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Proteins containing a methyl-CpG-binding domain

(MBD) bind 5mC and convert the methylation pattern

information into appropriate functional cellular states.

The correct readout of epigenetic marks is of particular

importance in the nervous system where abnormal

expression or compromised MBD protein function, can

lead to disease and developmental disorders. Recent

evidence indicates that the genome of Drosophila

melanogaster is methylated and two MBD proteins,

dMBD2/3 and dMBD-R2, are present. Are Drosophila

MBD proteins required for neuronal function, and as

MBD-containing proteins have diverged and evolved,

does the MBD domain retain the molecular properties

required for conserved cellular function across species?

To address these questions, we expressed the human

MBD-containing protein, hMeCP2, in distinct amine neu-

rons and quantified functional changes in sleep circuitry

output using a high throughput assay in Drosophila.

hMeCP2 expression resulted in phase-specific sleep loss

and sleep fragmentation with the hMeCP2-mediated

sleep deficits requiring an intact MBD domain. Reduc-

ing endogenous dMBD2/3 and dMBD-R2 levels also

generated sleep fragmentation, with an increase in

sleep occurring upon dMBD-R2 reduction. To examine if

hMeCP2 and dMBD-R2 are targeting common neuronal

functions, we reduced dMBD-R2 levels in combination

with hMeCP2 expression and observed a complete res-

cue of sleep deficits. Furthermore, chromosomal binding

experiments indicate MBD-R2 and MeCP2 associate

on shared genomic loci. Our results provide the first

demonstration that Drosophila MBD-containing fam-

ily members are required for neuronal function and

suggest that the MBD domain retains considerable func-

tional conservation at the whole organism level across

species.
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Gene expression and even more fundamentally, DNA
architecture, is controlled by chemical modifications in his-
tone proteins and DNA. In plants, vertebrates and more
recently in Drosophila, the chemical mark is an added methyl
group at position 5 of cytosine (5mC) (Capuano et al. 2014;
Gehring 2013; Schubeler 2015; Takayama et al. 2014; Varriale
2014; Zilberman 2008). Most methyl-CpG-binding domain
(MBD)-containing proteins bind methylated DNA and func-
tion to translate the chemical modification into appropriate
cellular states (Bogdanovic & Veenstra 2009; Fatemi &
Wade 2006; Sasai & Defossez 2009). By interacting with
diverse partners, MBD-containing proteins regulate the
differentiation and function of a cell by maintaining or alter-
ing chromatin structure, interpreting genomic imprinting,
gene-specific transcriptional activation/repression and con-
trolling RNA splicing (Chahrour & Zoghbi 2007; Lyst & Bird
2015; Samaco & Neul 2011). Because of this wide array of
nuclear functions, MBD-containing proteins and in particular,
the MBD family member, methyl-CpG-binding protein 2
(MeCP2), have been described as genome-wide modulators
of gene expression and cellular differentiation (Cohen et al.
2011; Della Ragione et al. 2012; Skene et al. 2010; Yasui
et al. 2013). Alterations in MeCP2 levels, either through
loss-of-function mutations or gene duplication, results in
the postnatal neurodevelopmental disorders, Rett syndrome
(RTT) and MeCP2 duplication syndrome. The MeCP2 dysreg-
ulation is also an important component of neuropsychiatric
and neurological disorders ranging from Alzheimer’s and
Huntington’s to depression and drug addiction (Ausio et al.
2014; Hutchinson et al. 2012; Lv et al. 2013; Ramocki et al.
2009; Zimmermann et al. 2015).

One prevalent phenotype among children with alterations
in MeCP2 function and a common feature of neurode-
generative disease and neuropsychiatric disorders is sleep
abnormalities (Angriman et al. 2015; Kakkar & Dahiya 2015;
McCarthy & Welsh 2012; Musiek et al. 2015). Such sleep
impairments include delays in the onset of sleep, alterations
in total sleep and frequent wakings resulting in fragmented
sleep (Cortesi et al. 2010; Nomura 2005; Piazza et al. 1990;
Souders et al. 2009; Young et al. 2007). Recently, it has
become increasingly clear that epigenetic factors play fun-
damental roles in transcriptional and post-transcriptional
regulation within the circadian clock network (Liu & Chung
2015; Qureshi & Mehler 2014). For example, mouse stud-
ies indicate that day length changes alter promoter DNA
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methylation within the suprachiasmatic nucleus (SCN) and
in humans methylation levels display a 24-h rhythmicity
(Angriman et al. 2015; Azzi et al. 2014; Kakkar & Dahiya
2015). In Drosophila, many oscillatory transcripts including
several non-coding RNAs have been identified (Hughes et al.
2012); in mice, two miRNAs, miR-134 and miR-132, are
implicated in circadian regulation, MeCP2 regulates miR-134
processing in the brain, and finally the levels of MeCP2 are
regulated during the circadian cycle (Alvarez-Saavedra et al.
2011; Cheng et al. 2014; Gao et al. 2010). Therefore, as sleep
is a relevant behavior at the molecular and phenotypic level,
we used the well-characterized sleep paradigm in Drosophila
to ask if MBD-containing protein family members from
different species retain the functional conservation required
for neuronal output.

Sleep and arousal are regulated by multiple neurotransmit-
ters including octopamine (OA), dopamine, 𝛾-aminobutyric
acid, and serotonin (5HT) through different but interacting
circuits (Cirelli 2009; Crocker & Sehgal 2010; Potdar & Sheeba
2013). Because of the defined role of OA (the invertebrate
homolog of mammalian noradrenaline) in promoting wake-
fulness, we manipulated the OA system through a series of
experiments. First, we expressed human MeCP2 (hMeCP2,
the e2 isoform) and examined the cell-type specific effects
on OA neuron function. hMeCP2 was selected due to the
extensive characterization of its MBD domain, the avail-
ability of a series of hMeCP2 alleles capable of conditional
expression in Drosophila, and the opportunity to examine
if MBD domain function is conserved from fly to human.
We found that hMeCP2 expression in Drosophila leads to
phase-specific sleep deficits, increased sleep latency and
sleep fragmentation. To separate the role of disrupted amine
production vs. disrupted neuron function, we expressed
hMeCP2 in OA neurons that lacked OA and established that
a portion of the nighttime sleep reduction is dependent on
amine function. Next by using multiple MeCP2 alleles includ-
ing the RTT-causing allele, MeCP2R106W, we determined that
the MBD domain is required for the MeCP2-mediated sleep
deficits.

Second, as the Drosophila genome contains two proteins
with extended homologies to vertebrate MBD family mem-
bers and the recent confirmation of cytosine methylation in
Drosophila, we asked if reducing dMBD2/3 and dMBD-R2
could also change the function of OA neurons. As with
hMeCP2 expression, sleep fragmentation occurred upon
dMBD2/3 and dMBD-R2 manipulation. If OA neuron function
is altered because of the targeting of similar or the same
genomic areas by hMeCP2 and the endogenous MBD pro-
teins, then reducing dMBD2/3 or dMBD-R2 in conjunction
with hMeCP2 expression should decrease or eliminate the
hMeCP2-mediated sleep deficits. Our results indicate the
phase-specific sleep deficits that occur because of hMeCP2
are rescued with a concomitant reduction in dMBD-R2 and
by labeling third instar larval polytene chromosomes, we
found that hMeCP2 and dMBD-R2 accumulate together at
distinct chromosomal bands. Finally, increasing the expres-
sion of dMBD2/3 in OA neurons decreased phase-specific
sleep levels in the same manner as hMeCP2 expression.
Taken together, our results provide the first demonstration
that a reduction in Drosophila MBD-containing proteins

can alter neuron output and indicate conservation in the
cell-specific functions of epigenetic translators.

Materials and methods

Drosophila stocks
Canton-S, Upstream Activating Sequence (UAS)-Red Stinger (BL
8545, BL 8546), UAS-mCD8:GFP (BL 5130), UAS-MBD-R2-IR
(IR= inverted repeats) (BL 30481), UAS-dMBD2/3-IR (BL 35347),
UAS-EP1112 (BL 16987) and UAS-EP04582 (BL 15753) were
obtained from the Bloomington Stock Center (Bloomington, IN,
USA). Tested Enhancer and Promoter (EP) lines obtained from
the Kyoto Stock Center include DGRC Nos. 201-693, 204-320 and
206-139. The UAS-MeCP2, UAS-MeCP2R294X, UAS-MeCP2R106W

and UAS-MeCP2Δ166 lines were generously provided by Juan Botas
(Cukier et al. 2008). dTdc2-Gal4 was obtained from Jay Hirsh (Cole
et al. 2005), th-Gal4 was provided by Sirge Birman (Friggi-Grelin et al.
2003) and trh-Gal4 was a gift from Olga Alekseenko (Alekseyenko
et al. 2010).

Husbandry
All fly stocks were maintained in a temperature (25∘C) and humidity-
controlled (∼50%) environment on a standard cornmeal-based
medium (agar, cornmeal, sugar, yeast extract, Triton X). During
development and post-eclosion, all flies were entrained to standard
12–12 h light:dark (L:D) conditions under 1400±200 lx fluorescent
light intensity. Transgenic control males were generated by crossing
Canton S females with males from the respective UAS- or gal4-lines.
Before experimentation, male pupae were isolated and aged individ-
ually in 16× 100 mm2 borosilicate glass tubes containing standard
food medium described above.

Behavioral analysis
For activity and sleep monitoring, 2- to 3-day-old socially naive males
were transferred to 65×5 mm2 glass tubes with 15 mm food on one
end and a cotton plug on the other. Flies were transferred under
CO2 anesthesia and allowed 24-h to recuperate and acclimatize to
new housing conditions before data collection. The locomotor activ-
ity counts were recorded for both control and experimental males
using Drosophila Activity Monitoring system (Trikinetics, Waltham,
MA, USA) for a period of 10 consecutive days at 1-min bin acquisi-
tion mode. Count data for the first and the last day were removed to
minimize mechanical noise. Data from 8 consecutive days were ana-
lyzed further using Counting Macro 5.19.5 (CM) program generously
provided by R. Allada (Northwestern University, Evanston, IL, USA).
Various indices of sleep including temporal organization, duration and
latency of sleep and the number and length of sleep bouts were ana-
lyzed as described previously (Pfeiffenberger et al. 2010). Sleep was
defined as complete inactivity for a period of 5 consecutive minutes
(Shaw et al. 2000). Graphs were generated with Graphpad Prism 6
(La Jolla, CA) and Adobe Illustrator CS5.

Immunohistochemistry and imaging
Adult male brains were dissected and fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) for 40 min and labeled as
described previously (Certel et al. 2010). The following primary anti-
bodies were used: rabbit anti-MeCP2 (1:30, Cell Signaling Technolo-
gies, Danvers, MA), mouse anti-MeCP2 (1:500, Abcam, Cambridge,
UK), rat anti-CD8 (1:100, Molecular Probes, Eugene, OR), monoclonal
rabbit anti-GFP (1:200, Molecular Probes), mouse nc82 (1:100) and
anti-MBD-R2 (1:200) (Prestel et al. 2010). Secondary antibodies
include Alexa Fluor 488-conjugated donkey anti-mouse, Alexa Fluor
594-conjugated goat anti-rabbit, Alexa Fluor 647-conjugated donkey
anti-mouse, Alexa Fluor 488-conjugated goat anti-rat cross-adsorbed
antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA,
USA). Brain samples were mounted in a drop of Vectashield™ (Vector
Laboratories Inc, Burlingame, CA, USA) and images were collected
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on an Olympus Fluoview FV1000 laser scanning confocal mounted
on an inverted IX81 microscope and processed with ImageJ 1.33
(NIH) and Adobe Photoshop (Adobe, San Jose, CA, USA).

Polytene chromosome immunofluorescence
For Drosophila polytene chromosomal preparation and immunoflu-
orescence, third instar larvae raised at 25∘C and dissected in 0.1%
Triton X-100 solution in phosphate buffer saline (PBS). Salivary glands
were placed in 250 μm of solution 2 (3.7% paraformaldehyde, 1%
Triton X-100 in PBS) for 30–45 seconds. Solution 2 was replaced with
solution 3 (3.7% paraformaldehyde, 50% acetic acid) for another
2 min. Salivary glands were pipetted along with 20 μl of solution 3
on siliconized glass cover slips and picked up onto a poly-L-lysine
coated slide (Sigma, St. Louis, MO), tapped to aid chromosomal
spreading and frozen in liquid nitrogen. Cover slips were removed
and slides were processed for IF as described previously (Capel-
son et al. 2010). Mouse 𝛼-MeCP2 was used at 1:100 and rabbit
anti-dMBDR2 at 1:200 (a gift from Dr Peter Becker). Secondary anti-
bodies include Alexa Fluor 594-conjugated goat anti-rabbit and Alexa
Fluor 647-conjugated donkey anti-mouse for spectral non-overlap
with 4′,6-diamidino-2-phenylindole (DAPI) (1 μg/ml) which was used
as a DNA counterstain. Polytene samples were mounted in a drop
of Vectashield™ and imaged as described previously. Images were
processed for background subtraction and contrast enhancement
with contrast-limited adaptive histogram equalization in ImageJ.
Theoretical point spread function was calculated for images used for
colocalization analysis followed by an iterative 2D deconvolution for
each channel (macro code and algorithm parameters are available
upon request). Pearson’s correlation coefficient (PCC) and Manders
colocalization coefficient (MCC) were estimated and then PCC
was statistically evaluated against randomized images using Costes’
randomization methods (Costes et al. 2004). Percentile-based thresh-
olding was applied to segment polytene chromosomes from the
background for MCC calculations within the JaCoP plugin for ImageJ.

Quantitative reverse transcription polymerase chain

reaction
dMBD2/3 and dMBD-R2 expression levels were measured quan-
titatively by quantitative reverse transcription polymerase chain
reaction (RT-qPCR). Heads from socially naive 3- to 5-day-old adult
males from control and experimental (n-syb-Gal4;UAS-dMBD2/3-IR
and n-syb-Gal4;UAS-dMBD-R2-IR)groups were extracted under
CO2 anesthesia and frozen immediately in sets of three in 1.5-ml
Eppendorf tubes kept in dry ice. Total RNA from each pool (∼35
heads/pool) was isolated by Tri-Reagent (Molecular Research Cen-
ter, Cincinnati, OH, USA). The RNA samples were DNase treated
and reverse transcribed as described previously (Hess-Homeier
et al. 2014). The qPCR reactions were carried out in quadru-
plicate for each gene and genotype on an Agilent Stratagene
Mx3005P platform using following thermal protocol: 95∘C – 10 min;
40× (95∘C – 30 seconds; 53∘C – 1 min; 72∘C – 1 min) followed
by 0.5∘C stepwise increment from 65 to 95∘C. Cyclin-dependent
kinase 2 (Cdc2c) reference gene was used for data normaliza-
tion. Expression levels were calculated using the ΔCT method.
dMBD-R2 expression was quantified from the total head RNA using
the following primer pair: F: 5′-GGCCAGTTTGGATATAGCATCCC-3′

and R: 5′-GCACGATAACAGTGGGTTTCTGG-3′. For dMBD2/3, the
primers used were: F: 5′-AGAAGCGACTGGAACGACTACG-3′ and R:
5′-CGGTCTGTTCGTTGACATTGGG-3′.

For cdc2c reference gene, pre-designed exon-spanning primer
pair PP1255 was used from the FlyPrimerBank: F: 5′-CGAGGGCAC
CTACGGTATAGT-3′ and R: 5′-CGCCTTCTAGCCGAATCTTTTTG-3′.

Using the same experimental protocol, total RNA was recovered
from UAS-AP-1muEP1112 (BL#16987) controls and tdc2-gal4;UAS-
AP-1muEP1112 experimental males. The tdc2-gal4 driver was used as
n-syb-Gal4;UAS-AP-1muEP1112 males had subpar viability. dMBD2/3
expression was quantified using F: 5′-ACTGCCCAAGACCATAC-3′ and
R: 5′-TGTCGTCCTCCGAAATG-3′. The RPL32 expression was used
as a reference in the EP line qPCR reactions and was amplified using
the following primer set, F: 5′-ATGCTAAGCTGTCGCACAAATG-3′

and R: 5′-GTTCGATCCGTAACCGATGT-3′. The qPCR reactions were

carried out in quadruplicate for each gene and genotype on an
Agilent Stratagene Mx3005P platform using following thermal
protocol: 95∘C – 10 min; 40× (95∘C – 30 seconds; 55∘C – 1 min;
72∘C – 1 min) followed by 0.5∘C stepwise increment from 65 to
95∘C.

High performance liquid chromatography
For high performance liquid chromatography (HPLC) analysis, brains
from socially naive 3- to 5-day-old adult males from control and exper-
imental groups were dissected in ice-cold PBS (137 mM NaCl/2.7 mM

KCl/10 mM Na2HPO4/1.8 mM KH2PO4, pH 7.4) and frozen immediately
in sets of three in 1.5-ml Eppendorf tubes at −20∘C. To measure OA
levels from the central brain, the photoreceptors were removed in all
dissections. Each pool of brains (n=15) was homogenized in 150 μl of
ice-cold 0.05 M perchloric acid containing 30 ng/ml 3,5-dichlorobenzoic
acid (DBA) and chilled on ice before analysis. Immediately before anal-
ysis, the samples were centrifuged at 14 100 g for 20 min at 4∘C.
The supernatant was removed and 50 μl was injected into the HPLC.
Amine levels were measured with an ESA CoulArray Model 5600A
HPLC with electrochemical detection equipped with a C18 column
(Varian, Palo Alto, CA), and a 200 μl loop (Rheodyne, Sigma). The
flow rate was set at 0.8 ml/min. The mobile phase was composed
of 10% acetonitrile (HPLC grade, Fisher, Hampton, NH), 14.18 g
monochloroacetic acid, 4.80 g NaOH (pH adjusted to 3.0–3.5 with
glacial acetic acid), and 0.301 g sodium octyl sulfate in 1000 ml of ster-
ile, polished water and filtered with 0.2 μm filter. The electrodes were
set at−50, 0, 100, 200, 300, 400, 500, 600, 700, 800, 900 and 920 mV.
The OA was detected in the 600-mV channel. Retention times and
concentrations of the amines were determined by comparison to a
standard composed of 80, 160, 320, 800 and 1200 pg of octopamine
hydrochloride in 0.1 M perchloric acid containing 30 ng/ml DBA. The
data from three groups of pooled males (n=15 in each pool) were
averaged. Peaks were identified based on elution times.

Statistical analysis
One-way analysis of variance (ANOVA) with Holm–Sidak’s multiple
comparisons test was used to evaluate the effects of genotype on var-
ious sleep parameters in three or more groups. Multiplicity-adjusted
P-values are obtained for each pairwise comparison and only the
most conservative/numerically higher values are reported here.
Data were examined for Gaussian distribution and homogeneity
of variance using D’Augustino Pearson omnibus normality test and
Brown–Forsythe test, respectively. Data were log-transformed or
central limit theorem was assumed for datasets with n>30 in case
of violations of assumptions of normality. Otherwise, non-parametric
Kruskal–Wallis with Dunn’s post hoc test was used. Generalized
Extreme Studentized Deviate (ESD) test (Rosner 1983) was used to
examine outliers. Results are presented as either mean± standard
error of the mean (SEM) or mean± consolidation index (CI) as
indicated in the text.

The CI is defined as a weighted average bout length where each
sleep bout was weighted according to its duration in minutes. To cal-
culate the CI, we summed the square of all sleep bout lengths (in
minutes) and divided by the total amount of sleep according to Pit-
man et al. (2006). This calculation reduces the influence of transient
awakenings during the sleep phase. The empirical cumulative distri-
bution function (ECDF) for sleep bouts was plotted using the ecdf
function in MATLAB (The MathWorks, Natick, MA, USA).

Ordinary two-way multivariate ANOVA (MANOVA) was carried out in
SPSS23 (IBM, Armonk, NY) using the general linear model proce-
dure to explore interactions between the effect of hMeCP2 and
dMBDs on linear composite of various measures of sleep. Multi-
variate outliers were detected for all sleep parameters based on a
chi-square distribution using Mahalanobis distance (MD). Cases with
MD>18.47 (critical 𝜒2 value assessed at P <0.001, df=4) were
identified as outliers and removed. Box–Cox transformed dependent
variables (i.e. total sleep, waking activity, CI and number of sleep
bouts) were auto-scaled for the purposes of scale standardization
and univariate outliers were identified using +3.0 z-score criterion.
Multi-collinearity was checked against the variance inflation factor
(threshold=5). As our dataset contained an unbalanced design
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(unequal sample size across groups), and violated the assumption
of homogeneity of covariance matrices, Pillais’ trace criterion (which
is most robust to such violations) was reported. These results
were cross-validated by employing a non-parametric or permutation
MANOVA (NPMANOVA/PERMANOVA) in PASTv3.09 (PAleontological
STatistics) (Hammer et al. 2001) which is insensitive to such violations
(Anderson 2001).

Homology modeling
The SWISS-MODEL template library (SMTL version 2015-04-15, PDB
release 2015-04-17) was searched with Blast (Altschul et al. 1997)
and HHBlits (Remmert et al. 2012) for evolutionary-related structures
matching the target MBD amino acid sequence for both MBD-R2
and MBD2/3. The templates with the highest quality predicted from
features of the target-template alignment were then selected for
model building. Models were built based on the target-template
alignment using Modeller (Sali & Blundell 1993) within the UCSF
Chimera package (Pettersen et al. 2004). The model quality/reliability
was assessed using the z-DOPE (Shen & Sali 2006) and GA341 (Melo
et al. 2002) scoring functions through ModEval Model Evaluation
Server (http://modbase.compbio.ucsf.edu/evaluation/).

Results

MeCP2 expression in octopamine neurons results

in fragmented and reduced sleep

Examining sleep output in fruit flies provides an ideal
paradigm for investigating the role of MBD proteins in neu-
ronal function for several reasons. First, numerous behavioral
parameters can be quantified in a large cohort of genetically
identical control and experimental populations (Bellen et al.
2010; Venken & Bellen 2014). Second, behavioral output can
be measured at the single minute level, which provides a
formidable temporal resolution of function, and finally this
functional output is responsive to changing environmental
stimuli thus requiring an active readout of the neuronal
nuclear state.

To determine if MeCP2 expression in distinct amine neu-
rons can alter sleep–wake circuitry function, we used the
Gal4-UAS gene expression system and previously generated
UAS-hMeCP2 transgenic lines (Cukier et al. 2008). As nore-
pinephrine and OA regulate sleep levels by promoting wake-
fulness (Crocker & Sehgal 2008; Mitchell & Weinshenker
2010; Robbins 1997), we expressed hMeCP2 (the MeCP2e2
isoform) in OA/tyramine (TA) neurons via the tyrosine decar-
boxylase2 (tdc2)-gal4 driver (Cole et al. 2005) (Fig. 1a,a′) and
quantified sleep–wake patterns, sleep onset, duration and
the quality of sleep over a 10-day period using a standard auto-
mated high-throughput activity monitoring system (Ho & Seh-
gal 2005) (Drosophila Activity Monitor, Trikinetics). Groups of
experimental and control adults were assayed concurrently.

Adult males expressing hMeCP2 in OA neurons exhibited
specific deficits in sleep quantity and quality including a sig-
nificant reduction in total sleep as compared with transgenic
controls (tdc2-gal4/+ and UAS-hMeCP2/+) and the nuclear
protein expression control (tdc2-Gal4;UAS-dsRed ) (Fig. 1b).
This sleep reduction occurred during day and nighttime
frames (Zeitgeber hours ZT04-10 and ZT14.5-22) (Fig. 1c,d).
A comparison across the 10-day assay time and replicate
groups indicating the consistency of the hour-specific deficit
is provided in Fig. S1, Supporting Information. We found that

the sleep of hMeCP2-expressing males was fragmented as
measured by an increase in the average number of sleep
bouts (Fig. 1e) and a significant decrease in the CI, a weighted
measure of average bout length (Fig. 1f, see Materials and
methods). This difficulty in maintaining sleep was also evi-
dent by plotting sleep bout data using the ECDF. The ECDF
shows that longer consolidated bouts of sleep are replaced
with a greater proportion of short sleep bouts in experimental
males but not in controls (Fig. 1g). Experimental males also
displayed a significant reduction in the latency to initiate sleep
(Fig. 1h), suggesting the need for recovery after sleep loss
and homeostatic relevance of the observed sleep deficits.
This sleep loss and hMeCP2 expression in OA neurons in
general did not shorten the lifespan of experimental vs. con-
trol males rather median lifespan is significantly increased
(Fig. S2).

In addition to controlling for expression of a nuclear pro-
tein. We further verified that the sleep defects observed
in tdc2-gal4;UAS-hMeCP2 adults are not because of gen-
eral changes by asking if different sleep deficits occur as a
result of hMeCP2 expression in serotonin neurons (Fig. S3).
Males expressing hMeCP2 in 5HT neurons via the trypto-
phan hydroxylase (trh)-Gal4 line (Alekseyenko et al. 2010) did
exhibit sleep loss similar to hMeCP2 effects in OA neurons
during specific nighttime hours (ZT19-22.5; Fig. S3). However,
the nighttime sleep deficits caused by hMeCP2 expression in
5HT neurons were not accompanied by sleep fragmentation
changes (Fig. S3). The conserved nighttime sleep reduction
suggests that hMeCP2 expression may alter a specific aspect
of neuronal function that is shared by neurons that express
different neurotransmitters, yet other sleep impairments are
cell-specific.

OA is required for a subset of hMeCP2-mediated

sleep deficits

Alterations in the duration of sleep and a reduction in the
latency to initiate sleep are phenotypes observed in flies
lacking OA (Crocker & Sehgal 2008). Therefore, one pos-
sible explanation for this particular sleep deficit is that the
expression of genes necessary for OA synthesis has been
altered. To address this question, we quantified OA lev-
els extracted from the heads of control and experimental
males using HPLC. Heads were removed during the period
of decreased daytime sleep, ZT04-10, to determine if OA
levels changed during the sleep reduction time periods.
The OA concentrations per head did not differ between
control (tdc2-gal4/+;UAS-hMeCP2/+) and experimental
(tdc2-gal4;UAS-hMeCP2) males (Fig. 2a). Although we can-
not rule out the possibility of OA level differences in specific
neurons contributing to sleep deficits, these results show
that a global reduction in OA production does not occur as a
result of hMeCP2 expression.

Although hMeCP2 expression in OA neurons does not
alter OA production, it is possible that the observed sleep
deficits require OA function. To test this possibility, we
expressed hMeCP2 in flies that completely lack OA because
of a null mutation in tyramine-𝛽-hydroxylase (T𝛽hnM18), the
rate-limiting enzyme in OA biosynthesis (Monastirioti et al.
1996). Although the total amount of sleep by OA null
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Figure 1: hMeCP2 expression in OA neurons reduces the sleep of adult males. (a, a′) The hMeCP2 expression (red) in OA
neurons from an adult tdc2-gal4/UAS-mCD8:gfp; UAS-hMeCP2/+ male (anti-GFP, green; mAb nc82, labels neuropil regions, blue).
(b–h) Sleep profiles of individual adult males averaged over 8 days from control and experimental groups. Controls: tdc2-gal4/+ (white),
UAS-hMeCP2/+ (light grey), tdc2-gal4/+;UAS-dsRed/+ (dark grey) and experimental: tdc2-gal4/+;UAS-hMeCP2/+ (red). (b) Total sleep
per 24-h day is reduced in experimental males as compared with controls (Padj =0.0013. One-way ANOVA with Holm-Sidak’s multiple
comparison test was used in all cases, unless otherwise specified, ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, ns: p> 0.05.
(c) Eduction graph displaying 30 min bins of averaged sleep (daytime/light phase: white bar; nighttime/dark phase: black bar, shaded
grey). tdc2-gal4/+;UAS-hMeCP2/+ males displayed a reduction in the average amount of sleep during both day and night (arrows)
as compared with controls. These deficits are quantified in (d) for Zeitgeber hours ZT04-10, (P <0.0001; two-tailed Mann–Whitney
test) and ZT14.5-22, (P <0.0001; two-tailed Mann–Whitney test). (e–g) Sleep fragmentation in males expressing MeCP2 expression
in OA neurons. As compared with controls, the average number of sleep bouts per day (e) is increased (Padj < 0.0001) and weighted
average bout length measured by the CI (f) is reduced significantly in experimental males (Padj <0.0001). (g) The ECDF demonstrating
experimental males exhibit a greater proportion of short sleep bouts as compared with controls. (h) Latency to initiate sleep (the delay
in minutes from the lights OFF to the time to the first sleep bout) is significantly reduced in tdc2-gal4/+;UAS-hMeCP2/+ males as
compared with controls (Padj = 0.0009). Data are shown as means±SEM.
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Figure 2: The loss of OA rescues a subset of hMeCP2-induced sleep deficits. (a) HPLC quantification of OA levels in whole
brain extracts of 3- to 5-day-old adult males collected during ZT04-10. The OA levels between control and experimental groups
did not differ. (b–f) Sleep profiles of individual adult males averaged over an 8-day period from control and experimental groups.
Controls: tdc2-gal4/+ (white bar), UAS-hMeCP2/+ (light grey), t𝛽hnM18 tdc2-gal4 (dark grey) and experimental: tdc2-gal4;UAS-hMeCP2
(red), t𝛽hnM18 tdc2-gal4;UAS-hMeCP2 (yellow). (b) Eduction graph displaying average amount of sleep per 30 min bin (daytime/light
phase: white bar; nighttime/dark phase: black bar) in control and experimental males. hMeCP2-induced sleep deficits (red line) are
restored to control levels in t𝛽hnM18 tdc2-gal4;UAS-hMeCP2 males during ZT14-17.5 (yellow line, arrow). (c) Total sleep increased in the
OA-deficient control males (t𝛽hnM18 tdc2-gal4, black column) as compared with transgenic controls (white/gray columns, Padj =0.0070).
One-way ANOVA with Holm-Sidak’s multiple comparison test was used unless otherwise specified, ****p<0.0001, ***p<0.001,
**p<0.01, *p< 0.05, ns: p>0.05. Expression of hMeCP2 in OA-deficient males (t𝛽hnM18 tdc2-gal4;UAS-hMeCP2, black vs. yellow
columns) returned total sleep values to wildtype levels (Padj =0.6563; one-way ANOVA with Holm–Sidak’s multiple comparison). (d)
The reduction in sleep during ZT04-10 remained in OA-deficient males expressing hMeCP2. The sleep reduction during ZT14-17.5
was completely rescued in the absence of OA (multiplicity-adjusted P-value for pooled controls vs. t𝛽hnM18 tdc2-gal4;UAS-hMeCP2
experimental males; P =0.8447). (e–f) Sleep fragmentation remains in hMeCP2-expressing OA-deficient males. The CI (e) is reduced
significantly in both experimental groups (Padj =0.1658) and the average number of sleep bouts is increased (f) (Padj = 0.2409). (g) No
difference was observed in the waking activity between OA-deficient controls (t𝛽hnM18 tdc2-gal4) and experimental males (t𝛽hnM18

tdc2-gal4;UAS-hMeCP2/+; Padj = 0.6325).
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males expressing hMeCP2 was not different from controls
(Fig. 2c), T𝛽hnM18 tdc2-gal4;;UAS-hMeCP2 males exhibited
daytime hourly specificity in sleep reduction like wildtype
males expressing hMeCP2 (Fig. 2b,d). Strikingly however,
the nighttime sleep deficit (ZT14-17.5) quantified in Fig. 1
is completely rescued in hMeCP2-expressing males that
lack OA (Fig. 2d). This result suggests that OA is required
to translate the hMeCP2-mediated neuronal defects into a
reduction in nighttime sleep during specific hours. Not all
hMeCP2-mediated sleep deficits rely on OA neurotransmit-
ter function, as the CI and sleep bout number alterations
(Fig. 2e,f) were similar between hMeCP2-expressing males
lacking OA or hMeCP2-expressing males with OA.

In contrast to the rescued dark phase sleep reduction,
the daytime sleep deficits observed during ZT04-10 in
tdc2-Gal4;UAS-hMeCP2 adults persisted in males that lack
OA (Fig. 2d). A possible explanation for any sleep reduction
is a concomitant increase in activity. As T𝛽h converts TA to
OA, the absence of this enzyme results in an accumulation
of TA (Hardie et al. 2007; Monastirioti 1999). To determine
if the periods of sleep reduction observed in males lack-
ing OA are because of elevated TA-induced increases in
locomotion rather than hMeCP2 expression, we quanti-
fied activity levels. Changes in waking activity were not
observed in the absence of OA (Fig. 2g). Finally, hMeCP2
expression in the nucleus of OA neurons may provide some
protection against the OA-deficient circuit alterations as the
increase in sleep observed in OA null males is returned to
control levels in the same males now expressing hMeCP2
(T𝛽hnM18 tdc2-gal4;;UAS-hMeCP2) (Fig. 2c, dark gray vs.
yellow column).

The C-terminal region of hMeCP2 is not sufficient

to generate sleep deficits in OA neurons

One approach to understanding the potential targets of
multi-domain containing proteins is to link protein domain(s)
with a corresponding phenotype, therefore, we investigated
which conserved domains are essential in generating the
observed sleep impairments by expressing hMeCP2 alle-
les that lack the C-terminal domain (CTD) and separately
the MBD (Cukier et al. 2008). Because of the relatively
sparse distribution of 5mC methylation in Drosophila, we
first postulated that hMeCP2 exerts its effects through
methylation-independent interactions mediated by the
C-terminal transcriptional repression domain (TRD) and the
CTD. The TRD functions as a recruitment center for several
transcriptional and epigenetic regulators including com-
ponents of the transcription repression machinery Sin3a,
HDAC1 and HDAC2 (Ghosh et al. 2010; Nan et al. 1998),
while the CTD (residues 295–486) contains one or more
chromatin-binding regions (Ausio et al. 2014; Roloff et al.
2003). Together the TRD and CTD domains have been
implicated in nucleosomal clustering, array compaction and
oligomerization, and gene repression (Nikitina et al. 2007). To
remove the C-terminus, we expressed the early truncating
mutation encoded by the hMeCP2R294X allele which is found
in approximately 5–6% of RTT patients (Laccone et al. 2001;
Wan et al. 1999). In the resulting R294X protein, the TRD
is partially truncated and the CTD is completely removed

(Fig. 3a) (Wan et al. 1999). The Gal4-driven protein expression
of UAS-hMeCP2R294X was previously verified by Western
blot analysis (Cukier et al. 2008).

If the sleep deficits observed in males expressing hMeCP2
in OA neurons were mediated through the C-terminus, we
would predict that sleep would be normal in males express-
ing hMeCP2R294X. However, removing TRD and CTD func-
tion, did not eliminate the daytime sleep reduction observed
in tdc2-gal4;UAS-hMeCP2 males, and only a partial recov-
ery in the nighttime sleep deficits occurred (ZT14.5-22,
Fig. 3b,c). Males expressing R294X exhibited a decrease
in the latency to initiate sleep (Fig. 3d) and changes in
sleep architecture (Fig. 3e–g) in a manner similar in males
expressing full-length hMeCP2. Specifically, the number of
sleep bouts and weighted average bout lengths exhibited
by tdc2-gal4;UAS-hMeCP2R294X males remained significantly
different than controls (Fig. 3e,f). These results indicate that
the hMeCP2-induced changes that drive sleep alterations in
the OA neuronal population do not occur primarily through
the CTD and TRD domains.

The N-terminus and MBD domain are necessary

for MeCP2-induced alterations in sleep architecture

We next asked if the majority of the sleep deficits observed
in tdc2-gal4;UAS-hMeCP2 males are because of the con-
served MBD domain. To test this question, we used the
UAS-hMeCP2Δ166 line to express a truncated hMeCP2 allele
that lacks the N-terminal and MBD domain (Cukier et al.
2008) (Fig. 4a,b). We found that the sleep deficits caused by
hMeCP2 expression including the amount of sleep, latency
to sleep, sleep bout number and sleep bout length were
absent in tdc2-gal4;UAS-hMeCP2Δ166 males (Fig. 4c–h). This
lack of sleep defects could be explained if the Δ166 pro-
tein was not expressed, however, hMeCP2Δ166 accumulates
in the nucleus of tdc2-gal4;UAS-hMeCP2Δ166 adult brains
as shown by immunohistochemistry (Fig. 4b). In addition,
previous studies determined that hMeCP2Δ166 is present
along polytene chromosomes, is phosphorylated at amino
acid S423 and is able to cause Drosophila neuronal mor-
phology and dendritic defects (Cukier et al. 2008; Vonhoff
et al. 2012). To determine if the MBD domain itself is
required for the MeCP2-induced changes in sleep output, we
expressed the severe RTT-causing missense hMeCP2R106W

allele.

MeCP2-induced alterations in sleep output are

dependent on the MBD domain

The R106W mutation in the MBD domain impacts the
MeCP2 protein by severely disrupting its ability to bind
methylated DNA (Chapleau et al. 2009; Kudo et al. 2001),
thus potentially altering target gene repression and chro-
matin condensation. Males expressing hMeCP2R106W in
OA neurons (tdc2-gal4;UAS-hMeCP2R106W), completely lack
the sleep deficits including all sleep reductions and frag-
mentation phenotypes caused by wildtype hMeCP2 function
(Fig. 5a–e). These results show that an intact MBD domain is
necessary to cause the hMeCP2-mediated changes in sleep
behavior. Furthermore, if the hMeCP2-induced changes
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Figure 3: hMeCP2-induced sleep deficits remain in males expressing the R294X allele. (a) Schematic depicting the structural
domains MeCP2 and the loss of domains because of the R294X mutation. (b–g) The sleep profiles of control and experimental adult
males averaged over an 8-day period. (b) Eduction graph displaying the average amount of sleep per 30 min bin (daytime/light phase:
white bar; nighttime/dark phase: black bar, shaded grey). Average sleep during Zeitgeber hours ZT04-10 and ZT14.5-22 are quantified in
(c). Males expressing the R294X allele displayed a similar reduction in the average amount of sleep during ZT04-10 as males expressing
the full-length allele (Padj =0.0103). One-way ANOVA with Holm-Sidak’s multiple comparison test was used unless otherwise specified,
****p<0.0001, ***p<0.001, **p<0.01, *p< 0.05, ns: p> 0.05. During ZT14.5-22, the average sleep deficit in males expressing R294X
allele remains reduced as compared with controls (P < 0.0001). This 294X-induced sleep reduction is partially recovered in comparison
to hMeCP2-expressing males (P < 0.0001). (d) Males expressing full-length or R294X alleles exhibited a reduction in the latency to
initiate sleep as compared with controls (Padj = 0.0001). (e–g) Sleep fragmentation in males expressing the full-length MeCP2 and
R294X alleles in OA neurons. (e) The average number of sleep bouts increases to a lesser extent in R294X males as compared with
males expressing full-length MeCP2 (Padj < 0.0001) however, the increase in sleep bouts of tdc2-gal4;UAS-hMeCP2294X is significantly
higher than controls (P < 0.0001). (f) The CI was reduced significantly in both full-length and R294X males as compared with controls
(Padj <0.0001). (g) Experimental males exhibited a greater proportion of short sleep bouts as calculated by the ECDF. Data are shown
as means±SEM.

were a result of non-specific methylation-independent cellu-
lar effects in OA neurons, we would expect the sleep deficits
to remain as was observed in a previous study describing
R106W-induced neuron morphology and motor performance
defects (Cukier et al. 2008). However, our results indicate

that methylation-dependent mechanisms may play a key role
in hMeCP2-induced changes in OA neuron output. Recent
experiments examining hMeCP2-induced motorneuron
dendritic defects also reported an absence of morphology
changes upon R106W expression (Vonhoff et al. 2012).
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Figure 4: Sleep fragmentation and sleep deficits are rescued in males expressing the hMeCP2𝚫166 allele in OA neurons.
(a) Schematic diagram depicting MeCP2 structure and the loss of domains because of the Δ166 truncation. (b) hMeCP2Δ166 (green) is
expressed in adult OA neurons via the tdc2-gal4 driver (tdc2-gal4;UAS-MeCP2Δ166). (c–h) The sleep profiles of control and experimental
adult males averaged over an 8-day period. (c) The latency to initiate sleep is not significantly reduced in males expressing hMeCP2Δ166

as compared with controls (Padj =0.2611). One-way ANOVA with Holm-Sidak’s multiple comparison test was used unless otherwise
specified; ****p< 0.0001, ***p< 0.001, **p<0.01, *p<0.05, ns: p>0.05. (d) Eduction graph displaying average amounts of sleep per
30-min bin in control and experimental males. The overall sleep profile and average sleep during Zeitgeber hours ZT04-10 and ZT14.5-22
is completely rescued in males expressing hMeCP2Δ166. (e) The average amount of sleep does not differ between controls and
males expressing hMeCP2Δ166: ZT04-10, (Padj =0.514), and ZT14.5-22, (P =0.7853). (e–h) Sleep is not fragmented in males expressing
hMeCP2Δ166 in OA neurons. (f) The average number of sleep bouts is not significantly different in tdc2-gal4;UAS-MeCP2Δ166 vs. the
tdc2-gal4 and UAS-MeCP2 control (Padj =0.2923). (g) The CI does not differ between males expressing hMeCP2Δ166 and controls
(Padj =0.1308). (h) The ECDF shows that experimental males exhibit a greater proportion of short sleep bouts as compared with controls.
Data are shown as means±SEM.

Males with reduced dMBD-R2 levels in OA neurons

displayed increased sleep levels

At this point, our results describe specific hMeCP2-induced
sleep deficits and establish the MBD of MeCP2 as a crit-
ical component. We next simply asked if endogenous
MBD-containing proteins are required for amine neuron
function and sleep–wake circuitry output. At least two
diverse proteins in Drosophila belong to the MBD family: (1)

dMBD-R2 and (2) dMBD2/3 (Fig. 6a) (Hendrich & Tweedie
2003; Roder et al. 2000). The dMBD2/3 is a small protein
consisting strikingly of three MBD domains (Fig. 6b) in
contrast; dMBD-R2 contains a THAP, TUDOR and PHD-type
Zinc finger in addition to the MBD domain (Fig. 6c). The
dMBD2/3 and the dMBD2/3Δ splice variant associate
with the nucleosome remodeling and deacetylase (NuRD)
complex (Marhold et al. 2004a), repress transcription in
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Figure 5: Expression of the MeCP2 R106W allele does not confer sleep deficits or fragmentation. (a–e) Sleep patterns averaged
over a period of 8 days from control and experimental males. (a) Eduction graph displaying average amount of sleep per 30-min
bin. The sleep patterns and sleep quality of males expressing hMeCP2R106W in OA neurons are the same as controls. (b) The
average sleep during Zeitgeber hours ZT04-10 and ZT14.5-22 does not differ between males expressing R106W and controls: ZT04-10,
Padj =0.7406, and ZT14.5-22, P =0.0974. One-way ANOVA with Holm-Sidak’s multiple comparison test was used unless otherwise
specified; ****p<0.0001, ***p<0.001, **p<0.01, ns: p>0.05. (c–e) Sleep fragmentation does not occur in males expressing R106W.
(c) The average number of sleep bouts in males expressing R106W is not significantly different from controls (Padj =0.8849). (d) The CI
does not differ from the R106W-expressing experimental males and controls (Padj =0.9843). (e) Experimental males exhibited a greater
proportion of short sleep bouts as calculated by the ECDF. Data are shown as means±SEM.

in vitro assays (Ballestar & Wolffe 2001), and dMBD2/3Δ
preferentially recognizes mCpG-containing DNA through
its MBD (Roder et al. 2000). In addition, the expression of
both dMBD2/3 and MBD2/3Δ is developmentally regulated
and is present in adult tissues suggesting selective roles
in transcriptional regulation (Marhold et al. 2004a,2004b).
Unlike dMBD2/3, it has not been determined if MBD-R2
binds 5mC, however, dMBD-R2 is a part of the multi-subunit
chromatin remodeling non-specific lethal complex, which
regulates gene expression at genome-wide levels (Roder
et al. 2000).

The hMeCP2 MBD contains eight known DNA-binding
sites, half of which are lysine residues (K107, K109, R111,
K119, D121, K130, R133 and E137; Conserved domain
database: 238690). At least five of these eight DNA-binding

sites are present in the Drosophila dMBD-R2 protein (R111,
K119, D121, K130 and R133) and four in dMBD2/3 (R111,
K119, D121 and K130). These conserved sites and their
location in reference to the hMeCP2 residue positions are
depicted in Fig. 6a. In addition, a predicted homology model
suggests similarity between specific secondary structural
features among the MBD domains of dMBD-R2, dMBD2/3
MBD domains and hMeCP2 (Fig. 6d,f).

Therefore, we asked if reducing dMBD2/3 or dMBD-R2
levels using RNA interference could alter the function of neu-
rons as measured by changes in the sleep network. To mea-
sure the RNAi effect on transcript levels, RT-qPCR was per-
formed on RNA extracted from the heads of n-syb-Gal4;UAS-
dMBD2/3-IR and n-syb-Gal4;UAS-dMBD-R2-IR adults. Tran-
script levels were reduced by 26.84% (Fig. 6e) and 36.79%
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Figure 6: Alignment and conservation of MBD-containing proteins. (a) The structural domains of hMeCP2 with domain-specific
multiple sequence alignment of selected MBD family proteins in human (h) and Drosophila (d). Identical sequences are highlighted
in various shades of blue depending on the degree of conservation across groups. The histogram (yellow) represents conserved
physico-chemical properties for each column of the alignment. Higher scores (max=10) for non-identical columns indicate amino
acid substitutions that belong to the same physico-chemical class (Livingstone & Barton 1993). (b) A schematic diagram depicting
the size and conserved domains of dMBD-2/3. (c) Schematic representation of dMBD-R2 showing the conserved structural domains.
(d) A structural model of the dMBD2/3 MBD domain [template: MBD3 (pdb: 2mb7), sequence identity= 40.9%, GA341 score=0.955,
z-DOPE score=−0.234]. (e) For semi-quantitative RT-PCR experiments, RNA from the heads of adults expressing dMBD2/3-IR in
OA neurons (n-syb-Gal4-gal4;UAS-dMBD2/3-IR, blue column), and controls (n-syb-gal4-Gal4/+, white column; UAS-dMBD2/3-IR/+,
gray column). dMBD-2/3 transcript levels were significantly reduced in n-syb-Gal4-gal4;UAS-dMBD2/3-IR adults as compared with
age-matched control adults (ordinary one-way ANOVA, Padj =0.0026). Reactions were performed in quadruplicate. Rpl32 expression
was used as the reference control to normalize expression between treatment groups (error bars indicate SEM). One-way ANOVA with
Holm-Sidak’s multiple comparison test was used; **p<0.01. (f) A structural model of the dMBD-R2 MBD domain [template: MeCP2
(pdb: 3c2i), sequence identity=34%, GA341 score=0.931, z-DOPE score=−0.213]. (g) The RNA from the heads of adults expressing
dMBD-R2-IR (n-syb-Gal4-gal4;UAS-dMBD-R2-IR, blue column), and controls (n-syb-gal4-Gal4/+, white column; UAS-dMBD-R2-IR/+,
gray column) were used for semi-quantitative RT-PCR experiments. The dMBD-R2 transcript levels were significantly reduced in
n-syb-Gal4-gal4;UAS-dMBD-R2-IR adults as compared with age-matched control adults (Padj =0.0045). Reactions were performed in
quadruplicate. Cdc2 expression was used as the reference control to normalize expression between treatment groups.

(Fig. 6f), respectively. When dMBD-R2 and dMBD2/3 levels
were reduced in OA neurons by separately expressing the
UAS-dMBD-R2-IR and UAS-dMBD2/3-IR lines under control
of the tdc2-gal4 driver, we found that sleep fragmentation and
sleep deficits occurred in both tdc2-Gal4;UAS-dMBD-R2-IR
and tdc2-Gal4;UAS-dMBD2/3-IR males. Sleep fragmentation

was quantified by the increase in sleep bout number along
with a decrease in the CI (Fig. 7a–d).

Males with reduced dMBD-R2 levels in OA neurons exhib-
ited an increase in the amount of total sleep over a 24 h period
(Fig. 7a,b) with phase ZT1-3 (Fig. 7a, arrow), contributing sig-
nificantly to the overall increase (tdc2-gal4;UAS-dMBD-R2-IR,
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27.7±0.12 vs. tdc2-gal4/+, 13.1±0.4, UAS-dMBD-R2-IR/+,
19.4±0.5, F = 105.2, P = 6.66E−08 (i.e. P <0.0001; Welch
F test in the case of unequal variances)). This increase in
total sleep exhibited by dMBD-R2 deficient adults was not
because of diminished locomotor activity as the experi-
mental males were more active during waking periods than
controls (Fig. 7c). Males with reduced dMBD-R2 levels
also displayed changes in sleep architecture as sleep bout
number increased and the weighted average bout length (CI)
decreased (Fig. 7d,e).

Reducing dMBD-R2 rescues hMeCP2-mediated

phase-specific sleep deficits

The observation that total sleep increased with a reduc-
tion in dMBD-R2 levels is the opposite of the reduction

in sleep due to hMeCP2 expression. This result led us to
speculate that as both are able to function as potential
gene repressors, a reduction in dMBD-R2 could lead to
an increase in specific gene expression whereas hMeCP2
may be reducing specific gene expression. If hMeCP2 and
dMBD-R2 are functioning at similar gene loci or genomic
regions, then we predict that a reduction in dMBD-R2
levels in combination with hMeCP2 should rescue the
phase-specific sleep loss. We tested this hypothesis by
generating tdc2-gal4;UAS-hMeCP2/UAS-dMBD-R2-IR adults
and found that the hMeCP2-mediated night and daytime
sleep deficits are indeed restored to control levels when
dMBD-R2 levels are reduced (Fig. 7f).

These results indicate that reducing the levels of a
Drosophila MBD protein can generate the same pheno-
type as the expression of hMeCP2 and suggests possible
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functional conservation. In support of this hypothesis,
we tested whether the effect of relative dMBD levels
on sleep output varies in the presence or absence of
hMeCP2 by performing a MANOVA. A significant interac-
tion (dMBD-R2×hMeCP2) effect was observed between
relative dMBD-R2 and hMeCP2 expression on combined
measures of sleep (F (3, 190) =28.192, P< 0.0001; V = 0.308;
Obs. power= 1.00, Fig. 7g,h).

To examine on a genomic level if hMeCP2 and MBD-R2
are able to associate together at chromosomal locations,
we expressed hMeCP2 in polytene salivary gland chromo-
somes using the 48B10-gal4 driver. Isolated larval polytene
chromosomes from 48B10-gal4;UAS-hMeCP2 larvae were
labeled with MBD-R2 and MeCP2 antibodies. As expected,
dMBD-R2 localizes to many sites on polytene chromosomes
because of its role as a general facilitator of transcrip-
tion and as a component of the non-specific-lethal and
male-specific-lethal complexes (Pascual-Garcia et al. 2014;
Prestel et al. 2010). However, hMeCP2 and dMBD-R2
are detected together at a number of chromosomal sites
(Fig. 7i–k, arrowheads, n=6) suggesting the possibility of
common gene loci or chromatin organization targets. As a
whole, our results indicate that the conserved MBD domain
even among disparate MBD-containing proteins, such as
hMeCP2 and dMBD-R2, is capable of conferring shared
neuronal phenotypes and shared genomic binding sites.

Increased MBD2/3 expression recapitulates

the hMeCP2-mediated sleep deficits.

To determine if increasing the levels of endogenous
MBD-containing proteins alters sleep parameters in the same
manner as hMeCP2, we searched for EP-element inserted
lines upstream of dMBD-R2 or dMBD2/3. When crossed to
a Gal4 driver, the UAS-containing EP lines can induce the
overexpression of the gene of interest (Rorth 1996). Five EP
stocks were tested (see Materials and methods). Two lines,

P{EP}MBD2/3EY0482 and P{EP}AP1muEP1112 located upstream
and within dMBD2/3 (Fig. 8a) altered sleep output in the
same manner. An increase in MBD2/3 transcript levels were
verified in tdc2-gal4;UAS-AP1muEP1112 adults (Fig. 8a).

To compare with specific sleep phenotypes observed upon
hMEeCP2 expression, we quantified the effects of dMBD2/3
overexpression on sleep during the two specific day and
night phases (see Fig. 1d). tdc2-gal4;UAS-AP1muEP1112

males exhibited a reduction in sleep during day and night-
time frames (ZT04-10 and ZT15-17.5) (Fig. 8b) as well
as sleep fragmentation as measured by an increase in
the average number of sleep bouts (Fig. 8c). Likewise,
tdc2-gal4;UAS-MBD2/3EY0482 males displayed sleep reduc-
tions during the same day and night phases (Fig. 8d). Next
we asked if sleep alterations occur in dMBD2/3 deficient
males. In contrast to hMeCP2 and dMBD2/3 overexpression,
tdc2-gal4;UAS-dMBD2/3-IR males did not display a decrease
in sleep during specific day and night phases (Fig. 8e and
see Fig. 1d), however, reducing dMBD2/3 levels in OA
neurons did result in sleep fragmentation (Fig. 8f) and an
increase in locomotor activity (data not shown). Finally, we
generated tdc2-gal4;UAS-hMeCP2/UAS-MBD2/3-IR males
and observed a significant interaction (dMBD2/3×hMeCP2)
effect between relative dMBD2/3 and hMeCP2 expression
on sleep fragmentation using Pillais’ trace with 0.05 sig-
nificance criterion (F (3, 194) = 30.665, P <0.0001; V =0.322;
Obs. power=1.00, Fig. 8h,i).

Discussion

In this study, we tested the hypothesis that MBD-containing
proteins retain considerable functional conservation by
measuring neuronal output through an automated, repro-
ducible sleep assay. Sleep impairments are a major
feature in a substantial number of neurodegenerative and

Figure 7: Concomitant reduction of dMBD-R2 and hMeCP2 expression rescues hMeCP2-mediated sleep deficits. (a–e) Sleep
quality and quantity exhibited by individual males averaged over an 8-day period from control and experimental groups. (a) Eduction
graph displaying 30 min bins of averaged sleep between males expressing dMBD-R2-IR in OA neurons (tdc2-gal4;UAS-dMBD-R2-IR)
and controls (daytime: white bar; nighttime: black bar, shaded grey). Total sleep over a 24 h period is increased [see quantification
in (e)] with the ZT1-3 interval (arrow) of increased sleep noted. (b) MBD-R2-deficient males displayed an increase in total sleep as
compared with controls (Padj <0.0001). One-way ANOVA with Holm-Sidak’s multiple comparison test was used unless otherwise
specified; ****p< 0.0001, ***p<0.001. (c) Waking activity is increased in experimental males (tdc2-gal4;UAS-dMBD-R2-IR) vs. controls
(Padj <0.0001). (c) Sleep fragmentation as measured by an increase in the number of sleep bouts (Padj <0.0) and a decrease in the
CI (e) occurred in tdc2-gal4;UAS-dMBD-R2-IR males as compared with controls (Padj =0.001). Data are shown as means±SEM. (f)
Eduction graph displaying 30 min bins of averaged sleep between males expressing hMeCP2 in OA neurons, males expressing hMeCP2
and dMBD-R2-IR (tdc2-gal4;UAS-hMeCP2/UAS-dMBD-R2-IR) and controls (daytime: white bar; nighttime: black bar, shaded grey). The
phase-specific sleep reductions quantified in tdc2-gal4;UAS-hMeCP2 males (red square line) have been rescued to control levels with
the reduction in dMBD-R2 levels (arrows). (g–h) The effect of relative dMBD-R2 expression on sleep output in the presence or absence
of hMeCP2, was quantified using a two-way MANOVA. Using Pillais’ trace and 0.05 criterion for significance, a significant interaction
(dMBD-R2×hMeCP2) effect was observed between relative dMBD-R2 expression and hMeCP2 gain of function on combined measures
of sleep (F (3, 190) =28.192, P < 0.0001; V =0.308; Obs. power=1.00). This interaction effect explained 32.2% of multivariate variance
of sleep composite in dMBD2/3-deficient males and 30.8% of multivariate variance in dMBDR2-deficient males (V =partial 𝜂2). This
interaction effect explained 32.2% of multivariate variance of sleep composite in dMBD2/3-deficient males and 30.8% of multivariate
variance in dMBDR2-deficient males (V =partial 𝜂2). (i–k) Polytene chromosomes from 48B10-gal4 UAS-hMeCP2 third instar larvae.
Both dMBDR2 (red) and hMeCP2 (green) display extensive chromosomal binding. Co-immunofluorescence is observed at selected
bands (arrowheads, PCC: r =0.508; MCC1: 0.64, MCC2: 0.694; Costes’ randomization test: P-value=100%). Individual channels in
panels (e–f) correspond to the white region of interest (ROI).
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Figure 8: Legend on next page.

neuropsychiatric disorders (Angriman et al. 2015, Kakkar &
Dahiya, 2015, Musiek et al. 2015). However, more funda-
mentally, these data can be viewed as a relevant behavioral
representation of circuit dysfunction in general, which
is a common theme in neurodevelopmental syndromes
including RTT (Cortesi et al. 2010; Shepherd & Katz 2011).
A powerful advantage of using Drosophila sleep to ana-
lyze the functional differentiation of circuits and neurons
is the ability to measure behavior at the single minute
level. This formidable temporal resolution in combination
with amine neuron-specific manipulation allowed us to
analyze the functional consequences of wildtype hMeCP2,

domain-specific mutations, and Drosophila MBD proteins
with powerful phenotypic resolution.

Our results show that adults expressing hMeCP2 in OA
neurons sleep less, however, this sleep loss is not a gen-
eral or random phenomena but rather occurs during specific
day and nighttime intervals. In a similar manner, hMeCP2
expression in 5-HT neurons also results in a loss of night-
time sleep, however, with the fine temporal resolution, we
can identify sleep loss intervals that are both unique and
overlapping when compared to hMeCP2 expression in OA
neurons. Finally, in a previous study we determined that
hMeCP2 expression in astrocytes non-cell-autonomously
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alters the sleep network only during distinct nighttime hours
(Hess-Homeier et al. 2014).

How might hMeCP2 expression in amine neurons reduce
sleep amounts and sleep quality? At the DNA level, MeCP2
binds to the promoters of genes involved in amine synthe-
sis including dopa decarboxylase (Urdinguio et al. 2008) and
MeCP2 levels themselves are under circadian cycle control
(Martinez de Paz et al. 2015). Previous studies have shown
that a loss of OA promotes sleep (Crocker & Sehgal 2008)
and our HPLC studies indicate that OA brain levels are not
reduced upon hMeCP2 expression. However, it is possible
that the MeCP2-induced reduction in nighttime sleep is medi-
ated through an increase in OA signaling. This hypothesis is
consistent with previous observations including an overex-
pression of Tdc2 or genetically activating OA neurons signif-
icantly decreases nighttime but not daytime sleep (Crocker
& Sehgal 2008). In addition, components of the arousal cir-
cuitry respond to OA wake-promoting signals including the
large-lateral ventral neurons (l-LNvs) neurons (Crocker et al.
2010). When hyper-excited, l-LNv neurons result in a reduc-
tion in sleep quality and amount and express OA receptors
(Kula-Eversole et al. 2010; Shang et al. 2008). In our experi-
ments, MeCP2 expression could potentially increase OA neu-
ron activity by modulating presynaptic function either through
changes in levels of OA biosynthetic enzymes, or compo-
nents of OA transport and release, or conserved RNA-binding
proteins such as Lark, which regulate neuronal excitability in
the circadian system (Ishimoto et al. 2012). Finally, our results
notably show that a loss of OA function can completely res-
cue the most severe hMeCP2-mediated reduction in night-
time sleep found within ZT14-17.5 (Fig. 2c).

As MBD family members have a highly similar DNA-binding
surface that shows high affinity for methylated DNA, a key
question is whether individual proteins bind differentially to
distinct regions within the genome. Variations in the affinity
for binding methylated targets include double-stranded vs.

single-stranded, sequence dependent vs. sequence inde-
pendent, and CpG vs. non-CpG (CpH; H=A/C/T) methylation
(Baubec et al. 2013; Fatemi & Wade 2006; Guo et al. 2014).
Recently, a role for MeCP2 binding to CpH sites and regulat-
ing the expression of genes enriched for neuronal function
has been described (Chen et al. 2015). Non-CpG methylation
has been reported in vertebrate neurons (Fatemi & Wade
2006; Guo et al. 2014; Pinney 2014) and in Drosophila; the
methylation present in the adult genome is enriched on
non-CpG motifs, particularly CpT and CpA dinucleotides
(Boffelli et al. 2014; Capuano et al. 2014; Takayama et al.
2014). In our sleep experiments, MeCP2 may be functioning
to translate endogenous CpH methylation into changes in
gene expression. This idea is especially compelling as we
have shown that an intact MBD-binding domain is required
for all hMeCP2-induced sleep deficits (Fig. 5). Further-
more, males with reduced levels of dMBD2/3, which binds
methylated DNA, exhibited overlapping sleep quality deficits
(Figs. 7,SF4). In this context, Drosophila may provide an ideal
in vivo system to examine the functional consequences of
CpH-mediated MBD protein interactions as future studies
can address the significance of CpH methylation at can-
didate genes that control circadian rhythm and aspects
of sleep.

In conclusion, epigenetically modifying chromatin structure
in response to different stimuli may be a key mechanism in
generating shifts in gene expression not only at successive
stages of neuron development but also at successive stages
of neuron function. Such functional changes may include
responses to pheromones (predators or conspecifics), odors
(food resources) or light (sleep) all critical aspects of reproduc-
tion and survival in any organism. In this study, we examined
the consequences of a hypomorphic reduction of endoge-
nous MBD proteins in a relevant neuronal subpopulation to
provide a whole organism readout of changes in neuron func-
tion that should be interpretable at the chromatin level in

Figure 8: Overexpression of dMBD2/3 in OA neurons causes phase-specific sleep decreases similar to hMeCP2 expression.
(a) Locations of the overexpression EP lines, AP-1mu[EP1112] (red arrowhead) and MBD2/3[EP04582] (orange arrowhead) are depicted
in relation to the MBD2/3 loci as well as the approximate location of the targeted UAS-driven inverted repeat sequences (blue). RNA
from the heads of tdc2-Gal4-gal4;UAS-AP-1muEP1112 adults (red column) and the UAS-AP-1muEP1112/+ (gray column) were used for
semi-quantitative RT-PCR experiments. The dMBD2/3 transcript levels were significantly increased in tdc2-Gal4-gal4;UAS-AP-1muEP1112

adults as compared with age-matched control adults (unpaired t test, P =0.0103). Reactions were performed in quadruplicate. RPL32
expression was used as the reference control to normalize expression between treatment groups; ****p<0.0001, ***p<0.001,
**p<0.01, ns: p>0.05. (b) tdc2-gal4/ ;UAS-AP-1muEP1112 males (n= 46) displayed a reduction in the average amount of sleep
during Zeitgeber hours ZT04-10, (P <0.0001; Kruskal–Wallis test) and ZT15-17.5, (P < 0.0001) as compared with controls, tdc2-gal4/+
(n=28) and UAS-AP-1muEP1112/+ (n=20). (c) Sleep fragmentation as measured by the average number of sleep bouts per day in
tdc2-gal4/ ;UAS-AP-1muEP1112 males is increased as compared with controls (Padj <0.0001, Kruskal–Wallis with Dunn’s post hoc
test). (d) A reduction in the average amount of sleep during ZT04-10, (P <0.0001; Kruskal–Wallis test) and ZT15-17.5, (P <0.0001)
decreased in tdc2-gal4/ ;UAS-MBD2/3EP04582 males (n= 23, orange column) as compared with controls, tdc2-gal4/+ (n=28) and
UAS-MBD2/3EP04582/+ (n=57). (e) The average amount of sleep is not altered between controls (tdc2-gal4/+, n= 43, white column;
UAS-dMBD2/3-IR/+, n=33, gray column) and males with reduced dMBD2/3 levels in OA neurons, (tdc2-gal4;UAS-dMBD2/3-IR, n=31,
blue column) during ZT14.5-22 (P = 0.1374). During ZT04-9, the average sleep of tdc2-gal4;UAS-dMBD2/3-IR males does not differ from
the UAS-dMBD2/3-IR/+ control (P =0.4801). The two control groups are statistically different (P < 0.0001). (f) The average number of
sleep bouts per 24-h period is increased in tdc2-gal4;UAS-dMBD2/3-IR males as compared with controls (Padj =0.0041). (g) The CI
is significantly reduced in dMBD2/3-deficient males as compared with controls (Padj =0.0032). (h, i) The effect of relative dMBD2/3
expression on sleep output in the presence or absence of hMeCP2, was quantified using a two-way MANOVA. Using Pillais’ trace and
0.05 criterion for significance, a significant interaction (dMBD2/3×hMeCP2) effect was observed between relative dMBD2/3 expression
and hMeCP2 gain of function on combined measures of sleep [F (3, 194) =30.665, P < 0.0001; V =0.322; Obs. power=1.00].
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future studies because of ever-increasing advances in circa-
dian rhythm and sleep gene identification. Our results provide
the first demonstration that Drosophila MBD proteins are
required for neuron function and that MBD-containing pro-
teins indicate conservation in the cell-specific functions of
epigenetic translators.
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Figure S1: The hMeCP2 expression in OA neurons
reduces the sleep of adult males: comparison across days
and replicates. (a) The sleep of control (tdc2-gal4/+, and
UAS-hMeCP2/+) males and experimental tdc2-gal4;UAS-
hMeCP2 adults were recorded and averaged across a 10-day
time period. The data shown are subsets of controls and
reflect the results from batch 1 of the experimental males.
(b) The average sleep recorded per batch of experimental
males does not differ.

Figure S2: Males expressing hMeCP2 in OA neurons live
longer than controls. A Kaplan–Meier survival curve with the
dotted boundaries around the curves representing standard
error (SE). The survival distribution of experimental males,
tdc2-gal4;UAS-hMeCP2 males is statistically different than
controls (standard log-rank test, P <0.0001).

Figure S3: Adults expressing hMeCP2 in 5HT neu-
rons exhibit a nighttime sleep reduction. (a) hMeCP2
nuclear expression (green) in 5HT neurons from a
trh-gal4;UAS-MeCP2/+ male brain. (b–h) The quality and
amount of sleep in individual adult males averaged over
an 8-day period from control and experimental groups.
(b) The total amount of sleep per 24-h day is not signif-
icantly changed in experimental males as compared to
UAS-hMeCP2/+ controls (Padj =0.2051; unpaired t-test);
****p<0.0001, ***p< 0.001, **p<0.01, ns: p>0.05. (c)
Eduction graph displaying the average amount of sleep per
30 min bin (daytime/light phase: white bar; nighttime/dark
phase: black bar, shaded grey) in control and experimental
males. trh-gal4/+;UAS-MeCP2/+ males displayed a reduction
in sleep during Zeitgeber hours ZT19-22.5 (arrow). These
deficits are quantified in (d) P =0.0011, Mann–Whitney test.
(e–h) Sleep fragmentation in males expressing MeCP2 in
5HT neurons. (e) The daytime CI is significantly reduced in
experimental vs. control males (Padj < 0.0001). The nighttime
CI is not altered (Padj =0.7262). (f) The average number of
daytime sleep bouts is increased in experimental males vs.
controls (Padj < 0.0001), without alterations in the average
number of nighttime sleep bouts (Padj =0.8316). (g) Daytime,
but not nighttime, waking activity is increased in experimen-
tal males vs. controls (Padj <0.0001). (h) The ECDF shows
experimental males exhibit a greater proportion of short
sleep bouts as compared with controls. Data are shown
as means±SEM. Unless noted otherwise, results were
analyzed by one-way ANOVA with Holm–Sidak’s multiple
comparison test.
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