-
tions were performed using the SuperScript III kit (Invitrogen)
with random hexamer primers and the PCR was performed
using the SYBRGreen reagent (Applied Biosystems, Foster
City, CA, USA) in a DNA engine opticon real time PCR
machine (MJ research/Bio-Rad, Hercules, CA, USA). All
samples were run in at least triplicates (three independent

RNA extractions). Primers were designed to overlap an
intron to prevent amplification from genomic DNA.

Statistical analysis

Statistical analyses were performed using Student’s t-test.
�P , 0.05, ��P , 0.01, ���P , 0.001.
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