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Drosophila mef2 is essential for normal mushroom body and wing

development
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ABSTRACT

MEF2 (myocyte enhancer factor 2) transcription factors are found in
the brain and muscle of insects and vertebrates and are essential for
the differentiation of multiple cell types. We show that in the fruit fly
Drosophila, MEF2 is essential for the formation of mushroom bodies
in the embryonic brain and for the normal development of wings in
the adult. In embryos mutant for mef2, there is a striking reduction in
the number of mushroom body neurons and their axon bundles are
not detectable. The onset of MEF2 expression in neurons of the
mushroom bodies coincides with their formation in the embryo and, in
larvae, expression is restricted to post-mitotic neurons. In flies with a
mef2 point mutation that disrupts nuclear localization, we find that
MEF2 is restricted to a subset of Kenyon cells that project to the o/B,
and y axonal lobes of the mushroom bodies, but not to those forming
the o’/p’ lobes.
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Drosophila

INTRODUCTION

Gene duplications can lead to functional variations among family
members, thereby driving increased cell-type diversity (Arendt,
2008) and evolutionary pressure to maintain replicates (Assis and
Bachtrog, 2013). To understand the most basic functions of a gene
family it is expedient to evaluate functions that are conserved across
species. The MEF2 family of transcription factors has been assigned
a myriad functions ranging from the differentiation of multiple
cell lineages during development, to cellular stress response and
neuronal plasticity in adulthood. Drosophila has just one mef2 gene,
compared to the family of four mef2 genes in vertebrates, and can
thus provide insight to conserved functions of this family. As in
vertebrates, mef2 in Drosophila is critical for the differentiation of
multiple muscle cell lineages and is essential for viability (Lilly
et al., 1995; Lin et al., 1997; Potthoff and Olson, 2007). However,
the role of Drosophila mef2 in neuronal development remains
untested.

"McGovern Institute for Brain Research, Department of Brain and Cognitive
Sciences, Massachusetts Institute of Technology, Cambridge, MA, 02139, USA.
2Djvision of Neuroscience, Biomedical Sciences Research Centre ‘Alexander
Fleming’, Vari, 16672, Greece. *School of Life Science, Cellular, Molecular and
Bioscience Program, Arizona State University, Tempe, AZ, 85287, USA.
“Department of Neuroscience, The Scripps Research Institute Florida, Jupiter, FL
33458, USA.

*Authors for correspondence (jrc@mit.edu, RDavis@scripps.edu)
J.R.C., 0000-0002-1981-1917

This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http:/creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution and reproduction in any medium provided that the original work is properly attributed.

Received 9 May 2018; Accepted 31 July 2018

Drosophila  mef2 and vertebrate mef2 members exhibit
considerable diversity in their transcriptional activation domains,
but over 80% identity in the N-terminal sequences that encode
the dimerization and DNA binding MEF and MADS domains
(named for the evolutionarily conserved founding members
MCM1, AGAMOUS, DEFICIENS, SRF) (Molkentin et al., 1996;
Potthoff and Olson, 2007). Correspondingly, the DNA sequences
bound by MEF2 are evolutionarily conserved and MEF2 has been
shown to activate transcription of orthologous gene sets in flies and
mice (Bour et al., 1995; Lilly et al., 1995; Ranganayakulu et al.,
1995; Lin et al., 1997; Potthoff and Olson, 2007).

In vertebrates, the tissue specificity of MEF2’s actions in muscle,
brain and the immune system is strongly influenced by the
expression pattern of co-factors and other MEF2 family members
(Desjardins and Naya, 2017). Depending on which transcription
factors MEF2 interacts with, immortalized cells in culture can be
induced to display variable cell phenotypes: MEF2 and myogenin
activate each other’s expression to initiate differentiation into
skeletal muscle, MEF2 and Nkx2.5 activate each other’s expression
to induce cardiac muscle formation, and MEF2 and MASHI
activate each other’s expression to yield a neuronal phenotype
(Skerjanc et al., 1998; Ridgeway et al., 2000; Skerjanc and Wilton,
2000). In mammalian neurons, a complex array of functions have
been found for mef2 family members in both development and
neuroplasticity (Mao et al., 1999; Okamoto et al., 2000, 2002;
Flavell et al., 2006; Shalizi et al., 2006; Li et al., 2008; Ryan et al.,
2013; Okamoto et al., 2014; Chen et al., 2016). Studies of neuronal
mef2 in a species with a single ortholog serve to simplify this
complexity by elucidating mef2’s most conserved functions.

Drosophila mef2 is expressed in Kenyon neurons (Schulz et al.,
1996) that make up the mushroom body (MB), a brain structure
known for its functions in learning and memory [ for review see Busto
et al. (2010) and Cognigni et al. (2017)]. Kenyon neurons arise from
four neuroblasts that divide throughout embryonic, larval and pupal
development (Lee et al., 1999) to form bilateral clusters of cells
located in in the dorso-posterior part of the brain. Kenyon cells extend
single neurites anteriorly to form the MB calyx, pedunculus, and
lobes. The MB calyx is located just anterior to the Kenyon cell bodies
and comprises a plexus of MB neuropil intertwined with inputs from
sensory systems. The pedunculus is formed from fasciculated MB
axons that extend to the anterior portion of the brain where the axons
branch to form lobes that extend either medially or vertically. In adult
Drosophila, the Kenyon neurons can be classified into three major
types depending on their axonal branching pattern: the o/ type forms
the vertically-extending o lobe and the medially-extending f3 lobe, the
o’/B’ type forms the vertically-extending o’ lobe and the medially-
extending B’ lobe, and the y type forms a single medially-extending
lobe (Crittenden et al., 1998; Tanaka et al., 2008). Each axonal lobe
is segregated into domains according to their interconnections
with distinct types of cholinergic MB output neurons and
neuromodulatory dopaminergic neurons (Aso et al., 2014).
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Numerous genes required for olfactory learning are preferentially
expressed in the MBs, often in subsets of axonal lobes that likely
reflect their distinct functions (McGuire et al., 2001; Yu et al., 2006;
Krashes et al., 2007; Akalal et al., 2010; DasGupta et al., 2014; Lim
et al., 2018).

Here, we examine the expression of MEF2 in the developing MB
and among subsets of Kenyon cells in the adult fly, and evaluate MB
formation and phenotypes in mef2 mutant alleles.

RESULTS

Enhancer-detector lines identify mef2 regulatory regions
From approximately 100 first-generation, P-element enhancer-
detector lines (Bellen et al., 1989; Wilson et al., 1989) that were
selected for B—galactosidase reporter activity in the MB (Han et al.,
1996), we identified nine with insertions in cytological region 46C3
(Fig. 1). We mapped the insertion sites by isolating plasmid rescue
clones (Pirrotta, 1986; Wilson et al., 1989) and using restriction
mapping and DNA hybridization to compare to the 46C locus map
(O’Brien et al., 1994; Bour et al., 1995; Lilly et al., 1995). For all
nine lines, the insertions were within a 3.5 kb region that is
approximately 35 kb upstream of the mef2 transcription start site
(Fig. 1). Although the insertions sites were independent, they were
clustered into two regions with those closest to mef2 showing
preferential B—galactosidase activity in the MB and antennal lobes
and those farther away showing additional expression throughout
the cortex of the central brain and the optic lobes (Fig. S1).

We compared the B—galactosidase expression pattern to that of
mef2 mRNA and protein in adult brain sections and found
concordant enrichment in Kenyon cells and antennal lobe neurons
(Fig. 2A—F). These data suggest that reporter expression in the 46C

antennal lobe enhancers. A 2.2 kb genomic fragment that is located
between the mef2 transcription start site and the enhancer-detector
elements (Fig. 1) was previously found to drive MB expression
(Schulz et al., 1996), this fragment was used to generate Drosophila
Gal4 line MB247 and other lines with various expression patterns in
the MB (Schulz et al., 1996; Zars et al., 2000; Riemensperger et al.,
2005; Pitman, 2011; Pech et al., 2013). However, the deficiency
Df(2R)P544, which was derived from enhancer-detector line 2487
and lacks DNA sequence between mef2 and the 2487 insertion site
(Fig. 1), retained preferential f—galactosidase expression in the MB
(not shown), suggesting that there are at least two MB enhancer
sequences at 46C (Fig. 1).

Characterization of mef2 point mutants

Considering the expression of mef2 in the adult MB and the key role
for mef2 in muscle development, we sought to investigate whether
mef2 mutants show defects in MB morphology. All nine of the mef2
enhancer-detector lines showed grossly normal MEF2 expression and
MB morphology (not shown). We therefore turned to mutants that
were previously shown to disrupt mef2 function based on lack of
complementation for viability with deficiencies that encompass mef2
(Bour et al., 1995; Goldstein et al., 2001). Nine of these lines were
generated by chemical mutagenesis with ethyl methanesulfonate
(mef22221 mef2222% mef225-3% mef2°55, mef226”7, and mef2254%) or
diepoxybutane (mef23%, mef2**>, and mef2?%7), and two were
generated by y-ray mutagenesis (mef2°%% and mef275-). The sites
of DNA mutation were previously identified for five of the lines:
mef2??~! carries a point mutation that changes the 6th amino acid
position into a stop codon (Bour et al., 1995), point mutations within
the MADS box domain convert Arg to Cys at amino acid position 15
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Fig. 1. Enhancer-detector insertion sites upstream of Drosophila mef2. Insertion sites of the P element (P[IArB]) are shown for the nine enhancer-
detector lines. A single arrow represents independent insertions that are within 200 base pairs of each other. The direction of the arrows indicates the
direction of lacZ transcription, which encodes f—galactosidase. The locations of fragment MB247, which drives expression in MB and antennal lobe, and a
fragment that drives expression in muscle, were derived from Schulz et al. (1996). The putative location of a second MB enhancer, and an enhancer for the
developing wing, are defined by the expression and phenotypes we found in the enhancer-detector lines. The mef2, FMRFamide and eve gene structures
and the breakpoints of the deletions are based on previous studies (Bour et al., 1995; Lilly et al., 1995; O’Brien et al., 1994; Schulz et al., 1996). Open boxes
of the mef2 transcription unit represent untranslated exons and filled boxes represent exons in the open reading frame.
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Fig. 2. mef2 mRNA and protein are enriched in adult mushroom body
and antennal lobe neurons. Frontal sections through the adult brain showing
the corresponding localization of p—galactosidase activity, the mef2 transcript,
and MEF2 protein. Arrows in panels A,C and E designate the MB cells.
Arrows in B,D and F designate cells dorsal and lateral to the antennal lobe
glomeruli. (A,B) B—galactosidase activity in cryosections from line 2487.
(C,D) Immunohistochemistry showing MEF2 protein distribution in paraffin-
embedded sections. (E,F) RNA in situ hybridization on cryosections showing
mef2 transcript distribution. More than five flies were used for each experiment.

position 24 in mef2?%¢ and mef2?%” (Nguyen et al., 2002; Lovato
et al., 2009), and mef2°%#° carries a point mutation that converts Thr
to Ala at position 148 (Lovato et al., 2009). To generate hypomorphic
adult flies for phenotypic evaluation, we performed inter se
complementation tests for viability (Table S1). We found that some
alleles were strong (0% viability in combination), some medium
(1-40% viability in any combination), and others weak (>40%
viability in any combination). All of the escaper flies showed MEF2
expression and grossly normal MB morphology as adults (not
shown); however these fly lines were valuable for informative
experiments described below.

MEF2 is expressed in mushroom body neurons that send
axonal projections into the o/f and y lobes

In our evaluation of mef2 mutants we discovered that in line
mef2°0%°, MEF2 is mislocalized to the cytoplasm. In mef2?5-#°
mutants, MEF2 immunoreactivity decorated the axons of the o/
and y lobe-projecting neurons but was absent from the o’/f’ lobes
(Fig. 3A-D). This finding is consistent with our observation in
wild-type flies that several clusters of MB neurons lacked MEF2
immunoreactivity as determined by double-labeling with anti-
LEONARDO (LEO), an immunomarker that exhibits global MB
expression (Skoulakis and Davis, 1996).

In horizontal brain sections from heterozygous mef275%°
mutants, MEF2 immunoreactivity was apparent in all four
bundles of the posterior pedunculus (Fig. 4A,B), each of which is
formed from the progeny of a single MB neuroblast (Lee et al.,
1999). Thus, mef2 is expressed in the descendants of all four MB
neuroblasts, but only those that project axons into the o/p branched
lobes and into the y lobes.

In the antennal lobe of mef22%-# flies, cytoplasmic MEF2 appeared
restricted to the glomeruli and was not observed in projections of
antennal lobe neurons (Fig. 4B and additional data not shown),

Fig. 3. MEF2 is expressed in mushroom body neurons that project to
the o, B and y lobes, but not the o’ and p’ lobes. (A) A frontal paraffin-
embedded section through the central brain of a wild-type animal with an
illustrative drawing over the lobes on one side. MB lobes were identified by
gross anatomy and immunomarkers. LEO and FASII were detected by rabbit
and mouse primary antisera, respectively, which were visualized with
corresponding secondary antibodies coupled to red fluorophore (for LEO) or
green fluorophore (for FASII). Regions with co-expression of LEO and FASII
appear yellow. LEO is present in all five lobes and FASII is in the o/ lobe
branches but not the o’/p’ lobes. The spur (s) and the posterior tips of the y
lobes are defined by light FASII immunoreactivity. (B-D) In the mef226-4° line
(homozygote shown here), frontal paraffin-embedded brain sections from (B)
posterior to (D) anterior are co-immunolabeled for cytoplasmic MEF2 (green)
and LEO (red). Co-labeling is apparent in the o/p and y lobes (yellow)
whereas the o/f’ lobes are not co-labeled for MEF2. More than five flies
were found to have a similar pattern of expression.

consistent with MEF2 expression in antennal lobe interneurons. In
the mutants, cytoplasmic MEF2 immunoreactivity was also detected
in branches of the antennal nerve that extend into the antenno-
mechanosensory center and into the antennal lobe (not shown),
neurons that arise from the 2nd and 3rd antennal segments,
respectively (Power, 1946). Correspondingly, nuclei within both
antennal segments exhibited MEF2 immunoreactivity, a pattern also
shown by the B-galactosidase expression in the enhancer-detector
lines (not shown). Other cells with MEF2 immunoreactivity in the
head included muscles, photoreceptor cells, most cells of the lamina,
and cells distributed throughout the medulla, lobula, and lobula plate.
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Fig. 4. MEF2 is expressed in Kenyon cell descendants from all four
mushroom body neuroblasts. (A) A cartoon of the adult MB in a sagittal
plane, with anterior to the right. The black horizontal line represents the
approximate plane of the section shown in B. (B) A near-horizontal section
from a heterozygous mef22%-49 adult shows immunoreactivity (brown) in all
four axon bundles of the posterior pedunculus. In the mirrored image, the
four axon bundles arising from the Kenyon cells are numbered and the
antennal lobe (AL), fan-shaped body (FB), ellipsoid body (EB), and MB
lobes (B and ) are outlined. More than five flies were confirmed to have
similar results.

MEF2 is expressed in subsets of embryonic and larval
mushroom body neurons

To explore the onset of mef2 expression in the MB, we surveyed
expression from early stages of development. MEF2 was detectable
in one or two cells in the dorso-posterior brain at embryonic stage 15
(Fig. 5A) and the number had grown by stage 17 (Fig. 5B), which is
consistent with expression in a cell type that is proliferating in late
embryogenesis. Indeed, MB neuroblast proliferation is evident from
stage 13 to late stages of embryogenesis (Truman and Bate, 1988;
Ito and Hotta, 1992; Prokop and Technau, 1994; Kunz et al., 2012).
In heterozygous mef2°%#° embryos, which display cytoplasmic
MEF2 immunoreactivity, there was neuropil labeling in the brain
that resembled the MB pedunculus and vertical lobe (Fig. 5C).
Double-labeling experiments with antibodies against MEF2 and
against the Kenyon cell markers DACHSHUND (DAC) (Kurusu
et al.,, 2000; Martini and Davis, 2005) and against EYELESS
(Kurusu et al., 2000; Noveen et al., 2000; Kunz et al., 2012) showed
only a partial overlap with MEF2 (not shown). We concluded that
MEF?2 is expressed in a subset of newly born Kenyon cells, from
stage 15 to stage 17 of embryogenesis.

At the first instar larval stage, MEF2 expression was confirmed to
be in the post-mitotic Kenyon cells but not in the neuroblasts or
ganglion mother precursor cells (Fig. 6A,B). Weak MEF2
expression was also visible in cells surrounding, but not within,
the single dividing neuroblast in the anterior brain (Fig. 6A) that is
known to give rise to a variety of antennal lobe cell types (Ito and
Hotta, 1992; Stocker et al., 1997; Lai et al., 2008). In short, MEF2
was found in post-mitotic Kenyon cells and antennal lobe cells, but
not in neuroblasts or ganglion mother cells of the developing larval
brain.

mef2 is required for embryonic mushroom body formation

Considering that mef2 was expressed in the embryonic MB, we
tested for MB malformation in homozygous mef2 mutants that
die as late stage embryos. We examined two different lines as
embryos, the protein-null mutant mef2??-?/, and mef22%%, which
carries a point mutation that disrupts the DNA binding domain
but retains MEF2 expression (Nguyen et al., 2002). Although
cuticle formation appeared to occur at the same time in the
homozygous mutant embryos and in the heterozygous controls
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Fig. 5. MEF2 is expressed in embryonic mushroom bodies. (A) A
horizontal section through a stage 15 wild-type embryo embedded in plastic
and immunostained for MEF2 (alkaline phosphatase-coupled secondary
antibody, blue) and FASII (horseradish peroxidase-coupled secondary
antibody, brown). MEF2 expression is abundant in somatic and visceral
muscle cell nuclei and is also visible in bilaterally symmetrical cells of the
dorso-posterior brain where MB neurons are localized (arrow and magnified
in inset). FASII labels axon tracts throughout the developing nervous system
whereas MEF2 is localized to cell nuclei. (B) A wholemount of the central
nervous system dissected from a late stage 17 wild-type embryo and
immunolabeled for MEF2 and FASII (both detected with horseradish
peroxidase-coupled secondary antibody substrate, brown). MEF2 and FASII
immunoreactivity is distinguished by the respective localization to nuclei and
axons. MEF2 expression is highly enriched in the MB nuclei (arrow). The
brain is slightly turned so that both hemispheres are equally visible. (C) A
sagittal paraffin section through a late stage 17 embryo that is heterozygous
for the mef226-4° mutation in which MEF2 is mislocalized to the cytoplasm.
MEF2 immunoreactivity is apparent in the pedunculus and vertical lobe
(arrow) and MB nuclei (arrows in dorso-posterior brain). Anterior is to the left
in A—C. At least three embryos showed similar results for each experiment.

(with balancer chromosome), gut distension was a prominent
mef2 mutant phenotype (Ranganayakulu et al., 1995) in the
homozygotes. Homozygotes were further distinguished from
heterozygous controls by the absence of muscle immunolabeling
for MEF2 in mef2???! embryos and myosin heavy chain in
mef2?9- embryos (Bour et al., 1995; Lilly et al., 1995).

We assessed MB morphology by immunolabeling with two
embryonic MB markers, the protein kinase A subunit DCO, and
FASII (Skoulakis et al., 1993; Crittenden et al., 1998; Cheng et al.,
2001). In stage 17 heterozygous mef2?°~ ! embryos, the
immunostained pedunculus and lobes (Fig. 7A—C) appeared
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Fig. 6. MEF2 is expressed in mushroom body neurons, but not their
neuroblast or ganglion mother cell precursors. (A) A sagittal paraffin-
embedded section through the brain of a first instar larva fed BrdU
immediately after hatching and then immunolabeled for BrdU (brown) and
MEF2 (blue); anterior is to the left. Anti-BrdU labels the nuclei of MB
neuroblasts (MB Nb) and antennal lobe neuroblast (AL Nb) and their
daughter cells, including a putative ganglion mother cell (GMC, arrowhead).
Highly specific anti-MEF2 labeling is apparent in cell nuclei surrounding the
MB neuroblast, and more weakly staining cell nuclei are visible near the
antennal lobe neuroblast (left-most arrow). (B) A first instar larval brain
section immunolabeled only for MEF2 shows the absence of MEF2 in
neuroblasts and a putative ganglion mother cell. At least three larvae were
evaluated for each experiment.

similar to what we showed with these and other markers previously
in wild-type embryos (Crittenden et al., 1998). In contrast, neither
anti-DCO nor anti-FASII labeled MB structures in any sections from
homozygous mef2?>->! embryos processed on the same slides as
controls (Fig. 7D-F). It is possible that the failure to see MB
immunostaining in the mutants is because MEF2 regulates the
expression of these markers. We tested this possibility by ectopic
MEF2 expression using the GAL4/UAS system, with five different
drivers, but did not observe ectopic expression of DCO or FASII (not
shown). These experiments are not definitive, however, because the
ectopic expression might have been only in tissues that do not
express a necessary co-factor for MEF2 activity. Therefore, we
sought a second approach to measure MB formation.

We counted MB nuclei in mef2??~?! and mef2?%-% embryos. We
used the MB immunomarker DAC to count MB neurons in
consecutive sagittal sections from stage 16 heterozygous (with
balancer) and homozygous mef2?>-?! animals (Fig. 7G). Anti-DAC
immunoreactivity was observed in an estimated average of 63 cells
per dorso-posterior brain hemisphere in the heterozygotes,
compared to only 36 cells per hemisphere in the mef27%-
homozygotes (Fig. 7H), representing a 43% reduction in the
number of DAC-positive MB neurons. This loss was not consequent
of failed neuroblast formation, as in the process of cell counting we
observed four neuroblasts in each hemisphere of the mef2?%-
homozygotes. We also confirmed that these neuroblasts are
dividing, based on BrdU incorporation after injection at 19 h after
egg laying (not shown). We made similar cell counts in stage 16
heterozygous (with balancer) and homozygous embryos from line
mef2°%-°. The control heterozygotes had an average of 80 DAC
positive MB neurons, whereas the homozygous mutants had an

average of 68 (Fig. 7H), representing a 15% reduction. We also
counted the number of MEF2-positive neurons in mef27%-°
embryos. An average of 37 cells were counted per dorso-posterior
hemisphere in the controls, whereas only seven were found on
average in the homozygous mutants (Fig. 7H), an 81% reduction.
The difference in the number of DAC positive cells between the
mef2%?-21 and mef22%-% heterozygous animals is likely to be due to a
slight difference in the ages of the animals between experiments;
however, since the heterozygous and homozygous animals within
each genotype were aged and collected together, our primary
evidence that there are fewer MB neurons in homozygous mef2??-!
and mef2?%-% mutants was not compromised.

In summary, severe hypomorphic or protein-null mef2 mutants
have reduced numbers of differentiated MB neurons based on
immunolabeling with four MB markers (DAC, MEF2, FASII and
DCO).

mef2 is required for normal wing development

In adult escapers with point mutations in mef2 (Table S1) we often
observed disrupted wing morphology ranging from incomplete or
ectopic cross-veins to bubbled wings (Fig. 8A,B). Furthermore,
enhancer-detector line 919 showed strong expression and complete
penetrance of wing venation defects (Fig. 8C). A similar phenotype,
at lower penetrance and expressivity, was observed in the enhancer-
detector lines with insertions clustered more proximally to mef2
(lines 429, 919, 1484, 1828, 2487, 3046) but not in lines with
insertions more distal to mef2 (lines 883, 2109, 3775). To confirm
that mef2 dysfunction is responsible for the wing phenotype in the
enhancer-detector lines, we performed complementation tests with
the protein-null mutant mef2°>-?/. We observed wing blistering or
abnormal venation in 74% of the transheterozygotes with line 919
(Fig. 8D) and in 58% of transheterozygotes with line 429.
Heterozygotes for the enhancer-detector insertions or mef2?>-%!
did not show a wing phenotype. Our results suggest that there is an
enhancer for mef2 expression in the developing wing that spans the
P element insertion site in line 919 and extends proximally toward
mef2 (Fig. 1), and establish a role for mef2 in wing development.

DISCUSSION

Nuclear retention signal for MEF2

Mammalian MEF2 contains several sequences near the C-terminus
that are required for its nuclear localization, but these sequences are
not conserved in Drosophila and the MEF2 nuclear localization
sequence has not been identified (Yu, 1996; Borghi et al., 2001).
We identified a mutant, mef2°6%’, in which MEF2 fails to be
retained in the nucleus. The mutation in line mef2?°%’ was
previously described as a missense point mutation that converts
amino acid 148 from Thr to Ala (Lovato et al., 2009). From a
BLAST® comparison to mouse MEF2 it appeared that this Thr is
conserved in MEF2A but not in other MEF2 family members. This
region of the protein is evolutionarily conserved and is termed the
HJURP-C domain (Holliday junction regulator protein family C-
terminal repeat). The HJURP-C domain is present in MEF2A,
MEF2C and MEF2D but is lacking in MEF2B. The function of the
HJURP-C domain is poorly understood but our results suggest that
it contributes to nuclear localization of MEF2.

Mushroom body expression pattern of mef2

Previous reports have shown that MB neurons begin to differentiate
at stage 14 and continue to be born until shortly before pupal
eclosion (Ito and Hotta, 1992). Our embryonic expression studies
indicated that MEF2 becomes detectable in the MB neurons as early
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Fig. 7. mef2 mutant embryos have a paucity of mushroom body neurons. Sections from stage 17 embryos that are (A—C) heterozygous balanced
mef222-2 controls or (D-F) homozygous mef22?-2" mutants. Section orientations are (A,D) sagittal through the entire central nervous system of paraffin-
embedded tissue, (B,E) horizontal through the brain of paraffin-embedded tissue and (C,F) sagittal through the brain of plastic-embedded tissue, all with
anterior to the left. (A,B,D,E) Anti-DCO decorates the central nervous system neuropil in both genotypes (green, with highest intensity false-colored in red) but
the MB lobes are visible only in controls (vertically-extending lobe at arrow in A and medially-extending lobe at arrow in B). Anti-MEF2 (also in green) labels
only the cell nuclei of muscles and MB neurons in controls, not the MB axonal lobes, and was included for genotyping purposes. (C,F) Anti-FASII labels the
cervical connectives the MB pedunculus, and vertical MB lobe of controls (arrow in C) but not homozygous mutants (F). (G) Example of a sagittal paraffin-
embedded section through a mef222-2" embryo immunostained for DAC (black) that was used to count MB neurons located in the dorso-posterior brain
(magnified in inset). The MB neuroblast is not labeled for DAC (arrowhead). (H) Counts of MB neurons that were immunolabeled for DAC or MEF2. mef222-2"
and mef225-6 homozygous mutant embryos had significantly fewer MB neurons than their age-matched heterozygous balancer-chromosome controls
(*PP<0.05 for each pair-wise comparison by Student’s unpaired two-tailed t-test). The number of brain hemispheres evaluated is indicated on each column.

Error bars show standard errors of the mean.

as stage 15. In the embryo and larva, MEF2 immunoreactivity
was in post-mitotic Kenyon cells and antennal lobe neurons, but
not in neuroblasts or ganglion mother cells, consistent with the
developmental expression profile of MEF2 in the honeybee Apis
mellifera (Farris et al., 1999). Likewise, in mammals the initiation of
mef2 expression in cortical neurons coincides with their exit from
the cell cycle (Lyons et al., 1995; Mao et al., 1999). Thus, the
expression profile of Drosophila and mammalian mef2 is consistent
with a role in neuronal cell identity or differentiation.

MB neurons that give rise to the different lobes are generated
sequentially from the four dorsal posterior neuroblasts and are
interdependent for pathfinding and survival (Kurusu et al., 2002;
Martini and Davis, 2005). In adults, we found MEF2 expression in
all four tracts of the posterior pedunculus, indicating MEF2
expression in descendants of all four MB neuroblasts. Based on
double-labeling experiments with other Kenyon cell markers,
MEF2 is expressed in only a subset of MB neurons in the
embryonic and adult stages. The cytoplasmic mislocalization of
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Fig. 8. mef2 is required for normal wing venation. (A) A wild-type wing
with veins labeled. Acv, anterior cross-vein; pcv, posterior cross-vein; L1-L5,
longitudinal veins. (B) Ectopic venation and broadened wing shape in a
transheterozygous mef226-49/78-11 fly_(C) Ectopic venation in homozygous
enhancer-detector line 919. (D) Non-complementation of the wing-
phenotype in a transheterozygous mef222-27/line 919 fly.

MEF?2 in line mef2?5* served to show that MEF2 is expressed in

Kenyon cells that form medially- and vertically-extending lobes in
the embryo. In the adult, MEF2 is expressed in o/f- and y-lobe
forming neurons, but not in the o’/f’ neurons. Accordingly, the
Drosophila Gal4 line MB247, which uses a 2.2 kb fragment
upstream of mef2 (Fig. 1) to control Gal4 expression, preferentially
drives expression in the o/p and v lobes, but not the o’/B’ lobes;
however, other transgenic fly lines with this mef2 fragment drive
more widespread MB expression (Schulz et al., 1996; Zars et al.,
2000; Riemensperger et al., 2005; Pitman, 2011; Pech et al., 2013).
Thus, Drosophila mef2 appears to harbor multiple MB enhancers
(Fig. 1), and possibly suppressors for o’/f” MB cell type expression
as well.

Mutant cytoplasmic MEF2 showed that the antennal lobe
expression appeared to be confined to interneurons whereas
projection neurons were found in the antennal segments that
house olfactory receptors, hygroreceptors, thermoreceptors and the
sound-sensing Johnston’s organ (Stocker, 1994). These MEF2-
expressing structures are serially linked in the pathway for odor
perception (Power, 1946): odor detection occurs in olfactory
neurons of the third antennal segment, which synapse onto
projection neurons in the antennal lobe glomeruli that in turn send
sensory information to the MB calyces. Thus, MEF2 might function
in the transmission and integration of olfactory information to, and
within, the MB.

MEF?2 interacts physically with myogenic and neurogenic factors
to potentiate cell-type specific gene transcription (Molkentin et al.,
1995; Black et al., 1996; Mao and Nadal-Ginard, 1996). The MEF2
MB lobe expression pattern expression gives clues to possible
transcriptional interactors for MEF2. Examples of MB markers with
similar Kenyon cell subtype distribution to MEF2 include FOXP
(DasGupta et al., 2014), HDAC4 (Fitzsimons et al., 2013), DRK
(Crittenden et al., 1998; Kotoula et al., 2017), and FASII
(Crittenden et al., 1998; Cheng et al., 2001). MEF2 interactions
with several of these molecules have already been established. In
mammals, HDAC4 (histone deacetylase 4) is known to bind to
MEF?2 to repress transcription, and Drosophila HDAC4 is important
for muscle development, circadian rhythmicity and MB function
(Zhao et al., 2005; Fogg et al., 2014). A shared function for MEF2
and FASII (the fly ortholog of NCAM) in cell-cell communication
or adhesion is suggested by our finding that mef2 hypomorphs
exhibit an ectopic venation phenotype similar to that reported for

fasll loss of function mutant cell clones (Mao and Freeman, 2009).
Furthermore, MEF2 regulates fas/I expression in clock neurons to
control their circadian fasciculation and defasciculation for the
regulation of motor output (Blanchard et al., 2010; Sivachenko
etal.,2013). A function for MEF2 in neuronal defasciculation raises
apossible parallel to MEF2’s role in synapse elimination in cultured
mouse neurons (Flavell et al., 2006). FOXP proteins (forkhead box
transcription factors) are also known to function in synapse
elimination. Mammalian FOXP2 co-localizes with MEF2C early
in development but subsequently suppresses MEF2C expression in
the striatum (Chen et al., 2016), a dopamine rich forebrain region
that is important for motor learning and that has compartmental
organization (Crittenden and Graybiel, 2017) that has been directly
compared to the MB (Strausfeld and Hirth, 2013). Overall, these
studies are consistent with distinct cellular functions for MEF2 in
development, and later in learning. Disruption of FOXP in the o/
MB neurons results in motor problems and delayed decision-
making in an associative olfactory-discrimination task (DasGupta
et al., 2014; Lawton et al., 2014) but whether this involves MEF2
remains untested.

mef2 function in mushroom body formation

Deletion of murine mef2 family members impairs normal
development of neurons, lymphocytes, bone, endothelial cells,
and photoreceptor cells (Mao et al., 1999; Potthoff and Olson, 2007,
Andzelm et al., 2015; Latchney et al., 2015). We have now shown
that mef2 is essential for the development of MB neurons. Loss of
mef2 led to a failure in MB formation, and a reduction in MB neuron
number, in all of the homozygous mef2 mutant embryos that we
examined. We could not detect any MB neuropil in the mef2
protein-null embryos with the immunomarkers anti-DC0 and anti-
FASII, indicating either that the remaining DAC-positive Kenyon
cells failed to extend processes or that they were too sparse to detect.
Modifiers of the phenotype are suggested by the fact that escaper
transheterozygous flies showed grossly normal MB morphology as
adults. FASIT mutations were found to disrupt MB development in
one study but not in another (Cheng et al., 2001; Kurusu et al.,
2002), further highlighting such phenotypic variability in MB
development. It is also possible that mef2 is important for the
development of embryonic MB but not adult MB, in parallel to the
finding that mef2 serves a broader function in the formation of
embryonic muscles than in adult muscles (Baker et al., 2005).

In the homozygous line mef2?%%, there was a 15% reduction in
DAC-positive MB cells and an 81% reduction of MEF2-positive
MB neurons. One possibility for the reduced number of MB neurons
labeled for MEF2, relative to DAC, is that the mef2?%-% mutation
disrupts MEF2 expression. We and others (Nguyen et al., 2002)
observed similar levels of MEF2 immunoreactivity in the remaining
cell nuclei of mef22%-% homozygous embryos, but it is still possible
that a subset of cells fail to express the mutant isoform to detectable
levels. Another explanation for the severe loss of MEF2-positive
MB neurons in mef2°%-° homozygous embryos is that this subtype of
MB neuron is more severely impacted. It was previously shown that
DAC is expressed in only a subset of embryonic MB neurons (Kunz
etal., 2012) and we found, by double-immunolabeling for DAC and
MEF2 in controls, that some MB neurons express DAC and not
MEF2 (not shown). We did not determine whether all MEF2-
positive neurons express DAC. In short, the MB markers that we
used are not universally expressed among embryonic MB neurons
and so if the loss of MEF2 differentially impacts one subtype,
differences in the proportions lost based on counts with each marker
would be expected.
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We considered three possible explanations for the reduced MB
cell number in mef2 mutants. First, the MB neurons may die
prematurely. Second, the MB neuroblasts may fail to proliferate
normally. Third, the neurons may not differentiate properly, owing
either to a fate change or to a block in the differentiation program. To
test whether the primary cause of reduced MB cell numbers in mef2
mutants was cell death, we employed the vital dye Acridine Orange.
Acridine Orange was applied to homozygous mef2°5 animals at
stages of 14, 15, and 16, periods preceding and including the time at
which mutants exhibited a clear reduction in the number of MB
neurons. At stage 14, a tight cluster of cells in the dorso-posterior
brain was stained with Acridine Orange in both heterozygous and
homozygous mef22%-% animals. By stage 15 and 16 this staining had
subsided however, leaving fewer labeled cells that were scattered
throughout the CNS (not shown). Although we observed Acridine
Orange staining in the muscle cells of mef2?°° homozygous
embryos as previously reported (Ranganayakulu et al., 1995), we
did not detect an increase in cell death within the brains of
the mutants compared with controls. Therefore, we did not find
evidence of abnormally increased apoptotic cell death in the MB
neurons of mef2 mutants. Nor was the mef2 MB phenotype caused
by the failure of neuroblasts to form: all four MB neuroblasts were
apparent at stage 17 in mef2??-?’ animals as determined by counting
experiments. Moreover, the neuroblasts did not express mef2 and
did incorporate BrdU, although we cannot rule out that BrdU
incorporation was slowed. In conclusion, we propose that the
reduction in the number of MB neurons in mef2 mutants may best be
explained by a failure of these cells to form or differentiate properly,
which is consistent with their failure to form MB lobes.

mef2 functions in wing venation

The enhancer-detector lines led to our discovery of a wing venation
function for mef2. The 46C enhancer-detector lines did not show
gross myogenesis or MB development problems but did show
ectopic wing venation and wing bubbling that is non-
complementary with mef2 point mutations and that appears
identical to what we found in transheterozygous mef2 point
mutant escapers. Overexpression of mef2 was found in a large-
scale screen of transcription factors, to induce wing blistering
(Schertel et al., 2015) but it was not investigated further. Screens for
wing venation phenotypes have identified over 300 genes with
enrichment for members of the Notch, EGFR and Dpp (TGF-3
homolog) signaling pathways that are critical for intercellular
communication (Molnar et al., 2006; Bilousov et al., 2014). MEF2
can be linked to the regulation of these pathways. For example, Thkv
(thick veins), which encodes a Dpp receptor, is repressed by MEF2
during Drosophila egg formation (Mantrova et al., 1999). Indeed,
disruptions in Dpp and Tkv expression can result in anterior cross-
vein and blistering phenotypes (de Celis, 1997) that are similar to
what we observed in mef2 hypomorphs. Another member of the
Dpp-Tkv pathway is p38 mitogen-activated protein kinase, which
can phosphorylate and activate mammalian MEF2 (Han et al., 1997;
Mao et al., 1999; Okamoto et al., 2000) and in its dominant-negative
form causes ectopic wing venation in flies (Adachi-Yamada et al.,
1999). Collectively with our results, these data suggest that the
abnormal vein formation in hypomorphic mef2 mutants is caused by
a failure in the Dpp-Tkv pathway.

MATERIALS AND METHODS

Drosophila genetics

Fly stocks were raised at room temperature on standard sucrose and cornmeal
media. The nine enhancer-detector lines described were identified in a screen

for MB expression (Bellen et al., 1989; Wilson et al., 1989; Han et al., 1996).
Both male and female adult flies were used and embryos were not sexed. The
EMS, DEB, and y-ray mutants shown in Table S1 were identified in a screen
for lethal genes at the cytological location 46C—F (Goldstein et al., 2001). The
parental chromosome for these lines was adh cn pr and they were maintained
balanced over CyO. The CyO mutation impacts wing formation so for
complementation analysis of adult viability and the wing phenotype, the lines
in Table S1 were rebalanced with the homozygous lethal chromosome
SM6BevelacZ that has a dominant rough-eye marker (Roi). The lack of a
rough-eye phenotype was used to identify transheterozygous mef2 mutants.

Molecular biology

Bacteriophage clones surrounding the enhancer-detector insertion site in
line 2487 were isolated from a Canton-S genomic library. The map
constructed of the 46C region was expanded by 12 kb from coordinate 20 kb
to 32 kb (Fig. 1) relative to the previously published maps (Bouretal., 1995;
Lilly et al., 1995). The expansion was due to a stretch of repetitive DNA
suggesting the likely insertion of a transposable element. Genomic DNA
fragments adjacent to the insertions in lines 429, 883, 919, 2487, 3046, and
3775 were obtained by Hind IIl or Xhol plasmid rescue, according to
previously described methods (Pirrotta, 1986). The insertion sites in lines
1484, 1828, and 2109 were determined by Southern blotting experiments.

Histology

B—galactosidase histochemistry and RNA in situ hybridization experiments
were performed on frontal cryosections of the Drosophila head as
previously described (Skoulakis and Davis, 1996). For comparative
evaluation of B—galactosidase activity, multiple flies from each line were
examined and reacted for similar amounts of time. RNA probes were
generated from the 5 and the 3’ end of a mef2 cDNA and used in separate
experiments to validate RNA in situ hybridization results.

Antisera for MEF2, provided by Dr E. Olson, were raised against a fusion
protein comprising amino acids 1-472 that contained both the MADS box
and MEF domain of MEF2. Antibodies, with working dilutions given in
parentheses, were generated in rabbit for MEF2 (1:1000) and DCO (1:400),
in mouse for FASII (1:2) and DAC (1:30), and in rat for BrdU (1:30, Harlan
Sera-Laboratory). Specificity of the antibodies were previously validated by
reduced immunoreactivity in flies with the corresponding mutations for
mef2 (Lilly et al., 1995), DCO (Lane and Kalderon, 1993; Skoulakis et al.,
1993), fasll (Lin and Goodman, 1994; Cheng et al., 2001), and dac (Martini
et al.,, 2000). Immunohistochemistry with chromogenic substrates was
performed on paraffin-embedded sections from larvae and adults, or prior to
plastic embedding and sectioning of embryonic Drosophila as previously
described (Crittenden et al., 1998). For immunofluorescence, CY3- or
FITC-conjugated anti-rabbit and anti-mouse antibodies (1:400, Sigma-
Aldrich) were used. Slides were coverslipped with Vectashield (Vector
Laboratories, Burlingame, USA).

Cell counting experiments

Immunolabeled MB cells were apparent in approximately 15x1 pm serial
sections of each brain hemisphere. Each cell was visible in an average of 3.5
serial sections. Therefore, to estimate the number of MB cells per brain
hemisphere, we divided the total number of cells counted by 3.5. Statistical
comparisons between homozygous and heterozygous, balancer-chromosome
control embryos were made using unpaired, two-tailed Student’s #-tests.
Comparisons were always made between mutant and control embryos
obtained from the same matings and processed together. No embryos were
excluded from analyses after cell counting.

Cell death assay

Acridine Orange staining was performed as previously described (Abrams
et al., 1993). Homozygous mef2 mutants were distinguished from sibling
controls based on the presence of bloated gut morphology.

BrdU labeling

The treatment of larvae with BrdU to label dividing cells followed the
protocol of Truman and Bate (1988). For immunohistochemical detection of
BrdU, paraffin sections of larvae were additionally treated with 2N HCI.

c
@
o

o)
>
(o)

i

§e

@



http://bio.biologists.org/lookup/doi/10.1242/bio.035618.supplemental
http://bio.biologists.org/lookup/doi/10.1242/bio.035618.supplemental

RESEARCH ARTICLE

Biology Open (2018) 7, bio035618. doi:10.1242/bio.035618

Acknowledgements

We thank S. Ahmed and B. Schroeder for technical assistance. We thank Dr Lilly
and Profs. Olson and Nguyen for providing anti-MEF2 antisera. We are grateful to
Prof. K.-A. Han for critical reading of the manuscript.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: J.R.C., R.L.D.; Methodology: J.R.C., EM.C.S., E.S.G;
Validation: J.R.C., EM.C.S., E.S.G., R.L.D.; Formal analysis: J.R.C.; Investigation:
J.R.C., E.M.C.S,; Resources: E.M.C.S., E.S.G.; Writing - original draft: J.R.C.,
R.L.D.; Writing - review & editing: J.R.C., E.M.C.S., R.L.D.; Visualization: J.R.C;
Supervision: R.L.D.; Project administration: R.L.D.; Funding acquisition: R.L.D.

Funding

This work was supported by a pre-doctoral National Institute of Mental Health grant
to J.R.C. and National Institute of Neurological Disorders and Stroke grant
[1R35NS097224] to R.L.D.

Supplementary information
Supplementary information available online at
http:/bio.biologists.org/lookup/doi/10.1242/bio.035618.supplemental

References

Abrams, J. M., White, K., Fessler, L. |. and Steller, H. (1993). Programmed cell
death during Drosophila embryogenesis. Development 117, 29-43.

Adachi-Yamada, T., Nakamura, M., Irie, K., Tomoyasu, Y., Sano, Y., Mori, E.,
Goto, S., Ueno, N., Nishida, Y. and Matsumoto, K. (1999). p38 mitogen-
activated protein kinase can be involved in transforming growth factor beta
superfamily signal transduction in Drosophila wing morphogenesis. Mol. Cell.
Biol. 19, 2322-2329.

Akalal, D.-B. G, Yu, D. and Davis, R. L. (2010). A late-phase, long-term memory
trace forms in the gamma neurons of Drosophila mushroom bodies after olfactory
classical conditioning. J. Neurosci. 30, 16699-16708.

Andzelm, M. M., Cherry, T. J., Harmin, D. A., Boeke, A. C., Lee, C., Hemberg, M.,
Pawlyk, B., Malik, A. N., Flavell, S. W., Sandberg, M. A. et al. (2015). MEF2D
drives photoreceptor development through a genome-wide competition for tissue-
specific enhancers. Neuron 86, 247-263.

Arendt, D. (2008). The evolution of cell types in animals: emerging principles from
molecular studies. Nat. Rev. Genet. 9, 868-882.

Aso, Y., Hattori, D., Yu, Y., Johnston, R. M,, lyer, N. A., Ngo, T. T., Dionne, H.,
Abbott, L. F., Axel, R., Tanimoto, H. et al. (2014). The neuronal architecture of
the mushroom body provides a logic for associative learning. Elife 3, e04577.

Assis, R. and Bachtrog, D. (2013). Neofunctionalization of young duplicate genes
in Drosophila. Proc. Natl. Acad. Sci. USA 110, 17409-17414.

Baker, P. W., Tanaka, K. K., Klitgord, N. and Cripps, R. M. (2005). Adult
myogenesis in Drosophila melanogaster can proceed independently of myocyte
enhancer factor-2. Genetics 170, 1747-1759.

Bellen, H. J., O’Kane, C. J., Wilson, C., Grossniklaus, U., Pearson, R. K. and
Gehring, W. J. (1989). P-element-mediated enhancer detection: a versatile
method to study development in Drosophila. Genes Dev. 3, 1288-1300.

Bilousov, O., Koval, A., Keshelava, A. and Katanaev, V. L. (2014). Identification of
novel elements of the Drosophila blisterome sheds light on potential pathological
mechanisms of several human diseases. PLoS ONE 9, e101133.

Black, B. L., Ligon, K. L., Zhang, Y. and Olson, E. N. (1996). Cooperative
transcriptional activation by the neurogenic basic helix-loop-helix protein MASH1
and members of the myocyte enhancer factor-2 (MEF2) family. J. Biol. Chem. 271,
26659-26663.

Blanchard, F. J., Collins, B., Cyran, S. A., Hancock, D. H., Taylor, M. V. and Blau,
J.(2010). The transcription factor mef2 is required for normal circadian behavior in
Drosophila. J. Neurosci. 30, 5855-5865.

Borghi, S., Molinari, S., Razzini, G., Parise, F., Battini, R. and Ferrari, S. (2001).
The nuclear localization domain of the MEF2 family of transcription factors shows
member-specific features and mediates the nuclear import of histone deacetylase
4. J. Cell. Sci. 114, 4477-4483.

Bour, B. A., O’Brien, M. A., Lockwood, W. L., Goldstein, E. S., Bodmer, R.,
Taghert, P. H., Abmayr, S. M. and Nguyen, H. T. (1995). Drosophila MEF2, a
transcription factor that is essential for myogenesis. Genes. Dev. 9, 730-741.

Busto, G. U., Cervantes-Sandoval, |. and Davis, R. L. (2010). Olfactory learning in
Drosophila. Physiology (Bethesda) 25, 338-346.

Chen, Y.-C., Kuo, H.-Y., Bornschein, U., Takahashi, H., Chen, S.-Y., Lu, K.-M.,
Yang, H.-Y., Chen, G.-M., Lin, J.-R., Lee, Y.-H. et al. (2016). Foxp2 controls
synaptic wiring of corticostriatal circuits and vocal communication by opposing
mef2c. Nat. Neurosci. 19, 1513-1522.

Cheng, Y., Endo, K., Wu, K., Rodan, A. R., Heberlein, U. and Davis, R. L. (2001).
Drosophilafasciclinll is required for the formation of odor memories and for normal
sensitivity to alcohol. Cell 105, 757-768.

Cognigni, P., Felsenberg, J. and Waddell, S. (2017). Do the right thing: neural
network mechanisms of memory formation, expression and update in Drosophila.
Curr. Opin. Neurobiol. 49, 51-58.

Crittenden, J. R. and Graybiel, A. M. (2017). Disease-associated Changes in the
Striosome and Matrix Compartments of the Dorsal Striatum. In Handbook of Basal
Ganglia Structure and Function, Second Edition (ed. H. Steiner and K. Tseng),
pp. 783-796. Academic Press, Elsevier Science. London, United Kingdom.

Crittenden, J. R., Skoulakis, E. M., Han, K. A., Kalderon, D. and Davis, R. L.
(1998). Tripartite mushroom body architecture revealed by antigenic markers.
Learn. Mem. 5, 38-51.

DasGupta, S., Ferreira, C. H. and Miesenbock, G. (2014). FoxP influences the
speed and accuracy of a perceptual decision in Drosophila. Science 344,
901-904.

de Celis, J. F. (1997). Expression and function of decapentaplegic and thick veins
during the differentiation of the veins in the Drosophila wing. Development 124,
1007-1018.

Desjardins, C. A. and Naya, F. J. (2017). Antagonistic regulation of cell-cycle and
differentiation gene programs in neonatal cardiomyocytes by homologous MEF2
transcription factors. J. Biol. Chem. 292, 10613-10629.

Farris, S. M., Robinson, G. E., Davis, R. L. and Fahrbach, S. E. (1999). Larval and
pupal development of the mushroom bodies in the honey bee, Apis mellifera.
J. Comp. Neurol. 414, 97-113.

Fitzsimons, H. L., Schwartz, S., Given, F. M. and Scott, M. J. (2013). The histone
deacetylase HDAC4 regulates long-term memory in Drosophila. PLoS ONE 8,
e83903.

Flavell, S. W., Cowan, C. W., Kim, T. K,, Greer, P. L., Lin, Y., Paradis, S., Griffith,
E. C., Hu, L. S,, Chen, C. and Greenberg, M. E. (2006). Activity-dependent
regulation of MEF2 transcription factors suppresses excitatory synapse number.
Science 311, 1008-1012.

Fogg, P. C. M., O’Neill, J. S., Dobrzycki, T., Calvert, S., Lord, E. C., Mcintosh,
R.L. L., Elliott, C. J. H., Sweeney, S. T., Hastings, M. H. and Chawla, S. (2014).
Class lla histone deacetylases are conserved regulators of circadian function.
J. Biol. Chem. 289, 34341-34348.

Goldstein, E. S., Treadway, S. L., Stephenson, A. E., Gramstad, G. D., Keilty, A.,
Kirsch, L., Imperial, M., Guest, S., Hudson, S. G, LaBell, A. A. et al. (2001). A
genetic analysis of the cytological region 46C-F containing the Drosophila
melanogaster homolog of the jun proto-oncogene. Mol. Genet. Genomics 266,
695-700.

Han, P.-L., Meller, V. and Davis, R. L. (1996). The Drosophila brain revisited by
enhancer detection. J. Neurobiol. 31, 88-102.

Han, J., Jiang, Y., Li, Z., Kravchenko, V. V. and Ulevitch, R. J. (1997). Activation of
the transcription factor MEF2C by the MAP kinase p38 in inflammation. Nature
386, 296-299.

Ito, K. and Hotta, Y. (1992). Proliferation pattern of postembryonic neuroblasts in the
brain of Drosophila melanogaster. Dev. Biol. 149, 134-148.

Kotoula, V., Moressis, A., Semelidou, O. and Skoulakis, E. M. C. (2017). Drk-
mediated signaling to Rho kinase is required for anesthesia-resistant memory in
Drosophila. Proc. Natl. Acad. Sci. USA 114, 10984-10989.

Krashes, M. J., Keene, A. C., Leung, B., Armstrong, J. D. and Waddell, S. (2007).
Sequential use of mushroom body neuron subsets during Drosophila odor
memory processing. Neuron 53, 103-115.

Kunz, T., Kraft, K. F., Technau, G. M. and Urbach, R. (2012). Origin of Drosophila
mushroom body neuroblasts and generation of divergent embryonic lineages.
Development 139, 2510-2522.

Kurusu, M., Nagao, T., Walldorf, U., Flister, S., Gehring, W. J. and Furukubo-
Tokunaga, K. (2000). Genetic control of development of the mushroom bodies,
the associative learning centers in the Drosophila brain, by the eyeless, twin of
eyeless, and dachshund genes. Proc. Natl. Acad. Sci. USA 97, 2140-2144.

Kurusu, M., Awasaki, T., Masuda-Nakagawa, L. M., Kawauchi, H., Ito, K. and
Furukubo-Tokunaga, K. (2002). Embryonic and larval development of the
Drosophila mushroom bodies: concentric layer subdivisions and the role of
fasciclin Il. Development 129, 409-419.

Lai, S.-L., Awasaki, T., Ito, K. and Lee, T. (2008). Clonal analysis of Drosophila
antennal lobe neurons: diverse neuronal architectures in the lateral neuroblast
lineage. Development 135, 2883-2893.

Lane, M. E. and Kalderon, D. (1993). Genetic investigation of cAMP-dependent
protein kinase function in Drosophila development. Genes. Dev. 7, 1229-1243.
Latchney, S. E., Jiang, Y., Petrik, D. P., Eisch, A. J. and Hsieh, J. (2015). Inducible
knockout of mef2a, -c, and -d from nestin-expressing stem/progenitor cells and
their progeny unexpectedly uncouples neurogenesis and dendritogenesis in vivo.

FASEB. J. 29, 5059-5071.

Lawton, K. J., Wassmer, T. L. and Deitcher, D. L. (2014). Conserved role of
Drosophila melanogaster FoxP in motor coordination and courtship song. Behav.
Brain. Res. 268, 213-221.

Lee, T., Lee, A. and Luo, L. (1999). Development of the Drosophila mushroom
bodies: sequential generation of three distinct types of neurons from a neuroblast.
Development 126, 4065-4076.

c
@
o

o)
>
(o)

i

§e

@



http://bio.biologists.org/lookup/doi/10.1242/bio.035618.supplemental
http://bio.biologists.org/lookup/doi/10.1242/bio.035618.supplemental
http://dx.doi.org/10.1128/MCB.19.3.2322
http://dx.doi.org/10.1128/MCB.19.3.2322
http://dx.doi.org/10.1128/MCB.19.3.2322
http://dx.doi.org/10.1128/MCB.19.3.2322
http://dx.doi.org/10.1128/MCB.19.3.2322
http://dx.doi.org/10.1523/JNEUROSCI.1882-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.1882-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.1882-10.2010
http://dx.doi.org/10.1016/j.neuron.2015.02.038
http://dx.doi.org/10.1016/j.neuron.2015.02.038
http://dx.doi.org/10.1016/j.neuron.2015.02.038
http://dx.doi.org/10.1016/j.neuron.2015.02.038
http://dx.doi.org/10.1038/nrg2416
http://dx.doi.org/10.1038/nrg2416
http://dx.doi.org/10.7554/eLife.04577
http://dx.doi.org/10.7554/eLife.04577
http://dx.doi.org/10.7554/eLife.04577
http://dx.doi.org/10.1073/pnas.1313759110
http://dx.doi.org/10.1073/pnas.1313759110
http://dx.doi.org/10.1534/genetics.105.041749
http://dx.doi.org/10.1534/genetics.105.041749
http://dx.doi.org/10.1534/genetics.105.041749
http://dx.doi.org/10.1101/gad.3.9.1288
http://dx.doi.org/10.1101/gad.3.9.1288
http://dx.doi.org/10.1101/gad.3.9.1288
http://dx.doi.org/10.1371/journal.pone.0101133
http://dx.doi.org/10.1371/journal.pone.0101133
http://dx.doi.org/10.1371/journal.pone.0101133
http://dx.doi.org/10.1074/jbc.271.43.26659
http://dx.doi.org/10.1074/jbc.271.43.26659
http://dx.doi.org/10.1074/jbc.271.43.26659
http://dx.doi.org/10.1074/jbc.271.43.26659
http://dx.doi.org/10.1523/JNEUROSCI.2688-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.2688-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.2688-09.2010
http://dx.doi.org/10.1101/gad.9.6.730
http://dx.doi.org/10.1101/gad.9.6.730
http://dx.doi.org/10.1101/gad.9.6.730
http://dx.doi.org/10.1152/physiol.00026.2010
http://dx.doi.org/10.1152/physiol.00026.2010
http://dx.doi.org/10.1038/nn.4380
http://dx.doi.org/10.1038/nn.4380
http://dx.doi.org/10.1038/nn.4380
http://dx.doi.org/10.1038/nn.4380
http://dx.doi.org/10.1016/S0092-8674(01)00386-5
http://dx.doi.org/10.1016/S0092-8674(01)00386-5
http://dx.doi.org/10.1016/S0092-8674(01)00386-5
http://dx.doi.org/10.1016/j.conb.2017.12.002
http://dx.doi.org/10.1016/j.conb.2017.12.002
http://dx.doi.org/10.1016/j.conb.2017.12.002
http://dx.doi.org/10.1126/science.1252114
http://dx.doi.org/10.1126/science.1252114
http://dx.doi.org/10.1126/science.1252114
http://dx.doi.org/10.1074/jbc.M117.776153
http://dx.doi.org/10.1074/jbc.M117.776153
http://dx.doi.org/10.1074/jbc.M117.776153
http://dx.doi.org/10.1002/(SICI)1096-9861(19991108)414:1%3C97::AID-CNE8%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1096-9861(19991108)414:1%3C97::AID-CNE8%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1096-9861(19991108)414:1%3C97::AID-CNE8%3E3.0.CO;2-Q
http://dx.doi.org/10.1371/journal.pone.0083903
http://dx.doi.org/10.1371/journal.pone.0083903
http://dx.doi.org/10.1371/journal.pone.0083903
http://dx.doi.org/10.1126/science.1122511
http://dx.doi.org/10.1126/science.1122511
http://dx.doi.org/10.1126/science.1122511
http://dx.doi.org/10.1126/science.1122511
http://dx.doi.org/10.1074/jbc.M114.606392
http://dx.doi.org/10.1074/jbc.M114.606392
http://dx.doi.org/10.1074/jbc.M114.606392
http://dx.doi.org/10.1074/jbc.M114.606392
http://dx.doi.org/10.1007/s00438-001-0592-y
http://dx.doi.org/10.1007/s00438-001-0592-y
http://dx.doi.org/10.1007/s00438-001-0592-y
http://dx.doi.org/10.1007/s00438-001-0592-y
http://dx.doi.org/10.1007/s00438-001-0592-y
http://dx.doi.org/10.1002/(SICI)1097-4695(199609)31:1%3C88::AID-NEU8%3E3.0.CO;2-B
http://dx.doi.org/10.1002/(SICI)1097-4695(199609)31:1%3C88::AID-NEU8%3E3.0.CO;2-B
http://dx.doi.org/10.1038/386296a0
http://dx.doi.org/10.1038/386296a0
http://dx.doi.org/10.1038/386296a0
http://dx.doi.org/10.1016/0012-1606(92)90270-Q
http://dx.doi.org/10.1016/0012-1606(92)90270-Q
http://dx.doi.org/10.1073/pnas.1704835114
http://dx.doi.org/10.1073/pnas.1704835114
http://dx.doi.org/10.1073/pnas.1704835114
http://dx.doi.org/10.1016/j.neuron.2006.11.021
http://dx.doi.org/10.1016/j.neuron.2006.11.021
http://dx.doi.org/10.1016/j.neuron.2006.11.021
http://dx.doi.org/10.1242/dev.077883
http://dx.doi.org/10.1242/dev.077883
http://dx.doi.org/10.1242/dev.077883
http://dx.doi.org/10.1073/pnas.040564497
http://dx.doi.org/10.1073/pnas.040564497
http://dx.doi.org/10.1073/pnas.040564497
http://dx.doi.org/10.1073/pnas.040564497
http://dx.doi.org/10.1242/dev.024380
http://dx.doi.org/10.1242/dev.024380
http://dx.doi.org/10.1242/dev.024380
http://dx.doi.org/10.1101/gad.7.7a.1229
http://dx.doi.org/10.1101/gad.7.7a.1229
http://dx.doi.org/10.1096/fj.15-275651
http://dx.doi.org/10.1096/fj.15-275651
http://dx.doi.org/10.1096/fj.15-275651
http://dx.doi.org/10.1096/fj.15-275651
http://dx.doi.org/10.1016/j.bbr.2014.04.009
http://dx.doi.org/10.1016/j.bbr.2014.04.009
http://dx.doi.org/10.1016/j.bbr.2014.04.009

RESEARCH ARTICLE

Biology Open (2018) 7, bio035618. doi:10.1242/bio.035618

Li, H., Radford, J. C., Ragusa, M. J., Shea, K. L., McKercher, S. R., Zaremba,
J. D., Soussou, W., Nie, Z., Kang, Y.-J., Nakanishi, N. et al. (2008).
Transcription factor MEF2C influences neural stem/progenitor cell differentiation
and maturation in vivo. Proc. Natl. Acad. Sci. USA 105, 9397-9402.

Lilly, B., Zhao, B., Ranganayakulu, G., Paterson, B. M., Schulz, R. A. and Olson,
E. N. (1995). Requirement of MADS domain transcription factor D-MEF2 for
muscle formation in Drosophila. Science 267, 688-693.

Lim, J., Fernandez, A. |., Hinojos, S. J., Aranda, G. P., James, J., Seong, C.-S.
and Han, K.-A. (2018). The mushroom body D1 dopamine receptor controls
innate courtship drive. Genes. Brain. Behav. 17, 158-167.

Lin, D. M. and Goodman, C. S. (1994). Ectopic and increased expression of
Fasciclinll alters motoneuron growth cone guidance. Neuron 13, 507-523.

Lin, Q., Schwarz, J., Bucana, C. and Olson, E. N. (1997). Control of mouse cardiac
morphogenesis and myogenesis by transcription factor MEF2C. Science 276,
1404-1407.

Lovato, T. L., Adams, M. M., Baker, P. W. and Cripps, R. M. (2009). A molecular
mechanism of temperature sensitivity for mutations affecting the Drosophila
muscle regulator Myocyte enhancer factor-2. Genetics 183, 107-117.

Lyons, G. E., Micales, B. K., Schwarz, J., Martin, J. F. and Olson, E. N. (1995).
Expression of mef2 genes in the mouse central nervous system suggests a role in
neuronal maturation. J. Neurosci. 15, 5727-5738.

Mantrova, E. Y., Schulz, R. A. and Hsu, T. (1999). Oogenic function of the
myogenic factor D-MEF2: negative regulation of the decapentaplegic receptor
gene thick veins. Proc. Natl. Acad. Sci. USA 96, 11889-11894.

Mao, Y. and Freeman, M. (2009). Fasciclin 2, the Drosophila orthologue of neural
cell-adhesion molecule, inhibits EGF receptor signalling. Development 136,
473-481.

Mao, Z. and Nadal-Ginard, B. (1996). Functional and physical interactions between
mammalian achaete-scute homolog 1 and myocyte enhancer factor 2A. J. Biol.
Chem. 271, 14371-14375.

Mao, Z., Bonni, A., Xia, F., Nadal-Vicens, M. and Greenberg, M. E. (1999).
Neuronal activity-dependent cell survival mediated by transcription factor MEF2.
Science 286, 785-790.

Martini, S. R. and Davis, R. L. (2005). The dachshund gene is required for the
proper guidance and branching of mushroom body axons in Drosophila
melanogaster. J. Neurobiol. 64, 133-144.

Martini, S. R., Roman, G., Meuser, S., Mardon, G. and Davis, R. L. (2000). The
retinal determination gene, dachshund, is required for mushroom body cell
differentiation. Development 127, 2663-2672.

McGuire, S. E., Le, P. T. and Davis, R. L. (2001). The role of Drosophila mushroom
body signaling in olfactory memory. Science 293, 1330-1333.

Molkentin, J. D., Black, B. L., Martin, J. F. and Olson, E. N. (1995). Cooperative
activation of muscle gene expression by MEF2 and myogenic bHLH proteins. Cell
83, 1125-1136.

Molkentin, J. D., Black, B. L., Martin, J. F. and Olson, E. N. (1996). Mutational
analysis of the DNA binding, dimerization, and transcriptional activation domains
of MEF2C. Mol. Cell. Biol. 16, 2627-2636.

Molnar, C., Lopez-Varea, A., Hernandez, R. and de Celis, J. F. (2006). A gain-of-
function screen identifying genes required for vein formation in the Drosophila
melanogaster wing. Genetics 174, 1635-1659.

Nguyen, T., Wang, J. and Schulz, R. A. (2002). Mutations within the conserved
MADS box of the D-MEF2 muscle differentiation factor result in a loss of DNA
binding ability and lethality in Drosophila. Differentiation 70, 438-446.

Noveen, A., Daniel, A. and Hartenstein, V. (2000). Early development of the
Drosophila mushroom body: the roles of eyeless and dachshund. Development
127, 3475-3488.

O’Brien, M. A,, Roberts, M. S. and Taghert, P. H. (1994). A genetic and molecular
analysis of the 46C chromosomal region surrounding the FMRFamide
neuropeptide gene in Drosophila melanogaster. Genetics 137, 121-137.

Okamoto, S., Krainc, D., Sherman, K. and Lipton, S. A. (2000). Antiapoptotic role
of the p38 mitogen-activated protein kinase-myocyte enhancer factor 2
transcription factor pathway during neuronal differentiation. Proc. Natl. Acad.
Sci. USA 97, 7561-7566.

Okamoto, S., Li, Z., Ju, C., Schélzke, M. N., Mathews, E., Cui, J., Salvesen, G. S.,
Bossy-Wetzel, E. and Lipton, S. A. (2002). Dominant-interfering forms of MEF2
generated by caspase cleavage contribute to NMDA-induced neuronal apoptosis.
Proc. Natl. Acad. Sci. USA 99, 3974-3979.

Okamoto, S., Nakamura, T., Cieplak, P., Chan, S. F., Kalashnikova, E., Liao, L.,
Saleem, S., Han, X., Clemente, A., Nutter, A. et al. (2014). S-nitrosylation-
mediated redox transcriptional switch modulates neurogenesis and neuronal cell
death. Cell Rep. 8, 217-228.

Pech, U., Dipt, S., Barth, J., Singh, P., Jauch, M., Thum, A. S., Fiala, A. and
Riemensperger, T. (2013). Mushroom body miscellanea: transgenic Drosophila
strains expressing anatomical and physiological sensor proteins in Kenyon cells.
Front. Neural Circuits 7, 147.

Pirrotta, V. (1986). Cloning Drosophila Genes. In Drosophila: A Practical Approach
(ed. D. B. Roberts), pp. 83-110. Oxford: IRL Press.

Pitman, J. L., Huetteroth, W., Burke, C. J., Krashes, M. J., Lai, S. L., Lee, T., and
Waddell, S. (2011). A pair of inhibitory neurons are required to sustain labile
memory in the Drosophila mushroom body. Curr. Biol. 21, 855-861.

Potthoff, M. J. and Olson, E. N. (2007). MEF2: a central regulator of diverse
developmental programs. Development 134, 4131-4140.

Power, M. E. (1946). The antennal centers and their connections within the brain of
Drosophila melanogaster. J. Comp. Neurol. 85, 485-517.

Prokop, A. and Technau, G. M. (1994). Normal function of the mushroom body
defect gene of Drosophila is required for the regulation of the number and
proliferation of neuroblasts. Dev. Biol. 161, 321-337.

Ranganayakulu, G., Zhao, B., Dokidis, A., Molkentin, J. D., Olson, E. N. and
Schulz, R. A. (1995). A series of mutations in the D-MEF2 transcription factor
reveal multiple functions in larval and adult myogenesis in Drosophila. Dev. Biol.
171, 169-181.

Ridgeway, A. G., Wilton, S. and Skerjanc, I. S. (2000). Myocyte enhancer factor 2C
and myogenin up-regulate each other’s expression and induce the development
of skeletal muscle in P19 cells. J. Biol. Chem. 275, 41-46.

Riemensperger, T., Voller, T., Stock, P., Buchner, E. and Fiala, A. (2005).
Punishment prediction by dopaminergic neurons in Drosophila. Curr. Biol. 15,
1953-1960.

Ryan, S. D., Dolatabadi, N., Chan, S. F., Zhang, X., Akhtar, M. W., Parker, J.,
Soldner, F., Sunico, C. R., Nagar, S., Talantova, M. et al. (2013). Isogenic
human iPSC Parkinson’s model shows nitrosative stress-induced dysfunction in
MEF2-PGC1alpha transcription. Cell 155, 1351-1364.

Schertel, C., Albarca, M., Rockel-Bauer, C., Kelley, N. W., Bischof, J., Hens, K.,
van Nimwegen, E., Basler, K. and Deplancke, B. (2015). A large-scale, in vivo
transcription factor screen defines bivalent chromatin as a key property of
regulatory factors mediating Drosophila wing development. Genome Res. 25,
514-523.

Schulz, R. A., Chromey, C., Lu, M. F., Zhao, B. and Olson, E. N. (1996).
Expression of the D-MEF2 transcription in the Drosophila brain suggests a role in
neuronal cell differentiation. Oncogene 12, 1827-1831.

Shalizi, A., Gaudilliere, B., Yuan, Z., Stegmuller, J., Shirogane, T., Ge, Q., Tan,
Y., Schulman, B., Harper, J. W. and Bonni, A. (2006). A calcium-regulated
MEF2 sumoylation switch controls postsynaptic differentiation. Science 311,
1012-1017.

Sivachenko, A., Li, Y., Abruzzi, K. C. and Rosbash, M. (2013). The transcription
factor mef2 links the Drosophila core clock to Fas2, neuronal morphology, and
circadian behavior. Neuron 79, 281-292.

Skerjanc, I. S. and Wilton, S. (2000). Myocyte enhancer factor 2C upregulates
MASH-1 expression and induces neurogenesis in P19 cells. FEBS Lett. 472,
53-56.

Skerjanc, I. S., Petropoulos, H., Ridgeway, A. G. and Wilton, S. (1998). Myocyte
enhancer factor 2C and Nkx2-5 up-regulate each other’s expression and initiate
cardiomyogenesis in P19 cells. J. Biol. Chem. 273, 34904-34910.

Skoulakis, E. M. C. and Davis, R. L. (1996). Olfactory learning deficits in mutants
for leonardo, a Drosophila gene encoding a 14-3-3 protein. Neuron 17, 931-944.

Skoulakis, E. M. C., Kalderon, D. and Davis, R. L. (1993). Preferential expression
in mushroom bodies of the catalytic subunit of protein kinase A and its role in
learning and memory. Neuron 11, 197-208.

Stocker, R. F. (1994). The organization of the chemosensory system in Drosophila
melanogaster. a review. Cell. Tissue. Res. 275, 3-26.

Stocker, R. F., Heimbeck, G., Gendre, N. and de Belle, J. S. (1997). Neuroblast
ablation in Drosophila P[GAL4] lines reveals origins of olfactory interneurons.
J. Neurobiol. 32, 443-456.

Strausfeld, N. J. and Hirth, F. (2013). Deep homology of arthropod central complex
and vertebrate basal ganglia. Science 340, 157-161.

Tanaka, N. K., Tanimoto, H. and Ito, K. (2008). Neuronal assemblies of the
Drosophila mushroom body. J. Comp. Neurol. 508, 711-755.

Truman, J. W. and Bate, M. (1988). Spatial and temporal patterns of neurogenesis
in the central nervous system of Drosophila melanogaster. Dev. Biol. 125,
145-157.

Wilson, C., Pearson, R. K., Bellen, H. J., O’Kane, C. J., Grossniklaus, U. and
Gehring, W. J. (1989). P-element-mediated enhancer detection: an efficient
method for isolating and characterizing developmentally regulated genes in
Drosophila. Genes Dev. 3, 1301-1313.

Yu, Y. T. (1996). Distinct domains of myocyte enhancer binding factor-2A
determining nuclear localization and cell type-specific transcriptional activity.
J. Biol. Chem. 271, 24675-24683.

Yu, D., Akalal, D. B. and Davis, R. L. (2006). Drosophila alpha/beta mushroom
body neurons form a branch-specific, long-term cellular memory trace after
spaced olfactory conditioning. Neuron 52, 845-855.

Zars, T., Fischer, M., Schulz, R. and Heisenberg, M. (2000). Localization of a
short-term memory in Drosophila. Science 288, 672-675.

Zhao, X., Sternsdorf, T., Bolger, T. A,, Evans, R. M. and Yao, T.-P. (2005).
Regulation of MEF2 by histone deacetylase 4- and SIRT1 deacetylase-mediated
lysine modifications. Mol. Cell. Biol. 25, 8456-8464.

10

c
@
o

o)
>
(o)

i

§e

@



http://dx.doi.org/10.1073/pnas.0802876105
http://dx.doi.org/10.1073/pnas.0802876105
http://dx.doi.org/10.1073/pnas.0802876105
http://dx.doi.org/10.1073/pnas.0802876105
http://dx.doi.org/10.1126/science.7839146
http://dx.doi.org/10.1126/science.7839146
http://dx.doi.org/10.1126/science.7839146
http://dx.doi.org/10.1111/gbb.12425
http://dx.doi.org/10.1111/gbb.12425
http://dx.doi.org/10.1111/gbb.12425
http://dx.doi.org/10.1016/0896-6273(94)90022-1
http://dx.doi.org/10.1016/0896-6273(94)90022-1
http://dx.doi.org/10.1126/science.276.5317.1404
http://dx.doi.org/10.1126/science.276.5317.1404
http://dx.doi.org/10.1126/science.276.5317.1404
http://dx.doi.org/10.1534/genetics.109.105056
http://dx.doi.org/10.1534/genetics.109.105056
http://dx.doi.org/10.1534/genetics.109.105056
http://dx.doi.org/10.1523/JNEUROSCI.15-08-05727.1995
http://dx.doi.org/10.1523/JNEUROSCI.15-08-05727.1995
http://dx.doi.org/10.1523/JNEUROSCI.15-08-05727.1995
http://dx.doi.org/10.1073/pnas.96.21.11889
http://dx.doi.org/10.1073/pnas.96.21.11889
http://dx.doi.org/10.1073/pnas.96.21.11889
http://dx.doi.org/10.1242/dev.026054
http://dx.doi.org/10.1242/dev.026054
http://dx.doi.org/10.1242/dev.026054
http://dx.doi.org/10.1074/jbc.271.24.14371
http://dx.doi.org/10.1074/jbc.271.24.14371
http://dx.doi.org/10.1074/jbc.271.24.14371
http://dx.doi.org/10.1126/science.286.5440.785
http://dx.doi.org/10.1126/science.286.5440.785
http://dx.doi.org/10.1126/science.286.5440.785
http://dx.doi.org/10.1002/neu.20130
http://dx.doi.org/10.1002/neu.20130
http://dx.doi.org/10.1002/neu.20130
http://dx.doi.org/10.1126/science.1062622
http://dx.doi.org/10.1126/science.1062622
http://dx.doi.org/10.1016/0092-8674(95)90139-6
http://dx.doi.org/10.1016/0092-8674(95)90139-6
http://dx.doi.org/10.1016/0092-8674(95)90139-6
http://dx.doi.org/10.1128/MCB.16.6.2627
http://dx.doi.org/10.1128/MCB.16.6.2627
http://dx.doi.org/10.1128/MCB.16.6.2627
http://dx.doi.org/10.1534/genetics.106.061283
http://dx.doi.org/10.1534/genetics.106.061283
http://dx.doi.org/10.1534/genetics.106.061283
http://dx.doi.org/10.1046/j.1432-0436.2002.700806.x
http://dx.doi.org/10.1046/j.1432-0436.2002.700806.x
http://dx.doi.org/10.1046/j.1432-0436.2002.700806.x
http://dx.doi.org/10.1073/pnas.130502697
http://dx.doi.org/10.1073/pnas.130502697
http://dx.doi.org/10.1073/pnas.130502697
http://dx.doi.org/10.1073/pnas.130502697
http://dx.doi.org/10.1073/pnas.022036399
http://dx.doi.org/10.1073/pnas.022036399
http://dx.doi.org/10.1073/pnas.022036399
http://dx.doi.org/10.1073/pnas.022036399
http://dx.doi.org/10.1016/j.celrep.2014.06.005
http://dx.doi.org/10.1016/j.celrep.2014.06.005
http://dx.doi.org/10.1016/j.celrep.2014.06.005
http://dx.doi.org/10.1016/j.celrep.2014.06.005
http://dx.doi.org/10.3389/fncir.2013.00147
http://dx.doi.org/10.3389/fncir.2013.00147
http://dx.doi.org/10.3389/fncir.2013.00147
http://dx.doi.org/10.3389/fncir.2013.00147
http://dx.doi.org/10.1016/j.cub.2011.03.069
http://dx.doi.org/10.1016/j.cub.2011.03.069
http://dx.doi.org/10.1016/j.cub.2011.03.069
http://dx.doi.org/10.1242/dev.008367
http://dx.doi.org/10.1242/dev.008367
http://dx.doi.org/10.1002/cne.900850307
http://dx.doi.org/10.1002/cne.900850307
http://dx.doi.org/10.1006/dbio.1994.1034
http://dx.doi.org/10.1006/dbio.1994.1034
http://dx.doi.org/10.1006/dbio.1994.1034
http://dx.doi.org/10.1006/dbio.1995.1269
http://dx.doi.org/10.1006/dbio.1995.1269
http://dx.doi.org/10.1006/dbio.1995.1269
http://dx.doi.org/10.1006/dbio.1995.1269
http://dx.doi.org/10.1074/jbc.275.1.41
http://dx.doi.org/10.1074/jbc.275.1.41
http://dx.doi.org/10.1074/jbc.275.1.41
http://dx.doi.org/10.1016/j.cub.2005.09.042
http://dx.doi.org/10.1016/j.cub.2005.09.042
http://dx.doi.org/10.1016/j.cub.2005.09.042
http://dx.doi.org/10.1016/j.cell.2013.11.009
http://dx.doi.org/10.1016/j.cell.2013.11.009
http://dx.doi.org/10.1016/j.cell.2013.11.009
http://dx.doi.org/10.1016/j.cell.2013.11.009
http://dx.doi.org/10.1101/gr.181305.114
http://dx.doi.org/10.1101/gr.181305.114
http://dx.doi.org/10.1101/gr.181305.114
http://dx.doi.org/10.1101/gr.181305.114
http://dx.doi.org/10.1101/gr.181305.114
http://dx.doi.org/10.1126/science.1122513
http://dx.doi.org/10.1126/science.1122513
http://dx.doi.org/10.1126/science.1122513
http://dx.doi.org/10.1126/science.1122513
http://dx.doi.org/10.1016/j.neuron.2013.05.015
http://dx.doi.org/10.1016/j.neuron.2013.05.015
http://dx.doi.org/10.1016/j.neuron.2013.05.015
http://dx.doi.org/10.1016/S0014-5793(00)01438-1
http://dx.doi.org/10.1016/S0014-5793(00)01438-1
http://dx.doi.org/10.1016/S0014-5793(00)01438-1
http://dx.doi.org/10.1074/jbc.273.52.34904
http://dx.doi.org/10.1074/jbc.273.52.34904
http://dx.doi.org/10.1074/jbc.273.52.34904
http://dx.doi.org/10.1016/S0896-6273(00)80224-X
http://dx.doi.org/10.1016/S0896-6273(00)80224-X
http://dx.doi.org/10.1016/0896-6273(93)90178-T
http://dx.doi.org/10.1016/0896-6273(93)90178-T
http://dx.doi.org/10.1016/0896-6273(93)90178-T
http://dx.doi.org/10.1007/BF00305372
http://dx.doi.org/10.1007/BF00305372
http://dx.doi.org/10.1002/(SICI)1097-4695(199705)32:5%3C443::AID-NEU1%3E3.0.CO;2-5
http://dx.doi.org/10.1002/(SICI)1097-4695(199705)32:5%3C443::AID-NEU1%3E3.0.CO;2-5
http://dx.doi.org/10.1002/(SICI)1097-4695(199705)32:5%3C443::AID-NEU1%3E3.0.CO;2-5
http://dx.doi.org/10.1126/science.1231828
http://dx.doi.org/10.1126/science.1231828
http://dx.doi.org/10.1002/cne.21692
http://dx.doi.org/10.1002/cne.21692
http://dx.doi.org/10.1016/0012-1606(88)90067-X
http://dx.doi.org/10.1016/0012-1606(88)90067-X
http://dx.doi.org/10.1016/0012-1606(88)90067-X
http://dx.doi.org/10.1101/gad.3.9.1301
http://dx.doi.org/10.1101/gad.3.9.1301
http://dx.doi.org/10.1101/gad.3.9.1301
http://dx.doi.org/10.1101/gad.3.9.1301
http://dx.doi.org/10.1016/j.neuron.2006.10.030
http://dx.doi.org/10.1016/j.neuron.2006.10.030
http://dx.doi.org/10.1016/j.neuron.2006.10.030
http://dx.doi.org/10.1126/science.288.5466.672
http://dx.doi.org/10.1126/science.288.5466.672
http://dx.doi.org/10.1128/MCB.25.19.8456-8464.2005
http://dx.doi.org/10.1128/MCB.25.19.8456-8464.2005
http://dx.doi.org/10.1128/MCB.25.19.8456-8464.2005

