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Disruption of epigenetic gene control
mechanisms involving histone acet-

ylation in the brain causes cognitive
impairment, a debilitating hallmark of
most neurodegenerative disorders. His-
tone acetylation regulates cognitive gene
expression via chromatin packaging con-
trol in neurons. Unfortunately, the his-
tone acetyltransferases (HATs) that
generate such neural epigenetic signa-
tures and their mechanisms of action
remain unclear. Our recent findings pro-
vide insight into this question by demon-
strating that Tip60 HAT action is
critical for morphology and function of
the mushroom body (MB), the learning
and memory center in the Drosophila
brain. We show that Tip60 is robustly
produced in MB Kenyon cells and
extending axonal lobes and that targeted
MB Tip60 HAT loss results in axonal
outgrowth disruption. Functional conse-
quences of loss and gain of Tip60 HAT
levels in the MB are evidenced by defects
in memory. Tip60 ChIP-Seq analysis
reveals enrichment for genes that func-
tion in cognitive processes and accord-
ingly, key genes representing these
pathways are misregulated in the Tip60
HAT mutant fly brain. Remarkably,
increasing levels of Tip60 in the MB res-
cues learning and memory deficits result-
ing from Alzheimer’s disease associated
amyloid precursor protein (APP) induced
neurodegeneration. Our studies highlight
the potential of HAT activators as a ther-
apeutic option for cognitive disorders.

Environmental stimuli provide neu-
rons in the brain with instructive informa-
tion that shapes synaptic connections,
which in turn, impacts cognitive

function.1-5 Such flexibility in neuronal
response to a constantly changing environ-
ment relies on precise regulation of
dynamic gene expression profiles that pro-
mote neuroadaptation.6-13 One of the
most important of such experience-driven
behavioral changes is learning and mem-
ory formation as it directly impacts cogni-
tive ability.2,4,14,15 Epigenetic gene
control has recently emerged as a funda-
mental mechanism by which activity
dependent cognitive genes transcription-
ally respond to external cues in post-
mitotic neurons.5 One of the best charac-
terized epigenetic mark crucial for learn-
ing and memory is histone acetylation,
that regulates cognitive gene expression by
controlling chromatin packaging in neu-
rons.3,5,7-9,15-17 Histone acetylation is reg-
ulated by the antagonistic activities of
histone acetyltransferases (HATs) and his-
tone deacetylases (HDACs).7,18 HATs
catalyze the transfer of an acetyl group
from acetyl-CoA to the e-amino group of
specific lysine residues within the N-
terminal tails of nucleosomal histones.
Importantly, HATs also exhibit specific
substrate preference for certain histone,
lysine, and gene targets and thus generate
different acetylation patterns within the
neural epigenome.19,20 These HAT gener-
ated epigenetic signatures, in conjunction
with additional DNA and histone modifi-
cations, serve as docking sites for the
recruitment of distinct chromatin regula-
tory complexes that drive gene expression
profiles critical for learning and memory.

Cognitive decline involving memory
loss is a typical part of the aging process
and has been associated with aberrant
changes in gene expression in the hippo-
campus and frontal lobe of the brain.16

An emerging hypothesis is that age related
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accumulation of aberrant histone acetyla-
tion marks in chromatin in the adult brain
cause gene misregulation that drives cog-
nitive impairment. Indeed, over the past
decade, numerous studies have reported
reduced histone acetylation levels in the
brains of animal models for multiple types
of neurodegenerative diseases, including
models for Alzheimer’s, Parkinson’s and
Huntington’s disease.8,21,22 Such acetyla-
tion loss in a p25-induced neurodegenera-
tive mouse model causes an epigenetic
blockade of learning and memory gene
transcription with concomitant cognitive
impairment.8 Accordingly, pharmacologi-
cal treatments aimed at increasing global
acetylation levels through the use of non-
selective pan-HDAC inhibitors have
shown promising effects in reversing cog-
nitive deficits in a variety of neurodegener-
ative animal models23 making this a pow-
erful therapeutic strategy.24-27 However,
many currently used HDAC inhibitors
(HDACi) lack target specificity18,28-33

and act by increasing global acetylation
levels in the brain with potential detri-
mental effects, raising concerns about
their applicability. Unlike some
HDACs,18,29 select HATs have non-
redundant neural functions that may not
only restore general acetylation balance,
but also modulate particular gene expres-
sion programs that work together to pro-
mote neuroprotection.7,10,34-39 Unfortu-
nately, little is known about the select
HATs that modify the neural epigenome,
and the corresponding gene expression
programs they control. Thus, a detailed
analysis of the molecular mechanisms
underlying neural HAT action and their
gene target specificity in animals will likely
provide safer and more selective ways to
promote histone acetylation mediated
cognitive enhancement benefits in clinical
settings.

Insight into HAT based mechanisms
underlying cognition and neuropathology
was facilitated by our studies on Tip60
neural HAT function.7,17,30,34,40-44 While
Tip60 was shown to be the second highest
expressed HAT of the 18 HATs in mam-
malian adult brain, its involvement in
neural function was unknown.45 We pre-
viously demonstrated that Tip60 HAT
action is critical for nervous system devel-
opment and cognitive processes such as

synaptic plasticity, axonal outgrowth and
transport via its transcriptional regulation
of genes enriched for a variety of specific
neuronal processes.40 Consistent with a
role for Tip60 in nervous system function,
our laboratory 7,17,30,34,40-44,46 and
others 7,30,47-50 have shown that the HAT
Tip60 is implicated in Alzheimer’s disease
(AD) based on its role in epigenetic neuro-
nal gene control via its formation of a
transcriptionally active complex with the
processed C- terminal amyloid precursor
protein (APP) intracellular domain
(AICD).30,43,47,48,51-57 Loss of Tip60
HAT activity and/or improper recruit-
ment of this complex to specific gene pro-
moters causes epigenetic misregulation of
a variety of genes causatively associated
with neurodegeneratation.30,43,47,50,51

During the past several years, my labo-
ratory has published a compendium of
studies characterizing a functional interac-
tion between Tip60 and the APP-C termi-
nus (AICD) in mediating multiple
cognitive neuronal processes using Tip60;
APP transgenic Drosophila we generated
as a robust model system.7,17,30,34,40-43 To
develop this system, we utilized well char-
acterized APP Drosophila lines that express
equivalent and moderate levels of either
GAL 4 responsive full length human APP
(hAPP695) or APP lacking the AICD
domain (APP-dCT)43,58,59 and adapted
them to harbor our GAL4 responsive
Drosophila Tip60 wild-type (Tip60WT) or
dominant negative HAT mutant
(Tip60E431Q) transgenes.40,43,46 This
Tip60;APP Drosophila system enables us
to modulate controlled Tip60 HAT levels
in specific neural circuits in the fly of
choice under APP induced neurodegener-
ative conditions, in vivo.40,43,46 Using this
model, we demonstrated that a number of
cognition linked processes known to be
impaired during early AD neuropathology
that include neuronal apoptosis, axonal
outgrowth and transport are mediated via
a functional interaction between Tip60
and AICD. We also made the exciting dis-
covery that increasing in vivo Tip60 HAT
levels in the Drosophila nervous system
under APP induced neurodegenerative
conditions rescues AD associated neuronal
impairments such as apoptotic neurode-
generation in the central nervous system
(CNS),43 axonal outgrowth 41,42 and

synaptic vesicle transport in motor neu-
rons.30 Excess Tip60 also restores associ-
ated disrupted complex functional
abilities impaired in AD that include sleep
cycles41,42 and locomotor function30 with
concomitant induction of genes critical
for the function of these neural pro-
cesses.30,43 In direct contrast, loss of
Tip60 HAT function in the fly nervous
system causes gene misregulation and
exacerbates such AD associated impaired
phenoytpes.17,30,41-43 Our results high-
light a novel functional interaction
between Tip60 and AICD in neuronal
processes associated with AD and support
model in which Tip60 HAT action plays
a neuroprotective role in early neurode-
generative progression via epigenetic
reprogramming of gene sets that act
together to promote neuroprotection.

While our previous findings
highlighted a critical role for Tip60 in
cognitive neuronal processes, the question
of whether Tip60 HAT action is directly
required for mediating gene expression
changes that underlie learning and mem-
ory formation remained to be elucidated.
To explore these questions, we chose to
use the mushroom body (MB) in the
Drosophila brain as a well-characterized
model to study cognitive function in vivo.
The MB is ideal for studying the tran-
scriptional regulation of cognitive inter-
neuronal development because it is highly
plastic and forms discrete and stereotypi-
cal axonal projections that are easily visu-
alized and tractable (Fig. 1). Moreover,
MB neurons function to control multiple
experience driven behavioral and cogni-
tion linked functions such as olfactory
learning, decision making under uncertain
conditions and courtship conditio-
ning.60-64 The MB is comprised of the
neuronal Kenyon cells (KC) that undergo
ordered differentiation to generate 3 types
of neurons, the a/a 0, b/b0 and g neu-
rons.65 Each neuron projects dendrites
that comprise the large dendritic field
termed the calyx and an axon that travels
anteroventrally to generate the a/a 0 lobes
and medially to form the b/b0 and g
lobes. During fly development, the a/b,
a 0/b0 and g neurons undergo considerable
structural reorganization.66,67 During
metamorphosis, the g neurons undergo a
stereotypical process of axon destruction
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where the axons are dramatically pruned
back to the peduncle and subsequently re-
extend medially during pupal remodel-
ing.68,69 These remodeling events rely on
activity dependent refinement of neural
circuits that lay the foundation for sus-
tained synaptic plasticity5 in mature ani-
mals. This process is critical for organisms
to learn from changing environmental
stimuli and to remember critical concepts
learned. One such complex behavioral
learning paradigm that the Drosophila MB
functions in is termed courtship condi-
tioning. This cognitive process requires
multimodal external sensory input, involv-
ing chemosensory, mechanosensory, visual
and olfactory pathways and is thus well
suited to study experience dependent syn-
aptic plasticity involved in learning and
memory.70-73 The ease and reproducibil-
ity of the courtship conditioning learning
and memory assay, and the vast array of
genetic tools that enable targeted gene
expression manipulation to specific subre-
gions of the MB74-76 make the MB a pow-
erful model system for molecular
dissection of the morphological and func-
tional circuitry underlying experience
driven cognitive plasticity.

In this study by Xu et al., we set out to
test the hypothesis that Tip60 HAT action
plays an epigenetic-based transcriptional
regulatory role in cognitive function using
the MB as a well-characterized cognitive
model system. We found that Tip60 is
widely produced throughout the adult

brain, including the mushroom body
(MB) lobes. Robust levels of Tip60 are
localized within the nucleus of the Kenyon
cells with reduced levels found localized
within the cytoplasm. In addition to the
Kenyon cells, Tip60 is also detected in the
a/a 0, b/b0 and g lobes. Furthermore,
while expression of a wild-type version of
Tip60 (Tip60WT) in the MB using the
MB specific OK107 driver reveals no
defects in adult MB morphology, targeted
MB expression of dominant negative
HAT mutant Tip60 (Tip60E431Q) causes
significantly thinner and shorter a/a 0,
b/b’ and g lobes, indicative of axonal out-
growth impairment. The defects in the a
and b lobes are observed in both sides of
the brain in the dTip60E431Q mutants,
indicating that the axonal defects are com-
mon to both the brain hemispheres.
Importantly, no defects are observed in
third instar larvae MB expressing either
HAT mutant Tip60E431Q or Tip60WT,
suggesting that Tip60 HAT activity is crit-
ical exclusively for adult MB development.
We next tested whether Tip60 is required
for MB function in learning and memory
using the conditioned courtship suppres-
sion assay. Expression of either HAT
mutant Tip60E431Q or wild-type
Tip60WT in the MB does not impact the
ability of flies to learn. In direct contrast,
both loss and gain of Tip60 HAT levels in
the MB result in impairment of immedi-
ate recall memory, indicating that appro-
priate levels of Tip60 are required for

memory formation (Table 1). Consistent
with the experience dependent memory
formation deficits we observed, our ChIP-
Seq analysis reveals that Tip60 target
genes are enriched for functions in activity
dependent cognitive processes, and that
key genes representing these pathways are
downregulated in the Tip60 HAT mutant
fly brain with concomitant loss of Tip60
binding and Tip60 mediated histone acet-
ylation marks at these specific gene loci
(our unpublished results). Based on these
data, we propose that misregulation of
Tip60 mediated acetylation in the adult
fly MB leads to aberrant changes in the
chromatin landscape, causing epigenetic
misregulation of genes that are induced
following patterned synaptic stimulation,
such as behavioral experiences. Such genes
are thereby unable to carry out their func-
tion in converting the activity in neural
circuits into shaping synaptic connections
in the brain that allow for accessible mem-
ories. Interestingly, while we do observe
that Tip60 HAT loss in the fly MB causes
defects in adult but not larval MB axonal
outgrowth, excess wild-type Tip60 HAT
activity in the fly MB shows no obvious
general developmental defects in both lar-
val and adult stages. However, despite the
lack of developmental defects, we find the
memory in the Tip60WT flies is impaired
as dramatically as in the HAT mutant
Tip60E431Q flies. We speculate that such
memory impairment is due to disruption
of Tip60 mediated cellular acetylation
homeostasis with subsequent negative
consequences on MB synaptic connec-
tions, a model that our laboratory is cur-
rently exploring using higher resolution
assays. Of note, our ChIP-Seq analysis
also revealed a fraction of Tip60 target
genes that function in general neural
development. Moreover, while we observe
no defects in third instar larval MB in
response to loss or gain of Tip60, we do
observe axonal outgrowth defects in the
Tip60 HAT mutant adult MB. Therefore,
we do not rule out the possibility that loss
of Tip60 also causes transcriptional
defects in genes required for general adult
MB development, thereby compromising
MB neuron function in memory.

Histone acetylation plays a critical role
in cognitive function,7,34,48,77 and accord-
ingly, reduced histone acetylation levels

Figure 1. Drosophila mushroom body (MB) neurons co-immunostained with antibodies that label
Tip60 shown in green and Fasciclin II (Fas II) shown in red. Fas II is a cell adhesion molecule that is
expressed strongly in the MB a/b lobes and weakly in the g lobe in the MB of the adult fly brain.
Appropriate levels of Tip60 are required for axon outgrowth in the adult DrosophilaMB.
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are found in the brains of animal models
for multiple types of neurodegenerative
diseases, including Alzheimer’s disease
(AD).8 Thus, we hypothesized that
increasing Tip60 HAT levels in the brain
would rescue AD associated cognitive defi-
cits potentially resulting from APP expres-
sion in the MB. To test this hypothesis,
we again used the conditioned courtship

suppression assay to assess learning and
memory, this time using our Tip60;APP
Drosophila model that co-expresses equiv-
alent levels of dTip60WT or dTip60E431Q

with either APP or APP-dCT (APP lack-
ing the C terminus that forms the tran-
scriptional regulatory Tip60/AICD
complex).78 We find that flies exhibit
both learning and short-term memory

defects when APP expression is targeted to
the fly MB using GAL4 driver OK107. In
direct contrast, equivalent levels of MB
targeted APP-dCT expression causes no
impairment in either learning or memory,
indicating that APP induced cognitive
deficits are dependent upon the presence
of the Tip60 interacting C-terminus of
APP. Of note, we find that targeted wild-
type MB Tip60WT expression alone causes
no learning deficits but does cause mem-
ory impairment and accordingly, these
same phenotypes (Table 1) are recapitu-
lated when APP-dCT that exhibits no
phenotype on its own, is co-expressed
with Tip60WT. Importantly, our studies
reveal that targeted expression of wild-
type Tip60WT in the fly MB rescues APP
induced learning and memory deficits
while MB expression of HAT mutant
Tip60 does not rescue these APP induced
deficits. Together, these findings indicate
that Tip60 rescue of APP induced learn-
ing and memory defects is dependent
upon a functioning Tip60 HAT
domain.59,79 Our results support a neuro-
protective role for Tip60 HAT activity
that protects and/or promotes cognitive
function under APP induced neurodegen-
erative conditions.

An important question to be addressed
from our findings is how does Tip60 res-
cue both the learning and memory deficits
caused by targeted APP expression in the
MB? A clue to answering this question is
the recent observations that histone acety-
lation is significantly reduced in the brains
of animal models for a variety of neurode-
generative disorders.80 Accordingly, our
recent findings reveal that histone acetyla-
tion is significantly reduced in the brains
of APP expressing flies (our unpublished
results) with concomitant loss of cognitive
gene expression and induction of apopto-
tic cell death genes.30,43 Moreover,
increasing Tip60 levels under APP condi-
tions rescues these gene expression profiles
and their Tip60 mediated histone acetyla-
tion marks. Consistent with our findings,
recent studies have demonstrated that
Tip60 not only functions as a transcrip-
tional co-activator but also as a co-repres-
sor. While the exact mechanism for how
Tip60 represses gene expression remains
unclear, in some instances it has been
shown to occur via direct recruitment and

Figure 2. Model for the molecular events underlying rescue of APP learning and memory deficits
by Tip60 HAT action under APP induced neurodegenerative conditions. Loss of Tip60 HAT activity
(Tip60MUT) disrupts neural epigenetic histone acetylation signatures in the adult DrosophilaMB Ken-
yon cells. Such changes in the chromatin landscape result in repression of cognitive genes, causing
impairment of MB axonal outgrowth and synaptic connections with concomitant learning and
memory deficits. Increasing cellular levels and/or enzymatic activity of specific HATs like Tip60
under APP neurodegenerative conditions might epigenetically reprogram cognitive gene cassettes
that together, function to promote neuroprotection. As illustrated here, under APP induced neuro-
degenerative conditions, HAT competent Tip60 (Tip60WT) exerts neuroprotective effects either
alone, or by complexing with AICD to epigenetically reprogram gene expression profiles via tar-
geted histone acetylation that in turn, protects and/or promotes MB function. Graphic design and
illustration of model figure by Cameryn S. Richards.

Table 1. Tip60 induced defects on MB axonal outgrowth and/or learning and memory function
Drosophila adult flies

Genotype Effect on MB Learning defect Memory defect

Tip60 HAT mut Partial defect No Yes
APP Partial defect Yes Yes
APP; Tip60HAT mut Complete loss Yes Yes
Tip60OE No effect No Yes
APP; Tip60OE Minor defect No No

MB directed expression of HAT defective mutant Tip60 (Tip60HAT mut) causes MB axonal outgrowth
defects and memory deficits. APP overexpression flies display a similar level of MB structural and func-
tional defects in both learning and memory. These impairments are exacerbated in flies that co-
express Tip60 HAT mutant with APP (APP;Tip60HAT mut) resulting in more severe MB morphological
defects and learning and memory dysfunction. Tip60 overexpression results in memory defects with
no significant effects on MB axonal structure, indicating appropriate levels of Tip60 are critical for
memory formation. MB overexpression of Tip60 in conjunction with APP (APP;Tip60OE) flies rescues
both learning and memory deficits and MB morphological defects possibly via epigenetic reprogram-
ming of cognition linked expression profiles.
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interaction of Tip60 with transcriptional
silencers and/or histone deacetylases.81,82

Based on these findings, we propose a
model by which increased levels of Tip60
in the APP fly brain “resets” the histone
acetylation chromatin landscape to medi-
ate epigenetic reprogramming of gene
expression programs via their activation or
repression that in turn, protect and/or
promote MB function in learning and
memory (Fig. 2). Tip60 might exert such
gene reprogramming either by itself or by
forming complexes with other peptides
like AICD for its recruitment to select
genes via promoter bound TFs such as
those we identified in our ChIP-Seq analy-
sis. Indeed, other HATs have been shown
to exert neuroprotective effects under neu-
rodegenerative conditions in a similar
fashion. For example, CBP was shown to
ameliorate learning and memory deficits
in a mouse AD model by increasing brain
derived neurotropic factor (BDNF) 38

while p300 but not HDAC inhibitors was
found to promote axonal regeneration by
inducing axonal outgrowth genes.83 It is
important to consider that modulation of
specific HAT levels and/or activity might
epigenetically reprogram multiple specific
genes that function together to produce a
neuroprotective effect, as suggested by our
ChIP-Seq analysis for Tip60.7,34 There-
fore, it will be critical to identity the full
array of these genes to further dissect their
neuroprotective nature for more effective
design of specific HAT based therapeutic
strategies.

Another important question to con-
sider is how does Tip60 respond to
external cues to mediate a transcrip-
tional response in neurons? Neural
activity has been shown to modulate
chromatin acetylation in hippocampal
neurons in part, by controlling shuttling
of certain HDACs in and out of the
nucleus that influences their activity in
gene control.3,84 Intriguingly, we
observe both cytoplasmic and nuclear
localization for the HAT Tip60 in
activity dependent fly neuronal circuits
that include the NMJ synaptic bou-
tons44 and MB Kenyon cells. Thus, it
is possible that external stimuli that is
read as synaptic input might induce
Tip60 shuttling into the nucleus that in
turn, influences the neural epigenetic

acetylation landscape and gene activity,
a model that unpublished data from
our laboratory supports. Future investi-
gations into elucidating the mechanisms
underlying Tip60 HAT function in
experience driven cognitive function
should serve as the foundation when
exploring the utility of specific HAT
activators that could potentially compli-
ment existing non-invasive behavioral
strategies for early therapeutic interven-
tion of cognitive disorders.
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