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Sleep disturbances are common in 
neurodegenerative diseases such as 

Alzheimer disease (AD). Unfortunately, 
how AD is mechanistically linked with 
interference of the body’s natural sleep 
rhythms remains unclear. Our recent 
findings provide insight into this ques-
tion by demonstrating that sleep dis-
ruption associated with AD is driven 
by epigenetic changes mediated by the 
histone acetyltransferase (HAT) Tip60. 
In this study, we show that Tip60 func-
tionally interacts with the AD associated 
amyloid precursor protein (APP) to reg-
ulate axonal growth of Drosophila small 
ventrolateral neuronal (sLNv) pacemaker 
cells, and their production of neuropep-
tide pigment dispersing factor (PDF) that 
stabilizes appropriate sleep-wake patterns 
in the fly. Loss of Tip60 HAT activity 
under APP neurodegenerative conditions 
causes decreased PDF production, retrac-
tion of the sLNv synaptic arbor required 
for PDF release and disruption of sleep-
wake cycles in these flies. Remarkably, 
excess Tip60 in conjunction with APP 
fully rescues these sleep-wake distur-
bances by inducing overelaboration of 
the sLNv synaptic terminals and increas-
ing PDF levels, supporting a neuropro-
tective role for Tip60 in these processes. 
Our studies highlight the importance of 
epigenetic based mechanisms underlying 
sleep disturbances in neurodegenerative 
diseases like AD.

Neurons, while being subjected to a vari-
ety of stimuli, are also able to convert such 
cues into higher order functions such as 
controlling behavior, storing memories 
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and decision making. These unique prop-
erties are based on the highly flexible 
nature of neurons, a characteristic that 
is regulated by networks of extrinsic and 
intrinsic molecular pathways that together 
orchestrate precise gene expression profiles 
required for neuronal plasticity. Epigenetic 
control, which largely involves events of 
chromatin remodeling, appears to be one 
way in which transcriptional regulation 
of gene expression can be controlled in 
neurons.1 Of the epigenetic modifications 
identified so far in the nervous system, his-
tone acetylation mediated by the antago-
nistic activities of histone acetyltransferase 
(HAT) and histone deacetylase (HDAC) 
enzymes,2 has been unequivocally shown 
to play a crucial role in regulating neu-
ronal gene expression profiles critical for 
neuronal functions.3,4 HATs generally 
promote chromatin decondensation by 
catalyzing the transfer of an acetyl group 
from acetyl-CoA to the ε-amino group 
of specific lysine residues within the 
N-terminal tails of nucleosomal histones. 
This modification weakens histone-DNA 
as well as neighboring nucleosomal con-
tacts to promote chromatin disruption 
that, in turn, facilitates factor binding 
and transcriptional activation. HATs also 
exhibit distinct substrate preference for 
specific histone, lysine, and gene targets 
and thereby generate different acetylation 
patterns within the genome.5,6 Such HAT 
generated acetylation patterns together 
with other DNA and histone modifica-
tions is thought to serve as a molecular 
bar code to recruit chromatin remodeling 
complexes and downstream regulatory 
factors that drive gene expression profiles 
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in circadian peptides like vasopressin and 
vasoactive intestinal peptide has been 
reported to underlie sleep disturbances in 
AD.32 Defects in cholinergic transmission 
observed in transgenic mouse models of 
AD have also been reported to contribute 
to AD associated sleep abnormalities.33,34 
However, it has been difficult to unam-
biguously identify specific mechanisms 
and brain regions that play a causative role 
in mediating sleep abnormalities observed 
in AD patients. As such, analysis of sleep 
disturbances may offer important insights 
into the pathological mechanisms under-
lying AD.

Drosophila has become a well-accepted 
behavioral model for sleep research as it 
shares many features with mammalian 
sleep35,36 and is thus well suited to exam-
ine the fundamental functions of sleep, 
and the mechanisms that regulate it.37,38 
In Drosophila, the small- and large-ventro-
lateral neurons (LNv) (henceforth referred 
to as sLNv and lLNv, respectively) are part 
of the well-characterized fly circadian cir-
cuitry39 as well as the “core” sleep circuitry 
in the fly.40,41 Both the circadian and sleep 
regulatory effects of the LNvs are mediated 
via the neuropeptide pigment dispersing 
factor (PDF) that serves as the main func-
tional output from the LNvs to coordinate 
neural circuits that operate downstream of 
the LNvs42,43 (Fig. 1). A limited number of 
other fly brain regions have been proposed 
to contribute to sleep. These include the 
mushroom body and pars intercerebralis 
in the central brain and importantly, both 
regions are thought to receive rhythmic 
signal from the sLNv axon terminals.44 
These features bear resemblance to the 
regulatory effects that the mammalian 
pacemaker, the suprachiasmatic nucleus 
(SCN) has on controlling sleep-wake 
cycles as well as coordinating this with 
other brain areas to enhance behavioral 
adaptation.45 All of these features make 
the Drosophila LNv sleep circuit a power-
ful model to study the mechanisms under-
lying sleep regulation.

In the study by Pirooznia et al.,46 we 
set out to test the hypothesis that APP 
and Tip60 are both required to mediate 
selective neuronal processes such as sLNv 
morphology and function that when 
misregulated, are linked to AD pathol-
ogy. We found that both sLNv and lLNv 

certain putative target genes of the Tip60/
AICD complex has been linked to AD 
related pathology.24,25 More recently, our 
laboratory has demonstrated that Tip60 
and APP functionally interact to mediate 
lethality and apoptotic mediated neuro-
degeneration in the central nervous sys-
tem (CNS) of an AD fly model, in vivo.18 
Together, these studies support the concept 
that neuropathology associated with AD 
is due, at least in part, to epigenetic dys-
regulation, Tip60 being a likely candidate 
mediating such effects. However, little is 
known about how aberrant alterations of 
the neural epigenome by misregulation of 
Tip60 HAT activity in particular, affect 
specific neural circuits under AD linked 
neurodegenerative conditions.

Sleep abnormalities are a major and 
early feature of neurodegenerative diseases 
like AD that are also characterized by cog-
nitive decline. While the causes of such 
sleep disturbances are unknown, they are 
thought to further exacerbate the effects 
of a fundamental process leading to neu-
rodegeneration.26 Sleep dependent mecha-
nisms of neural plasticity are believed to 
contribute to memory consolidation and 
thus are likely critical for learning and 
memory.27,28 Sleep disturbances in AD 
patients typically consists of sleep frag-
mentation with frequent awakenings in 
the night and an increment in the propen-
sity to sleep during daytime.29 Transgenic 
mouse models for AD that overexpress 
human APP and exhibit plaque (via extra-
cellular β amyloid deposits) and tangle 
pathologies have also been reported to 
exhibit decreased activity during the noc-
turnal (active) phase and increased activity 
during the day. Importantly, such changes 
in sleep-wake cycles were observed prior 
to when extracellular-Aβ deposition 
would be expected, suggesting that abnor-
malities in sleep-wake cycles may precede 
AD neuropathology.30 While the patho-
genesis of sleep disturbances associated 
with AD and the precise mechanism by 
which APP overexpression contributes to 
such sleep abnormalities is unclear, neu-
rodegeneration in brain regions that are 
involved in sleep regulation are thought to 
lead to sleep abnormalities.31 In addition 
to marked neuronal atrophy of the mam-
malian pacemaker region, the suprachias-
matic nucleus (SCN), dramatic decrease 

required for particular cellular events, a 
paradigm referred to as the “histone-code 
hypothesis”.7-9 In particular, loss of func-
tion of specific HATs with vital neuronal 
functions has been reported to impair 
neuronal acetylation status and contribute 
to degenerative effects in various cellular 
and animal models of neurodegenerative 
diseases.10-12

The HAT Tip60 (Tat interactive pro-
tein, 60 KDa) is a member of the MYST 
family of proteins that are related by a 
~300 aminoacid domain containing a 
typical zinc finger and HAT domains.13 
The HAT activity of Tip60 exerts pleio-
tropic cellular effects that include a variety 
of chromatin mediated processes such as 
transcription regulation, cell cycle check-
point control, DNA damage repair and 
apoptosis to name a few (reviewed in 14). 
In 2007, we first isolated the Drosophila 
homolog of Tip60 and further demon-
strated an essential role for Tip60 during 
multicellular development.15 Subsequent 
work from our laboratory has demon-
strated that Tip60 is robustly produced in 
the developing embryonic nervous system 
as well as in specific regions of the adult 
fly brain. Moreover, our studies further 
revealed that Tip60’s HAT activity is 
critical for nervous system development 
and function, an effect primarily medi-
ated via transcriptional regulation of genes 
enriched for a variety of specific neuronal 
functions.16 Accordingly, we found that 
Tip60’s HAT activity controls synaptic 
plasticity17 and regulates apoptosis to pre-
vent unwanted cell death in the develop-
ing Drosophila central nervous system 
(CNS).18 Consistent with our findings, 
Tip60 has been implicated in neurode-
generative diseases such as spinocerebellar 
ataxia (SCA1)19 and the age-related neu-
rodegenerative Alzheimer disease (AD).20 
Tip60’s role in the latter stems from 
observations that Tip60 forms a tran-
scriptionally active complex with a cyto-
solic fragment derived from proteolytic 
processing of the AD-associated amyloid 
precursor protein (APP), termed the APP 
intracellular domain (AICD).20,21 The 
Tip60/AICD complex has been shown to 
increase histone acetylation22 and coacti-
vate gene promoters which are linked to 
apoptosis and neurotoxicity associated 
with AD.23 Moreover, misregulation of 
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promoting sLNv axon growth. A number 
of recent studies indicate that Tip60 not 
only functions as a transcriptional co-acti-
vator but also as a co-repressor. Although 
the exact mechanism for how Tip60 
represses genes remains unclear, it is 
thought to possibly occur through direct 
recruitment and interaction of Tip60 with 
transcriptional silencers and/or histone 
deacetylases.47,48 As such, the presence of 
the HAT mutant Tip60 in the Tip60/
AICD complex or additional native Tip60 
complexes could mediate gene expression 
changes that lead to activation or de-
repression of factors that promote axonal 
degeneration thereby causing the observed 
detrimental effects on sLNv axon growth.

In light of these observations, we then 
hypothesized that overexpression of HAT 

Tip60/AICD-containing complex to cer-
tain gene promoters in the nervous system 
that are then epigenetically modified by 
Tip60 via site-specific acetylation of spe-
cific histones and accordingly activated 
or repressed. While the mutation in our 
dominant negative HAT-defective ver-
sion of Tip60 (dTip60HAT mut) reduces 
Tip60 HAT activity, it does not interfere 
with its ability to assemble into a protein 
complex.16,47 Thus, dTip60HAT mut likely 
exerts its dominant negative action over 
endogenous wild-type Tip60 via com-
petition with the endogenous wild-type 
Tip60 protein for access to the Tip60/
AICD complex and/or additional native 
Tip60 complexes, with subsequent nega-
tive consequences on chromatin histone 
acetylation and gene regulation critical for 

cell types in the adult flies endogenously 
express Tip60. Furthermore, expression of 
a dominant negative mutant Tip60 that is 
defective in its epigenetic HAT function 
(Tip60HAT mut) in the LNvs using the LNv 
specific PDF-Gal4 driver causes sleep dis-
turbances consisting of fragmented night 
sleep and daytime sleepiness, reminiscent 
of those observed in AD. Our analysis 
also revealed that the sLNvs are particu-
larly susceptible to loss of Tip60’s HAT 
activity and exhibit diminished expres-
sion of PDF as well as retraction of the 
sLNv axon terminals that are required for 
pre-synaptic release of PDF in the dorsal 
protocerebrum (Table 1). Importantly, 
these effects mediated by loss of Tip60 
HAT activity were confined to the sLNvs 
in the adult flies and there no marked 
effect on these neurons during early lar-
val development. These neuroanatomi-
cal defects likely contributed to the sleep 
disturbances by disrupting PDF-mediated 
interaction of the sLNvs with downstream 
circuits. Overexpression of APP within 
the LNvs also resulted in similar reduction 
in sLNv PDF expression and led to disrup-
tion of night sleep and increased daytime 
sleepiness, an effect that was dependent 
on the presence of the C-terminus of 
APP that is required for generation of the 
AICD fragment that interacts with Tip60. 
Intriguingly, disruption of Tip60 HAT 
activity under APP induced neurodegen-
erative conditions (APP; Tip60HAT mut) 
was found to exacerbate retraction of the 
sLNv axonal terminals and caused com-
plete loss of PDF, although the sleep dis-
turbances were same as in flies exhibiting 
only loss of Tip60 HAT activity in their 
sLNvs (Table 1). Importantly, the ana-
tomical defects we observed were depen-
dent on the presence of the C-terminus of 
APP. Together, the degenerative effects we 
observe specifically in the sLNvs suggest 
that Tip60 mediated epigenetic dysregula-
tion can render selective neuronal popu-
lations more vulnerable to APP induced 
neurodegeneration with detrimental con-
sequences on associated behavioral out-
puts. A functional interaction between 
Tip60 and the AICD fragment of APP 
has been shown by us and others to epige-
netically regulate genes essential for neu-
rogenesis.18,23,24 Such an effect is thought 
to be mediated by recruitment of the  

Figure 1. Drosophila ventrolateral neurons expressing GFP shown in green and the circadian 
neuropeptide pigment dispersing factor (PDF) shown in red. GFP and PDF Immunostaining label 
the circadian pacemaker cells, the small ventrolateral neurons (sLNv) including their dorsally 
projecting axons and terminal arbors in the central region of the adult fly brain. Axon growth and 
PDF expression in sLNv is epigenetically regulated by Tip60 HAT activity.

Table 1. Tip60 induced defects on axonal growth and/or PDF expression in Drosophila sLNv affects 
sleep

Mutant phenotype

Genotype Axon growth Effect on PDF Sleep defects

Tip60HAT mut Retracted Partial loss Yes

APP; Tip60HAT mut Severely retracted Complete loss Yes

Tip60OE No effect Elevated Yes

APP; Tip60OE Overelaborated Elevated No

sLNv directed expression of HAT defective mutant Tip60 (Tip60HAT mut) causes retraction of axons 
and moderate decrease in PDF expression. These defects are exacerbated in flies that co-express 
the Tip60 HAT mutant with APP (APP; Tip60HAT mut) resulting in much shorter axons and complete 
loss of Pdf in sLNv. Sleep defects were observed under both these conditions and consisted of 
disrupted night sleep and daytime sleepiness. Night sleep was disrupted in flies overexpressing 
wild type Tip60 (Tip60OE) that also exhibited elevated levels of PDF in sLNv. Overexpression of 
Tip60 with APP (APP; Tip60OE) also induces sLNv PDF levels, however, without any marked effect on 
sleep, suggesting the induction of compensatory sleep inducing neural signals in these flies. The 
overelaborated sLNv axon terminals in the protocerebrum in the APP, Tip60OE flies could play a 
role in transducing such sleep promoting signals.
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as a result of co-expression of wild type 
Tip60 and APP, and not when Tip60 was 
overexpressed alone; this may account for 
the difference in sleep phenotype between 
these two genotypes. Based on these find-
ings, we propose a model by which such 
APP/Tip60 induced overelaboration of the 
sLNv axon terminals into the dorsal pro-
tocerebrum could play a role in restoring 
the sleep-wake cycles as these additional 
synaptic terminals may provide additional 
neural input sites for signals from sleep 
promoting neurons that are located in 
the vicinity (Fig. 2). This model garners 
support from two major observations: the 
sLNv axon terminals have been reported 
to express postsynaptic GABA

B
 receptors 

and GABAergic sleep promoting neurons 
have also been observed in the vicinity 
of the sLNv axon terminals in the adult 
CNS,49 suggesting that the sLNvs might 
receive slow inhibitory GABAergic input 
from such neurons in the vicinity through 
the dorsal terminals. Furthermore, recent 
electron microscopy studies also indicate 
the presence of sparsely distributed input 
synapses at the sLNv axon terminals34 that 
could also play a role in transducing sleep 
promoting neural signals.

Accumulating evidence indicates that 
axonal dysfunction and degeneration in 
AD may persist long before the disease 
related neuropathologies are detectable, 
and it is believed that these early axonal 
dystrophies in the affected neurons may 
significantly contribute to disease symp-
toms.50 In this regard, our observation 
that loss of Tip60 HAT activity causes 
retraction and loss thereof of sLNv axonal 
synaptic terminals and/or PDF signal-
ing suggests that disruption of neuronal 
connectivity within particular neuronal 
circuits involved in sleep regulation may 
be an early event in the AD process, and 
may account for the sleep abnormalities 
that persist in AD patients long before 
pathophysiological manifestation of the 
disease sets in. Moreover, the neurode-
generative process in AD disseminates 
across different brain regions and types 
of neurons making it difficult to discern 
which of these susceptibility regions con-
tribute to the behavioral defects. In this 
regard, while the LNv encompassing neu-
ral circuit is a much simpler and circum-
scribed version of the complex and widely 

anatomical changes, co-expression of 
Tip60 along with APP that contained its 
C-terminus restored the normal sleep-
wake cycle (Table 1), consistent with our 
hypothesis.

So how can Tip60 overexpression in 
conjunction with APP rescue the night 
time sleep disruption and day time sleepi-
ness we observe in APP overexpressing 
flies or when Tip60 itself is misregulated? 
The absence of any observable effect on 
sleep in the APP; Tip60OE flies despite the 
increase in sLNv PDF suggests the pres-
ence of additional sleep promoting com-
pensatory mechanisms that help override 
the sleep defects induced by PDF over-
expression. A clue to pinpointing a pos-
sible rescue mechanism comes from our 
observation that significant exacerbation 
of axonal arborization was only observed 

competent Tip60 under APP overex-
pressing conditions would override APP 
mediated neurodegenerative effects and 
alleviate the observed sleep disturbances. 
LNv directed overexpression of Tip60 
(Tip60OE) enhanced PDF expression in 
the sLNv with no marked effect on the 
sLNv axon growth. These flies also exhibit 
impaired ability to maintain sleep at night 
(Table 1), an effect we speculate could be 
mediated through untimely activation of 
downstream arousal promoting neural cir-
cuits by the excess PDF. Overexpression of 
wild type Tip60 in the LNvs in conjunc-
tion with APP containing its C-terminus 
(APP; Tip60OE) also increased sLNv 
PDF expression. Additionally, these flies 
also exhibited extensive arborization of 
the sLNv axon terminals in the dorsal 
protocerebrum. However, despite these 

Figure 2. Model for cellular events that potentially contribute to rescue of sleep-wake cycle by 
Tip60 under APP overexpressing conditions. (A) Loss of PDF and severe shortening of sLNv axons 
contributes to sleep defects in flies co-expressing the Tip60 HAT mutant with APP (APP; Tip60HAT 

mut) likely by interfering with PDF dependent signaling to neural circuits operating downstream of 
sLNv. (B) Overelaborated sLNv synaptic arbors in flies overexpressing wild type Tip60 in conjunc-
tion with APP (APP; Tip60OE) may provide additional input sites for signals from sleep-promoting 
neurons in the vicinity that counteract the arousing effect of PDF overexpression on nocturnal 
sleep.
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distributed mammalian sleep circuitry, it 
lends itself as a tractable system to under-
stand aspects of APP mediated circuit level 
control of sleep that is not well understood 
to date. Additionally, the dependence 
of the observed sleep defects in the APP 
overexpressing flies on the presence of the 
C-terminus of APP suggests that AICD 
mediated intracellular changes could lead 
to behavioral dysfunction prior to overt 
neuropathology. Furthermore, our data 
demonstrating the modulatory effects that 
Tip60 HAT activity or lack thereof have 
on the sLNvs under APP overexpressing 
conditions, potentially by interacting with 
the AICD fragment provides novel mech-
anistic insights into epigenetic regulation 
of neural circuits that underlie the sleep 
abnormalities persistent in AD patients. 
Although a number of HATs with vital 
neuronal functions including Tip60 have 
been implicated in neurodegenerative dis-
eases, it remains to be determined whether 
the function of such HATs is altered due 
to aging, a major risk factor known to 
date for many neurodegenerative diseases 
including AD. Future investigations into 
identifying specific gene targets of the 
Tip60/AICD complex within the sLNv 
neurons and the downstream mechanism 
by which Tip60 regulates axonal growth 
as well as its apparent neuroprotective role 
in maintaining normal sleep-wake cycles 
under APP induced neurondegenerative 
conditions (Fig. 2) should serve as the 
groundwork when exploring the utility of 
specific HAT activators as early interven-
tion therapeutic strategies to prevent or 
delay the progression of age-linked neuro-
degenerative disorders.
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