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The adult optic lobe of Drosophila develops from the primordium during metamorphosis from mid-3rd

larval stage to adult. Many cells die during development of the optic lobe with a peak of the number of

dying cells at 24 h after puparium formation (h APF). Dying cells were observed in spatio-temporal

specific clusters. Here, we analyzed the function of a component of the insect steroid hormone receptor,

EcR, in this cell death. We examined expression patterns of two EcR isoforms, EcR-A and EcR-B1, in the

optic lobe. Expression of each isoform altered during development in isoform-specific manner. EcR-B1

was not expressed in optic lobe neurons from 0 to 6 h APF, but was expressed between 9 and 48 h APF

and then disappeared by 60 h APF. In each cortex, its expression was stronger in older glia-ensheathed

neurons than in younger ones. EcR-B1 was also expressed in some types of glia. EcR-A was expressed in

optic lobe neurons and many types of glia from 0 to 60 h APF in a different pattern from EcR-B1. Then,

we genetically analyzed EcR function in the optic lobe cell death. At 0 h APF, the optic lobe cell death

was independent of any EcR isoforms. In contrast, EcR-B1 was required for most optic lobe cell death

after 24 h APF. It was suggested that cell death cell-autonomously required EcR-B1 expressed after

puparium formation. bFTZ-F1 was also involved in cell death in many dying-cell clusters, but not in

some of them at 24 h APF. Altogether, the optic lobe cell death occurred in ecdysone-independent

manner at prepupal stage and ecdysone-dependent manner after 24 h APF. The acquisition of

ecdysone-dependence was not directly correlated with the initiation or increase of EcR-B1 expression.

& 2012 Elsevier Inc. All rights reserved.
Introduction

During development of the central nervous system, excess neu-
rons are initially produced, then superfluous neurons die, and
surviving neurons form mature neural circuits. To reveal the mechan-
ism and the significance of this cell death is essential for under-
standing neural development. In the Drosophila optic lobe, many cells
die during development (Fischbach and Technau, 1984; Hofbauer and
Campos-Ortega, 1990; Togane et al., 2012). Here, we investigate the
role of the insect steroid hormone, ecdysone, in this cell death.

The optic lobe processes and transmits visual information
from the compound eye to the central brain. It consists of four
neuropils—the lamina, medulla, lobula, and lobula plate—and
surrounding cortices. During metamorphosis, the optic lobe develops
from the optic lobe primordium, which includes two proliferation
centers—the outer optic anlagen (OOA) and the inner optic anlagen
(IOA) (Fischbach and Hiesinger, 2008; Meinertzhagen and Hanson,
1993). Lamina neurons are produced by precursor cells that receive
ll rights reserved.

a).
signals from photoreceptor axons on the lateral side of the OOA
(Huang and Kunes, 1998, 1996; Huang et al., 1998; Selleck et al.,
1992; Selleck and Steller, 1991; Umetsu et al., 2006). Medulla neurons
differentiate from neuroblasts that are produced on the medial side of
the OOA under the control of several signaling pathways (Egger et al.,
2010; Fischbach and Hiesinger, 2008; Meinertzhagen and Hanson,
1993; Ngo et al., 2010; Wang et al., 2011a, 2011b; Yasugi et al., 2010,
2008). T2/T3/C neurons and lobula plate neurons are derived from the
IOA; however, the development of these neurons has not been
described in detail. The optic lobe glia also develop during optic lobe
development, and they have essential roles in the formation of neural
circuits and neuropil boundaries, proliferation and survival of neu-
rons, and functions of synapses (reviewed by Chotard and Salecker,
2007; Edwards and Meinertzhagen, 2010).

Cell death in the optic lobe occurs in a specific spatio-temporal
pattern (Togane et al., 2012). It occurs in two rounds. The first round
begins at the onset of metamorphosis and continues until 48 h APF.
Many cells die in this round, with a peak at 24 h APF. Dying cells are
distributed in specific regions of the cortices, and are evident as
distinct clusters. These clusters change in size, density, and position
as development proceeds. Most dying cells are neurons, and the
others are glia. The second round of cell death occurs from 48 h APF
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to eclosion; only a few cells die during this second round. The optic
lobe cell death is apoptosis (Togane et al., 2012).

Ecdysone is an insect steroid hormone that regulates larval
development and metamorphosis. During the first half of metamor-
phosis, when the first round of cell death takes place, there are three
ecdysone pulses—the late-larval pulse, the prepupal pulse, and the
pupal pulse (Riddiford, 1993). The late-larval pulse peaks at the
onset of metamorphosis and initiates pupariation. The prepupal
pulse is a small peak at 10 h APF and is necessary for the prepupal–
pupal transition. The pupal pulse is the large surge that peaks about
30 h APF and is responsible for adult development.

Ecdysone is received by a heterodimeric nuclear hormone
receptor, EcR/USP (Koelle et al., 1991; Riddiford et al., 2000;
Thomas et al., 1993; Yao et al., 1993, 1992). The receptor binds to
ecdysone response elements (EcREs) to regulate target gene
expression in multiple tissues (Cherbas et al., 1991; Riddihough
and Pelham, 1987). The EcR gene encodes three isoforms—EcR-A,
EcR-B1, and EcR-B2 (Talbot et al., 1993). These isoforms result
from alternative splicing, and all share a common DNA binding
domain and a common ligand binding domain, but each has a
unique A/B domain in their N-terminal. EcR-B1 and EcR-B2 each
have activation function (AF1) in the A/B domain; EcR-A lacks AF1
and instead has an inhibitory function in the A/B domain; EcR-B1
and EcR-B2 lack this inhibitory function (Mouillet et al., 2001).
EcR-A and EcR-B1 isoforms are expressed in different spatial and
temporal patterns, and are suggested to have different functions
(Talbot et al., 1993; Truman et al., 1994). In fact, loss of EcR-B1 leads
to developmental arrest at the onset of metamorphosis and defects
in many developmental events—including a pruning of neurons,
tanning of puparium, and replacement of larval with imaginal
tissues in the midgut and abdomen (Bender et al., 1997; Lee et al.,
2000). In contrast, EcR-A mutants arrest development at mid- and
late-pupal stages and have abnormally persistent salivary glands
and malformed legs (Davis et al., 2005).

Many researchers have reported that ecdysone-regulated cell
death occurs during metamorphosis (reviewed by Yin and
Thummel, 2005). In the first half of metamorphosis, ecdysone
activates cell death in the larval midgut (Jiang et al., 1997; Lee
et al., 2002a), salivary glands (Jiang et al., 1997, 2000; Lee et al.,
2002b), and two distinct groups of neurons in the ventral nervous
system—vCrz neurons (Choi et al., 2006) and RP2 neurons
(Winbush and Weeks, 2011). The vCrz neurons require EcR-B2 for
cell death; in contrast, the RP2 neurons require EcR-B (B1 and/or B2).
Moreover, there is molecular genetic relationship between ecdysone
signals and cell death; specifically, reaper, a cell death-inducing
factor, and Dronc, an initiator caspase, each have an EcRE within
their respective promoters (Cakouros et al., 2004; Jiang et al., 2000).

In this study, we analyzed the role of ecdysone signaling in the
cell death that occurs during development of the optic lobe;
specifically, we focused on the expression and function of EcR-A
and EcR-B1. First, we examined expression of each isoform and
found that they were expressed in different patterns both in neurons
and in glia within the developing optic lobe. We then used isoform-
specific mutants to investigate the function of each protein and
found that cell death in the prepupal stage occurred in an ecdysone-
independent manner and the cell death in the later stages occurred
in an ecdysone-dependent manner. Moreover, we found that the
ecdysone-dependent cell death required EcR-B1.
Materials and methods

Fly strains

Canton-Special was used as the wild-type strain. We used three
GAL4 lines, M1B repo-GAL4 (Sepp et al., 2001), C155 elav-GAL4 (Lin
and Goodman, 1994) and NP6099-GAL4 (Hayashi et al., 2002), and
three UAS lines, UAS-GFP.nls14 (Bloomington Drosophila Stock
Center), UAS-P35.H (Bloomington Drosophila Stock center) and
UAS-EcR-RNAi104 (Colombani et al., 2005). We used two EcR-A
mutants, EcR112 and EcR139 (Carney et al., 2004), and two EcR-B1
mutants, EcRQ50st and EcRW53st (Bender et al., 1997). The constructs
used to knockdown EcR and FTZ-F1 were hs-EcRi-11 and hs-FFi-24,
respectively (Lam and Thummel, 2000). Flies were reared on a
general cornmeal-yeast medium at 25 1C under 12 h/12 h light/dark
photoperiod.

Detection of dying cells

A modified version of the TUNEL (terminal deoxynucleotide
transferase dUTP nick and labeling) method described by Kimura
(1995) was used to detect dying cells. Briefly, brains were excised,
washed in PBS, fixed in 4% formaldehyde, washed with PBS
containing Triton-X (PBS-Tx), and stored in methanol at �20 1C
for at least one night. These brains were then washed with
PBS-Tx, treated with Protease K (Wako Pure Chemical Industries,
Osaka) for 10 min at room temperature, and fixed again in
4% formaldehyde. The brains were subsequently washed with
PBS-Tx, pretreated in terminal deoxynucleotidyl transferase (TdT)
buffer, and incubated overnight at 37 1C in TdT reaction solution
(Takara Bio, Shiga) with biotin-16-dUTP (Roche Diagnostics,
Mannheim). The brains were next washed with PBS-Tx and
incubated in ABC reaction solution (Vector Laboratories, Burlin-
game, CA) for 1 h at room temperature. After washing with PBS-Tx,
the brains were stained using a standard brown horseradish
peroxidase reaction with 3,30-diaminobenzidine and hydrogen
peroxide. Dying cells appeared dark brown. After the reaction,
the brains were washed with distilled water, dehydrated in a
series of ethanol solutions of increasing concentrations, cleared
with methyl benzoate, and embedded in Canada Balsam:methyl
benzoate 3:1 (V:V) on a glass slide. The specimens were inspected
with bright-field microscopy (Optiphot, Nikon, Tokyo).

Analysis of the number and distribution of dying cells

We used a light microscope, a �40 objective lens, and a digital
camera (TS-CA series, Sugitoh Co., Ltd., Tokyo) to acquire images
of dying cells; we then digitally enlarged these images to �1000
on a monitor. While we gradually shifted the focus, each signal
larger than 0.7 mm in diameter was scored as a dying cell with a
dot on a transparent plastic sheet that was affixed to the monitor.
We used images from the anterior view to count the number of
dying cells. The images were captured digitally with a scanner
and the number of dying cells was counted using the particle
counter module of the NIH ImageJ software package. For the
analysis of spatial distribution of dying cells, we obtained images
of 1 mm-thick serial optical sections that were taken from a dorsal
view. Optical microscope (BX50, Olympus, Tokyo), a digital camera
(DP72, Olympus, Tokyo), and Metamorph software (MDS Analytical
Technologies, Sunnyvale) were used for this imaging.

Heat induction of dsRNA

To induce RNAi with EcR and bFTZ-F1 before puparium
formation, late third instar larvae were placed into 1.5 ml micro-
centrifuge tubes, and these tubes were incubated for 30 min in a
37 1C water bath. Then, the larvae were transferred into new
culture vials and maintained at 25 1C. The animals that under-
went pupariation 12–16 h after the heat-shock were used for the
experiments. To induce RNAi with EcR after puparium formation,
prepupae were subjected to a heat shock twice. They were placed
into 1.5-ml microcentrifuge tubes at 0 h APF, and these tubes
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were incubated for 45 min in a 37 1C water bath (the first heat
shock). Then the prepupae were reared at 25 1C and subjected to
the second heat shock at 6 h APF (45 min, 37 1C). Then they were
reared at 25 1C and used for the experiment at 24 h APF.

Immunohistochemistry and confocal microscopy

Pupal brains were dissected from whole animals in PBS and
fixed in 4% formaldehyde for 20 min. These samples were then
washed with PBS-Tx and incubated in PBS-Tx containing a
blocking agent (5% normal goat serum) for 30 min. Samples were
then incubated in PBS-Tx containing one or two of the following
primary antibodies. The primary antibodies were used at the
following dilutions: anti-EcR-A (15G1a, Talbot et al., 1993) (1:20),
anti-EcR-B1 (AD4.4, Talbot et al., 1993) (1:10), anti-bGal (40–1a,
Sanes, J.R.) (1:20), anti-BrdU (G3G4, George-Weinstein et al.,
1993) (1:20), anti-Elav (Rat-Elav-7E8A10, O’Neill et al., 1994)
(1:20), anti-Repo (8D12, Alfonso and Jones, 2002) (1:20), anti-DE-
cadherin (DCAD2, Oda et al., 1994) (1:20), and anti-deadpan
guinea pig (a gift from J. Skeath) (1:500). Samples were washed
in PBS-Tx for 1 h and then incubated in PBS-Tx containing 5%
normal goat serum for 30 min and finally in PBS-Tx containing
secondary antibodies. The following secondary antibodies were
used: anti-mouse IgG Texas Red (ROCKLAND, Gilbertsville, PA)
(1:500), anti-rat IgG Cy5 (Biological Detection Systems, Pitts-
burgh) (1:100), anti-guinea pig IgG Texas Red (Vector Labora-
tories, Burlingame) (1:100). After washing for 1 h with PBS-Tx,
the antibody-labeled samples were mounted with 80% glycerol
(for fluorescence microscope, MERCK, Darmstadt). All images
were obtained with a LSM 710 microscope (Carl Zeiss, Oberko-
chen); the images were processed with Zen2009 light edition
(Carl Zeiss, Oberkochen) and Photoshop (Adobe, San Jose).
Results

The expression patterns of EcR isoforms in the developing optic lobe

Riddiford et al. (2010) and Truman et al. (1994) described the
expression patterns of EcR isoforms in the developing optic lobe
during metamorphosis. EcR-A and EcR-B1 are expressed in optic
lobe neurons until 50 h APF, and EcR-A predominates thereafter.
EcR-A is also expressed in subsets of glia (Truman et al., 1994).
This description, however, is not detailed enough to address the
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relationship between EcR expression and cell death, which takes
place in a complex pattern. Therefore, we analyzed the expression
pattern of EcR-A and EcR-B1 in detail here. In this analysis, UAS-

GFP.nls14/þ ; repo-GAL4/þ was used to mark glial cells with GFP
and distinguish them from the other types of cells — such as
neuroepithelial cells, neuroblasts, and neurons — that did not
express GFP. The boundaries of subregions in the optic lobe were
defined by GFP-labeled glial cytoplasm. In the optic lobe, repo-
GAL4 was expressed in all glial cells except those located antero-
laterally to the medulla neuropil at 24 h APF (Togane et al., 2012).
The patterns of GFP expression at 0, 12, and 36 h APF were the
same as that at 24 h APF. At 48 h APF, repo-GAL4 was expressed in
all optic lobe glia (data not shown).

The anti-EcR-A and anti-EcR-B1 antibodies were used to detect
EcR isoforms. Reactions with mouse anti-BrdU or mouse anti-b-Gal
and reactions lacking any primary antibody were performed as
negative controls. In these control reactions, no staining was observed
in the nuclei, although the cytoplasm in individual cells was stained
at different intensities. Therefore, for the purposes of this assay any
cell with nuclear staining was considered as an EcR-expressing cell.
If nuclei had stronger staining than did the cytoplasm, we described
the expression as ‘‘strong’’. If staining in the nucleus was weaker than
that in the cytoplasm, we described the expression as ‘‘weak’’. If levels
of staining in nucleus and the cytoplasm were similar, we described
the expression as ‘‘moderate’’ or just as ‘‘expressed’’.

The lamina, medulla, lobula plate cortices, and the region of
T2/T3/C neurons (T/C region) were identified based on our
previous work (Togane et al., 2012). We have performed a study
on the locations of the OOA and IOA including neuroblasts and
neuroepithelial cells at each developmental stage and are pre-
paring a paper on this subject. In the following description,
locations of the OOA and IOA were identified by relative positions
among substructures based on the study (Fig. 1A, B).

For both EcR-A and EcR-B1, we found that expression patterns
often differed between the areas where neurons were ensheathed
by glial cytoplasm (ensheathed domains) and the areas where
neurons were not yet ensheathed (pre-ensheathed domains).
Therefore, we will describe EcR expression using the terms
‘‘ensheathed domain’’ and ‘‘pre-ensheathed domain’’ henceforth.
First, we describe the distribution of the two domains in the
developing optic lobe cortices.

Lamina neurons are produced by the OOA and added to the
developing lamina cortex at the anterior side (Fischbach and
Hiesinger, 2008; Meinertzhagen and Hanson, 1993). Then, newly
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born lamina neurons are located at the anterior side of the lamina
cortex and older neurons at the posterior side. Neurons align in
order from older to younger neurons to form columnar structures
(Meinertzhagen and Hanson, 1993). In this study, we found
the proximal satellite glia (psg) (reviewed by Edwards and
Meinertzhagen, 2010; Edwards et al., 2012) were involved in
the formation of lamina columns. The psg near the surface of the
lamina cortex migrated inwards to separate each column at the
last phase of the formation of columnar structures. These migra-
tions proceeded in a posterior to anterior order in the cortex. As a
result, an ensheathed domain was located in the posterior side of
the lamina cortex, and a pre-ensheathed domain occupied a
region between the lamina furrow and the ensheathed domain
at 0–24 h APF (Fig. 1A–C). Neurons were distributed randomly in
the pre-ensheathed domain, while they aligned to form columnar
structures in the ensheathed domain. The ensheathed domain
reached to the anterior edge of the cortex by 36 h APF. Neurons in
the ensheathed domain were elav-positive; this finding indicated
they were differentiated lamina neurons (data not shown).

Medulla neurons are derived from neuroblasts in the medial
side of the OOA (Meinertzhagen and Hanson, 1993; Fischbach and
Hiesinger, 2008). Thus, older neurons are located in the medial
side of the medulla cortex, and newly born neurons are located in
the lateral side of the cortex. At 0–12 h APF, we observed a pre-
ensheathed domain on the lateral side of the medulla cortex
beneath the OOA and just medial to the lamina furrow. The other
region of the cortex was an ensheathed domain (Fig. 1A, B). The
pre-ensheathed domain was gone by 24 h APF, and the entire
cortex was occupied by an ensheathed domain (Fig. 1C).

T/C and lobula plate neurons are derived from the IOA, which is
located deep within the optic lobe near the anterolateral end of the
lobula plate neuropil. In the T/C region between 0 and 12 h APF, a
pre-ensheathed domain was located in a small region between the
lamina neuropil and the IOA (Fig. 1A, B); the other region in this area
was an ensheathed domain. The pre-ensheathed domain was gone
by 24 h APF (Fig. 1C).

In the lobula plate cortex, all neurons throughout this cortex
were ensheathed, and there was no pre-ensheathed domain at
0 and 6 h APF (Fig. 1A). However, there was a small pre-
ensheathed region at 12 and 24 h APF (Fig. 1B, C); this small
region was where neuroblasts of the IOA had been located at the
previous stage. The other region in this cortex was an ensheathed
domain. The pre-ensheathed domain was gone by 36 h APF.

In the following two sections, we will describe an overall
EcR-B1 expression in neurons (Fig. 2) and glia (Fig. 3). Fig. 4 shows
expression maps of EcR-B1 based on the results from this
analysis. More detailed description of EcR-B1 expression at each
stage is summarized in supplemental Tables 1 and 3. Description
Fig. 2. EcR-B1 expression in the optic lobe neurons, OOA and IOA in UAS-GFP.nls14/þ; r
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of EcR-A expression is presented in supplemental Figs. 1–3, and
supplemental Tables 2 and 3, since EcR-A was not important for
the optic lobe cell death as shown in later sections.

EcR-B1 expression in the optic lobe neurons, the OOA and IOA

At 0 h APF, EcR-B1 was not expressed in any region of the optic
lobe (Figs. 2A and 4A) except for three cells, the optic lobe
pioneers (OLPs) (Tix et al., 1989), which were located between
the lamina cortex and the T/C region (arrows in Fig. 2I).

At 6 h APF, the expression of EcR-B1 in the OLPs was lost and
no expression was evident within entire optic lobe (Fig. 2B).

During 9–48 h APF, EcR-B1 expression was observed and its
expression pattern was different among regions. Then, we
describe the pattern separately below. We skip to describe the
expression pattern at 9 h APF as it was almost the same at 12 h
APF (Fig. 2C, D; Table S1).

Lamina cortex

At 12 h APF, EcR-B1 was weakly expressed in the pre-
ensheathed domain behind the lamina furrow (Figs. 2D, J, J0 and
4B). In the ensheathed domain, EcR-B1 was strongly expressed.
EcR-B1 expression at 24 h APF was similar to that at 12 h APF,
though the pre-ensheathed domain shrank to become a small
region adjacent to the lamina furrow and the ensheathed domain
expanded in the anterior direction (Figs. 2E, N, N0 and 4C). At 36 h
APF, as the ensheathed domain reached the anterior edge of the
lamina cortex, EcR-B1 was expressed across the cortex more
strongly than at 24 h APF (Fig. 2F). At 48 h APF, the expression of
EcR-B1 became weaker in some neurons, but it remained strong in
the other neurons (Fig. 2G). By 60 h APF, EcR-B1 expression
disappeared in any cells (Fig. 2H).

Medulla cortex and T/C region

At 12 h APF, EcR-B1 was not expressed in the pre-ensheathed
domain in both regions, but it was expressed in the ensheathed
domain (Figs. 2D, K, K0, L, L0and 4B). At 24 h APF, the ensheathed
domain expanded entirely in each region, and EcR-B1 was
strongly expressed almost across the regions (Figs. 2E and 4C).
At 36 h APF, EcR-B1 expression became stronger (Fig. 2F). At 48 h
APF, in the medulla cortex, the expression of EcR-B1 became
weaker in some neurons, but remained strong in the other
neurons (Fig. 2G). In the T/C region, EcR-B1 expression was
uniformly strong (Fig. 2G). By 60 h APF, EcR-B1 expression
disappeared in both regions (Fig. 2H, S).
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n I-square in (A). Arrows indicate the optic lobe pioneers. (J, J0) The white square

teral side of the lamina furrow (arrows) and at the boundary between the pre-

te L5 neurons adjacent to the larval epithelial glia in the pre-ensheathed domain.

ate cells in the OOA which weakly expressed EcR-B1. (L, L0) The red square region in

R (encircled by dotted line), EcR-B1 was not expressed in most neurons located in

The square region in (E). Arrows indicate cells which did not express EcR-B1 at the

O) Magnified image obtained from a section more dorsal than (E), focusing on the

level of the red line in (E). EcR-B1 was weakly expressed in the PMR, except a small

more dorsal than (F), focusing on the PMR at 36 h APF. (R) Magnification of (Q).

ion of the medulla cortex at 60 h APF. Abbreviations: ED, ensheathed domain; PED,

tex; T/C, T2/T3/C neurons; PMR, posteromedial region; OOA, outer optic anlagen;

; CB, central brain; lveg, larval epithelial glia; A, anterior; P, posterior; L, lateral; M,
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Lobula plate cortex

At 12 and 24 h APF, EcR-B1 was expressed almost throughout
the cortex in a gradient; the level was high in the posteromedial
side and low in the anterolateral side (Figs. 2D, E, L, L0 and 4B, C).
At 36 h APF, EcR-B1 was expressed strongly across the cortex
(Fig. 2F). The gradient that had been observed at 24 h APF was
gone, and the strongest expression was observed near the posterior
surface of the cortex (outlined-arrowhead in Fig. 2F). At 48 h APF,
EcR-B1 was expressed strongly in a gradient with the highest level
at the lateral side (outlined-arrowhead in Figs. 2G and 4D). By 60 h
APF, EcR-B1 expression disappeared (Fig. 2H).

PMR

Since medial region of the lobula plate cortex had a different
overall pattern of EcR-B1 expression than did any other part of
the cortex, we named this region the posteromedial region (PMR)



Fig. 3. EcR-B1 expression in the optic lobe glia in UAS-GFP.nls14/þ; repo-GAL4/þ . (A–H00) All images were obtained from single sections from the dorsal view except (E) and

(E0), which were obtained from the anterior view. Optic lobes were stained with anti-EcR-B1 antibody. (A–A00) At 0 h APF, EcR-B1 was expressed in the pg, spg and sg.

(B–B00) At 12 h APF, EcR-B1 was expressed in the pg, spg and sg. B0 and B00 are the square region in (B). (C, C0) At 12 h APF, EcR-B1 was expressed in some psg (filled-arrowheads)

and in some lveg (outlined-arrowhead). (D, D0) At 24 h APF, EcR-B1 was strongly expressed in the psg and weakly in the lmg, amg and xgo. (E, E0) At 24 h APF, EcR-B1 was weakly

expressed in the xgi. (F, F0) At 48 h APF, EcR-B1 expression in the psg, lmg, amg and xgo disappeared. The amg was on different focal planes of the sample and not seen. (G–G00) At

48 h APF EcR-B1 was weakly expressed in the sg, but not in the pg. G0 and G00 are the square region in (G). (H–H00) At 60 h APF, EcR-B1 expression disappeared in the sg and spg. H0

and H00 are the square region in H. Abbreviations: psg, proximal satellite glia; dsg, distal satellite glia; lveg, larval epithelial glia; lmg, larval marginal glia; amg, adult marginal glia;

xgo, outer chiasmal glia; xgi, inner chiasmal glia; sg, satellite glia; pg, perineurial glia; spg, subperineurial glia; LC, lamina cortex; MC, medulla cortex; LopC, lobula plate cortex;

Mnp, medulla neuropi; Lonp, lobula neuropil. Scalebars¼20 mm.
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(Fig. 2C–G), and here describe EcR-B1 expression in this region
separately from the lobula plate cortex. At 12 h APF, EcR-B1 was not
expressed in most neurons located on the dorsal side of PMR (arrow
in Fig. 2 M), but it was weakly expressed on the ventral side
(arrowhead in Fig. 2M) of this region. At 24 h APF, EcR-B1 was
weakly expressed in most cells (Fig. 2O, P). At 36 and 48 h APF,
EcR-B1 expression was stronger than that at 24 h APF (Fig. 2F, G, Q,
R and 4D). By 60 h APF, EcR-B1 expression disappeared (Fig. 2H).

OOA and IOA

At 12 h APF, in the OOA, weak expression was observed only in
some cells on the medial side of the lamina furrow (arrows in
Figs. 2K, K0 and 4B). EcR-B1 was not expressed in the IOA (Figs. 2L,
L0 and 4B).
EcR-B1 expression in the optic lobe glia

The types of glia were basically identified based on Edwards
and Meinertzhagen (2010) and Edwards et al. (2012). However,
we found in a related project that the epithelial glia (eg) and the
marginal glia (mg) in the lamina cortex at the larval stage did
not develop into the adult eg and mg. To avoid confusion, we refer
to larval eg and mg as lveg and lmg, respectively, and adult mg
as amg.
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EcR-B1 expression varied among types of glia (Table S3): each
type of glia had its specific expression pattern. For brevity of
description, we classified the optic lobe glia into four groups
based on EcR-B1 expression pattern.

First, in two subtypes of surface glia, the perineurial glia (pg)
and the subperineurial glia (spg), EcR-B1 was expressed at 0 h APF
(Figs. 3A–A0 0 and 4A). EcR-B1 was also expressed in the satellite
glia (sg) in the medulla and lobula plate cortex and T/C region
(Figs. 3A–A0 0 and 4A). Although EcR-B1 expression in these glia
was gone at 6 h APF, it was evident again at 12 h APF (Figs. 3B–B0 0

and 4B). Then, EcR-B1 expression was gone in the pg at 48 h APF
(Fig. 3G–G0 0) and in spg and sg at 60 h APF (Fig. 3H–H0 0).

Second, in the psg and lveg, EcR-B1 was expressed in some of
them at 12 h APF (filled-arrowheads and outlined-arrowhead in
Figs. 3C, C0 respectively, 4B). At 24 h APF, EcR-B1 was strongly
expressed in the psg and lveg (Figs. 3D, D0 and 4C). The lveg was
not identifiable themselves after 36 h APF. Expression in the psg
was gone by 48 h APF (Fig. 3F, F0).

Third, in the lmg, amg and outer chiasmal glia (xgo) in the
lamina region (Figs. 3D, D0, 4C) and inner chiasmal glia (xgi)
between the medulla and lobula neuropil (Figs. 3E, E0, 4C), EcR-B1
was weakly expressed at 24 h APF. EcR-B1 expression was gone
in the xgi at 36 h APF and in the lmg, amg, xgo at 48 h APF
(Fig. 3F, F0).

Finally, in the distal satellite glia (dsg) (Fig. 3C, C0 0), pseudocar-
tridge glia (psug), carpet glia (cg) and neuropil glia (ng),
EcR-B1 was not expressed at any stages (Fig. 4A–D, Table S3).
The optic lobe cell death occurs in EcR-B1 dependent and

independent ways

In the optic lobe, EcR-A and EcR-B1 were expressed in different
patterns. This difference indicated that these isoforms had differ-
ent roles in the optic lobe development. Therefore, we examined
the roles of EcR-A and EcR-B1 in the optic lobe cell death using
isoform-specific mutants.

EcRQ50st and EcRW53st are EcR-B1 mutant alleles; each carries a
stop codon within the EcR-B1-specific exon 2 (Bender et al.,
1997). The average number of dying cells in the optic lobe at
0 h APF in the trans-heterozygote (EcRQ50st/EcRW53st) was 509.5,
which is nearly the same as 545.8, the number in the wild-type
(Fig. 5A). The average number of dying cells in the mutant at 12 h
APF (690.6) was smaller, but not significantly different from that
in the wild-type (854.4). In most mutant samples, the number of
dying cells was about 800 at this stage, nearly the same as that in
the wild type (4 of the 5 optic lobes, 4/5), while it was much
smaller (about 300) in 1 of the 5 mutant samples. At 24 h APF, the
number of dying cells in the mutant decreased and was 67%
smaller than that in the wild-type (363.8 (mutant) versus 1112.6
(wild type); Po0.01, Mann–Whitney U-test). At 36 h APF, the
number in the mutant decreased further to 300, which was 56%
smaller than that in the 678.2 in the wild-type (Po0.01). The
number of dying cells in the mutant remained constant (about
300) from 48 to 72 h APF, during this period only a few cell deaths
occur in the wild type. Taken together, these results indicated that
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EcR-B1 was not required for cell death at 0 h APF, but was
required between 24 and 36 h APF.

The temporal pattern of the number of dying cells in the optic
lobe of EcR-A mutants was different from that of EcR-B1 mutants.
EcR112 and EcR139 are EcR-A mutant alleles that carrying deficien-
cies of the EcR-A transcription start site and the EcR-A specific
exon, respectively (Carney et al., 2004). The average number of
dying cells in the trans-heterozygote (EcR112/EcR139) at 0 h APF
was 466, which was not significantly different from the 545.8 in
the wild-type (Fig. 5A). At 12 h APF, however, the average number
of dying cells in the mutant increased dramatically to 1186.4,
which was 39% and significantly larger than the 854.4 observed in
the wild-type (Po0.01). At 24 h APF, the average number of dying
cells in the mutant was 1222.2, which was nearly the same as that
in the wild-type. The average number of dying cells in the mutant
decreased to 146 by 48 h APF, and a few dying cells were observed
after 48 h APF, as was also the case in the wild-type. These results
suggest that EcR-A was not involved in the optic lobe cell death,
although it may have inhibited the cell death at 12 h APF.
At 24 h APF, the average number of dying cells was determined
for control samples from heterozygous animals (EcRQ50st/þ , EcRW53st/
þ , EcR112/þ , and EcR139/þ; Fig. 5B). The averages for these hetero-
zygotes were similar to that for the wild-type animals, except that
the average for the EcRQ50st/þ was 826.3, which was 26% less than
that for the wild-type (Fig. 5B). Nevertheless, the average for the
EcRQ50st/EcRW53st was still much smaller than that for the EcRQ50st/þ
(Po0.01).

At 0 h APF, the average number of dying cells for the EcR-A or
EcR-B1 mutants was not significantly different from that for wild-
type animals. This indicated that both isoforms were not required
for programmed cell death in the optic lobe cell at this stage. To
address whether EcR-B2 was required for the cell death at this
stage, we induced RNAi before puparium formation via hs-EcRi-11

construct (Lam and Thummel, 2000) to knockdown all EcR
isoforms; we determined the average number of dying cells in
the optic lobe from knockdown animals. The hs-EcRi-11 construct
encodes a dsRNA that is under the control of a heat shock
promoter and that targets a coding region common to all EcR
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isoforms. When hs-EcRi-11 homozygous larvae were subjected to
heat shock at 37 1C, 12–16 h before puparium formation (BPF),
the animals entered a stationary phase, but their bodies did not
shorten or form the characteristic shape of prepupa as reported
by Lam and Thummel (2000). The average number of dying cells
for these heat-shocked animals at the stationary phase was not
significantly different from that for the wild-type at 0 h APF
(Fig. 5C). This finding indicates that EcR-B2 was also not required
for the cell death at 0 h APF.

EcR-B1 was required cell death in the optic lobe between 24
and 36 h APF. This finding raised a question whether the reduc-
tion of the number of dying cells was due to the loss of EcR-B1 at
prepupal and pupal stages or at earlier developmental stages. To
address this question, we induced RNAi specifically after pupar-
ium formation. When hs-EcRi-11 homozygous prepupae were
subjected to heat shock (37 1C, 0 and 6 h APF for 45 min each),
the average number of dying cells was 638.6 at 24 h APF, which
was much smaller than those in controls (Fig. 5D). This result
indicates that prepupal and pupal EcR-B1 is required for the optic
lobe cell death. We also histologically checked optic lobe devel-
opment in EcR-B1 mutant at 0, 6 and 12 h APF. There was almost
no difference in the distribution of neuroepithelial cells, neuro-
blasts, neurons and glia between the EcR-B1 mutants and wild
type animals at these stages (data not shown), supporting the
above idea.
Most clusters of dying cells were lost in EcR-B1 mutant after 24 h APF

Dying cells are not uniformly distributed throughout the optic
lobe, but instead appear in several stereotypic patterned clusters
in each cortex (Togane et al., 2012). These clusters change in size,
density, and position during optic lobe development. This finding
indicates that each cluster is governed by a distinct regulatory
mechanism. Therefore, we examined the distribution of dying
cells in EcR-B1 and EcR-A mutants. Table 1 summarizes the data
presented in this section.

We described the distribution of dying cells in optic lobes from
wild-type animals in the previous paper (Togane et al., 2012).
Based upon our current re-examination, we corrected the names
of some clusters in this study and named some new additional
clusters. Therefore, we will first describe the correction and the
additional clusters in the wild type.
Table 1
Distribution of dying cell clusters in the wild type, EcR-B1 mutant and EcR-A mutant.

0 h APF 12 h APF 24 h APF

Wild type LAD, MALD, MCD,

MAMD, PMCD, T/C

(Fig. 6A)

LAD, LPD, MALD, MCLD,

MAMD, MCMD, T/C, PMD

(Fig. 6B, C)

LAD, LPD, LUD, M

T/C (Fig. 6D, E)

EcR-

B1mutant

LAD, MALD, MCD,

MAMD, PMCD, T/C (10/

10) (Fig. 6I)

LAD, LPD, MALD, T/C (8/10)a

(Fig. 6J, K)

no cluster (9/10

10)b (Fig. 6L)

EcR-A

mutant

LAD, MALD, MCD,

MAMD, PMCD, T/C (10/

10) (Fig. 6Q)

LAD, LPD, MALD, MCLD,

MAMD, MCMD, T/C, PMD (10/

10) (Fig. 6R)

LAD, LPD, LUD, M

T/C (10/10) MLo

(Fig. 6S)

(n/10): number of samples of total 10 samples.

Abbreviations: LAD, lamina anterior dying cells; LPD, lamina posterior dying cells; LUD

medulla anteromedial dying cells; MCD, medulla cortex dying cells; MCLD, medulla cor

lamina boundary dying cells; MPLD, medulla posterolateral dying cells; PMCD, posterior

T/C region; LopD, dying cells in the lobula plate cortex; MMC, abnormal dying cells in

side of the lobula plate cortex.
a Many dying cells were evident throughout the medulla cortex but we could not
b We could not determine if there was MCMD or not because the region of MCMD
c 4 out of 10 samples, many dying cells were observed in the anterior side of the l
At 12 h APF, we observed a cluster of many dying cells at the
ventromedial position in the PMR; this cluster was newly identi-
fied and named PMD (posteromedial dying cells) (Fig. 6C).

At 24 h APF, we previously reported that MALD was located on
the lateral side of the medulla cortex at this stage. However,
based upon the current re-examination, we concluded that this
cluster was different from MALD that we had observed at 12 h
APF and that dying cells of this cluster newly emerged at this
stage; therefore, we renamed this cluster LUD (lamina underlying
dying cells) (Fig. 6D, E). This LUD cluster was located just medial
to the lamina neuropil at a region where lamina axons extended
toward the medulla neuropil and cytoplasm of glia enwrapped
the axons. This cluster was lost when p35, a baculovirus-derived
cell death inhibitor, was expressed in glia under the control of
repo-GAL4, but not when p35 was expressed with elav-GAL4;
these finding demonstrated that dying cells in the LUD cluster
were glia.

At 36 h APF, there were many dying cells in the medulla cortex in
a position just posterior to the medulla neuropil and we named the
dying cells MPLD (medulla posterolateral dying cells) (Fig. 6F). We
also observed a cluster of dying cells in the medulla cortex along the
boundary with the lamina region; we named this cluster the
medulla-lamina boundary dying cells (MLBD) (Fig. 6F). Dying cells
in both clusters were neurons (data not shown).

Next, we describe the distribution of dying cells in the EcR-B1
mutant. Because the structure of optic lobes in EcR-B1 mutants
after 24 h APF was similar to that in wild-type animals at 12 h
APF, we identified clusters of dying cells in the mutants based on
the relative position of the substructures in the samples from
mutant animals after 24 h APF and those from wild-type animals
at 12h APF.

At 0 h APF, there was no difference between the mutant and
the wild type in the distribution of dying cells in the optic lobes
(Fig. 6A, I).

However, some differences between mutant and wild-type
samples were evident at 12 h APF. In most mutant samples (8/10),
the LAD, LPD, and MALD clusters and dying cells in T/C region
were evident, but the PMD cluster was not (Fig. 6B, C, J). Many
dying cells were evident throughout the medulla cortex, but we
could not readily classify them into any defined cluster because
the regions between the MCLD and MCMD clusters and between
the MCMD and MAMD clusters that would have had no dying
cells in wild-type samples were absent. In a few cases (2/10), the
36 h APF 48 h APF 72 h APF

CLD, MCMD, LUD, MCMD,

MLBD, MPLD, LopD

(Fig. 6F)

MPLD (Fig. 6G) no cluster (Fig. 6H)

) MMC (9/ no cluster (10/10)

MMC (10/10)b

(Fig. 6M)

no cluster (7/10)

MMC (9/10)

(Fig. 6N)

no cluster (6/10) (4/10)c

MMC (10/10)

(Fig. 6O, P)

CLD, MCMD,

pD (8/10)

no data MPLD (10/10)

(Fig. 6T)

no data

, lamina underlying dying cells; MALD, medulla anterolateral dying cells; MAMD,

tex lateral dying cells; MCMD, medulla cortex medial dying cells; MLBD, medulla-

medulla cortex dying cells; PMD, posteromedial dying cells; T/C, dying cells in the

the medial side of the medulla cortex; MLopD, abnormal dying cells in the medial

classify them into MCLD, MCMD or MAMD.

and MMC overlapped.

amina cortex, lateral side of medulla cortex and T/C region.



Fig. 6. Most clusters of dying cells were lost in the EcR-B1 mutant after 24 h APF. All images were obtained from optical sections of the optic lobes from the dorsal view. Dying cells

were detected by TUNEL staining. LPD at 12 and 24 h APF was on different focal planes of the samples and not seen in B, D, J, R, S and V. (A–H) Distribution of dying cells at different

developmental stages in the wild type, CS. (E) Magnification of the lamina region at 24 h APF. (I–P) Distribution of dying cells in the EcR-B1 mutant, EcRQ50st/EcRW53st. (J, K) At 12 h

APF, there were many clusters of dying cells in most samples (J), but the clusters were absent in a few samples (K). (P) In some samples at 72 h APF, many abnormal dying cells were

observed in the anterior region of the lamina cortex (filled-arrow), the medial side of the medulla cortex (outlined arrow) and the T/C region (arrowhead). (Q–T) Distribution of dying

cells in the EcR-A mutant, EcR112/EcR139. (U) Distribution of dying cells in elav-GAL4; UAS-EcR-RNAi104/þ at 24 h APF. (V) Distribution of dying cells in NP6099-GAL4; UAS-EcR-

RNAi104/þ at 24 h APF. (W) Distribution of dying cells in the lamina region in UAS-EcR-RNAi104/þ; repo-GAL4/þ at 24 h APF. Dotted circles: abnormal dying cells. Abbreviations: LAD,

lamina anterior dying cells; LPD, lamina posterior dying cells; LUD, lamina underlying dying cells; MALD, medulla anterolateral dying cells; MAMD, medulla anteromedial dying

cells; MCD, medulla cortex dying cells; MCLD, medulla cortex lateral dying cells; MCMD, medulla cortex medial dying cells; MLBD, medulla-lamina boundary dying cells; MPLD,

medulla posterolateral dying cells; PMCD, posterior medulla cortex dying cells; PMD, posteromedial dying cells; T/C, dying cells in the T/C region; LopD, dying cells in the lobula

plate cortex; LC, lamina cortex; MC, medulla cortex; LopC, lobula plate cortex; PMR, posteromedial region; Lnp, lamina neuropil; Mnp, medulla neuropil; Locx, lobula complex.
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number of dying cells in the LAD, LPD, MALD, MCLD and PMD
were greatly decreased relative to the numbers in wild-type
samples (Fig. 6K). More dying cells at the medial side of the
medulla cortex (dotted circle in Fig. 6K) were evident in mutant
samples than in wild-type samples. However, we could not assign
them to the MAMD or MCMD cluster.

At 24 h APF, the LAD, LPD, LUD, MCLD clusters and dying cells
in T/C region were absent from most mutant samples (9/10), or
the number of dying cells in the clusters was substantially lower
than that for wild-type samples (Fig. 6D, L). However, in one
mutant sample (1/10), each cluster had nearly the same number
of dying cells as in the wild-type samples (data not shown). Some
abnormal dying cells were evident in the EcR-B1 mutant that we
never observed in the wild-type. Many dying cells were observed
in the medial region of the medulla cortex near the boundary
with the central brain (9/10, dotted circle in Fig. 6L). Most of these
dying cells were present deep within the cortex; this distribution
was markedly different from the distribution of the MCMDs in the
wild-type samples; all wild-type MCMDs were located near the
surface of the cortex. Moreover, dying cells were evident at the
medial edge of the lobula plate cortex in a half of the mutant
samples (5/10, data not shown).

In all mutant samples (10/10) at 36 h APF, the number of dying
cells was markedly reduced in the LUD, MLBD, MPLD and the
lateral region of the lobula plate cortex, or dying cells in these
clusters were completely absent (Fig. 6F, M). Again at 36 h APF,
there were many abnormal dying cells in the medial side of the
medulla cortex of all mutant samples (10/10, dotted circle in
Fig. 6M dotted circle).

At 48 h APF, no MPLD were evident in many mutant samples
(7/10, Fig. 6G, N); moreover, as was the case at 24 and 36 h APF,
many abnormal dying cells were evident in the medial side of
medulla cortex in most mutant samples (9/10, dotted circle in
Fig. 6N).

At 72 h APF, while there were only a few dying cells in wild-
type samples (Fig. 6H), many abnormal dying cells were evident in
the medial side of the medulla cortex of mutant samples (10/10,
dotted circle in Fig. 6O), as with the case at 24, 36 and 48 h APF. We
also observed enormous, individual abnormal dying cells in three
areas – the anterior side of the lamina cortex, the lateral side of the
medulla cortex and the T/C region – in 4 of 10 mutant samples
(Fig. 6P); interestingly, dying cells were absent from these three
regions in the mutant samples at 24, 36 and 48 h APF.

Taken together, these results indicated that, after 24 h APF, cell
death in most clusters was dependent on EcR-B1, but at 0 h APF,
cell death in all clusters was independent of EcR-B1.

In the EcR-A mutants, the distribution of dying cells in the
optic lobe from 0 to 48 h APF was the same as that in the wild
type (Fig. 6Q, R, T), except that at 24 h APF abnormal dying cells
were observed at the posteromedial side of the lobula plate cortex
in most mutant animals (8/10, dotted circle in Fig. 6S).

Cell-autonomous requirement of EcR-B1 was suggested for cell death

in the optic lobe neurons

In the above sections, it was shown that EcR-B1 is required for
the optic lobe cell death after 24 APF. To address whether the EcR-
B1 function is cell-autonomous or not, we knocked down EcR in
subsets of cells with RNAi using three GAL4 lines and examined
changes in the cell death.

First, we used pan-neuronal GAL4 driver, elav-GAL4, to sup-
press EcR in neurons specifically (Lin and Goodman., 1994). In the
previous study, we reported the expression pattern of elav-GAL4
in the optic lobe (Togane et al., 2012); it was expressed in all
neurons and a small number of glia on the anterolateral side of
the medulla neuropil. Second, we used lamina neuron-specific
GAL4 driver, NP6099-GAL4 (Hayashi et al., 2002). At 24 h APF,
NP6099-GAL4 was expressed in all lamina neurons and a few
neurons at the anterolateral side of the lobula plate cortex where
the IOA was located at the previous stages. Finally, we used pan-
glial GAL4 driver, repo-GAL4. According to Togane et al. (2012)
and present study, at 24 h APF, dying cells in the LAD, MCLD,
MCMD and T/C region are neurons and they express elav-GAL4.
Dying cells in the LPD and LUD are glia and they express repo-
GAL4. To induce RNAi, we used UAS-EcR-RNAi104 construct
(Colombani et al., 2005), which has an inverted repeat of a
sequence common to all EcR isoforms.

In elav-GAL4; UAS-EcR-RNAi104/þ , the number of dying cells was
603.4 at 24 h APF, 46% less than that in the wild type (Po0.01;
Fig. 5E). When a distribution of dying cells was examined in the
animal, the number of dying cells was substantially reduced in
many samples in the three neuronal clusters, LAD (8/10), MCLD
(10/10) and T/C region (4/10, Fig. 6U). In this animal, the number of
dying cells was also reduced or dying cells were absent in the two
glial clusters, LPD (8/10) and LUD (9/10). In the medial side of the
medulla cortex, many abnormal dying cells were observed as in the
EcR-B1 mutant (10/10, dotted circle in Fig. 6U).

In NP6099-GAL4; UAS-EcR RNAi104/þ , although there was no
significant difference in the number of dying cells in the optic
lobe (data not shown), the number of dying cells was substan-
tially reduced in the LAD in half of samples (5/10, filled arrow-
head in Fig. 6V). Dying cells also disappeared in the LUD (outlined
arrowhead in Fig. 6V) and LPD (data not shown) in some samples
(4/10). In contrast, there was no change in the other clusters.

In UAS-EcR-RNAi104/þ ; repo-GAL4/þ , while there was no
reduction in the number of dying cells in the optic lobe (data
not shown), one of the glial cluster, LPD, was lost in most samples
(9/10, Fig. 6E, outlined arrowhead in Fig. 6W). On the other hand,
another glial dying-cell cluster, LUD, was observed in every
sample (10/10).

Altogether, these results strongly suggest that the cell death in
neurons required EcR-B1 expression in neurons cell-autonomously.
It is also suggested that cell death in glia required EcR cell-
autonomously in the LPD, but non cell-autonomously in the LUD.
bFTZ-F1is required for cell death in LPD, LUD, MCLD and MCMD

It was shown that EcR expressed at prepupal and pupal stages
was required for the optic lobe cell death after 24 h APF. Given
that there are three ecdysone pulses — late-larval, prepupal and
pupal —, this indicates that the prepupal and pupal pulses play an
important role in the cell death. To confirm and extend this idea,
we examined the function of bFTZ-F1, another component of
ecdysone cascade, in the optic lobe cell death. bFTZ-F1 is a late
gene that is expressed at mid-prepupae and necessary for the
expression of ecdysone-induced early genes; specifically, bFTZ-F1
functions as a competence factor (Broadus et al. 1999; Woodard
et al. 1994). The temporally restricted expression of bFTZ-F1
during the prepupal period is necessary for the prepupal to pupal
transition, and bFTZ-F1 mutants show defects in head eversion,
histolysis of the salivary gland, leg formation and optic lobe
expansion (Broadus et al., 1999; Yamada et al., 2000).

Here, to knock down the prepupal bFTZ-F1, we used hs-FFi-24

(Lam and Thummel, 2000) and expressed bFTZ-F1 dsRNA 12–16 h
BPF throughout the whole larval body. We then counted the
number of dying cells in the optic lobe at 24 h APF, when the
number of dying cells peaks in wild-type animals. Expression of
bFTZ-F1 dsRNA did not affect puparium formation, but it led to a
developmental arrest at prepupal stage. The animals had a
prominent gas bubble that failed to translocate to the anterior
end, as reported by Lam and Thummel (2000) (data not shown).



Fig. 7. bFTZ-F1 is required for cell death in the LPD, LUD, MCLD and MCMD. (A) Effects of heat-shock inducible FTZ-F1 RNAi on the number of dying cells at 24 h APF. Heat

shock was given at 12–16 h BPF for 30 min in 37 1C water bath. n¼10. Error bars: standard deviation. Asterisks: significant difference (npo0.01 Mann–Whitney U-test).

(B, C) Distribution of dying cells in the heat-shocked hs-FFi-24 homozygote (B) and the wild type (C) at 24 h APF. (D, E) EcR-B1 expression in the heat-shocked hs-FFi-24

homozygote (D) and the wild type (E) at 24 h APF. EcR-B1 expression was not affected by FTZ-F1 RNAi.
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Following the heat-shock induction of the knockdown con-
struct, the number of dying cells at 24 h APF was 337.8 in the
hs-FFi-24 homozygotes and 479.6 in the heterozygotes (Fig. 7A).
These numbers were much smaller than the respective number
from the homozygotes and heterozygotes that had not been
subjected to heat shock. These results demonstrate that bFTZ-F1
at prepupal stage was required for normal numbers of cell death
within the optic lobe. Then, we examined a distribution of dying
cells in the heat-shocked homozygotes. In many samples, the
number of dying cells was markedly reduced or dying cells were
absent in the LPD (6/10), LUD (6/10) and MCLD (9/10) (Fig. 7B, C).
In the MCMD, no dying cells were observed near the surface (10/10)
where many dying cells would have been located normally,
although a few dying cells were observed inside the medulla cortex
(Fig. 7B, C). These results demonstrate that bFTZ-F1 is required for
the cell death in these clusters and the prepupal and pupal ecdysone
pulses are essential. However, in all samples from the animals, we
observed dying cells in LAD and T/C region as in the wild type. This
result indicates that bFTZ-F1 is not required for cell death in the LAD
and T/C region, even though EcR-B1 is required for the cell death.

Based on a previous study, bFTZ-F1 promotes EcR-B1 expres-
sion in the mushroom body (Boulanger et al., 2011). However, the



Y. Hara et al. / Developmental Biology 374 (2013) 127–141 139
expression of EcR-B1 in hs-FFi-24 homozygote that had been heat
shocked was the same as that in the wild type at 12 and 24 h APF
in the optic lobe (Fig. 7D, E), even though the shape of the optic
lobe was defective in the mutants. This indicates that the
expression of EcR-B1 in the optic lobe was not controlled by the
prepupal expression of bFTZ-F1.
Discussion

In this study, we analyzed the requirement of ecdysone in the
optic lobe cell death. The role of ecdysone in cell death during
metamorphosis has been examined in the salivary gland (Jiang
et al., 2000, 1997; Lee et al., 2002b), larval midgut (Jiang et al.,
1997; Lee et al., 2002a), and two types of neurons in the VNC, vCrz
neurons (Choi et al., 2006) and RP2 neurons (Winbush and Weeks,
2011). In the salivary gland, ecdysone triggers cell death in vitro
(Jiang et al., 1997), and the cell death required some components
of ecdysone cascade, BR-C, E93, E74 and bFTZ-F1 (Jiang et al., 2000;
Lee et al., 2002b). In the midgut, cell death was induced by
injection of ecdysone (Jiang et al., 1997), and required BR-C and
E93 (Lee et al., 2002a). For the cell death in vCrz neurons and RP2
neurons, ecdysone requirement was shown using EcR mutants.
Among these tissues, a requirement for EcR isoforms was
addressed only in the vCrz neurons and RP2 neurons. In the vCrz
neurons, the cell death occurred in EcR-A or EcR-B1 mutants, but
not in EcR-B1 and EcR-B2 double mutant, indicating that EcR-B2
is required for this cell death (Choi et al., 2006). In RP2 neurons,
cell death did not require EcR-A, but EcR-B1, EcR-B2 or both
(Winbush and Weeks, 2011). Here, it was shown that the optic
lobe cell death included ecdysone-independent and dependent
ones. The ecdysone-dependent cell death required EcR-B1.

Cell death in the optic lobe is dependent on EcR-B1 after 24 h APF

The number of dying cells in the optic lobe of EcR-B1 mutant
animals at 24 and 36 h APF was much smaller than that in wild-
type animals, but the number in EcR-A mutant animals was not.
This finding showed that cell death in the optic lobe at these
stages required EcR-B1, but not EcR-A.

This dependence on EcR-B1 was common among all dying cells
in all clusters, except the MCMD. At 24 h APF, dying cells in the LAD,
LPD, LUD, MCLD and T/C region were absent in optic lobes of most
EcR-B1 mutants. In these mutants at 36 h APF, dying cells in the
LUD, MLBD, MPLD and the lobula plate cortex were not evident.
Similarly, at 48 h APF, MPLDs were absent from the EcR-B1 mutants.
These results indicated that cell death in most clusters required
EcR-B1 at stages after 24 h APF. We could not determine whether
death of MCMD was dependent on EcR-B1 because it was not clear
whether the abnormal dying cells included MCMD in the medial
side of the medulla cortex in EcR-B1 mutants.

In EcR-B1 mutant, a significant number of dying cells was
constantly observed after 24 h APF. However, this fact does not
mean that the loss of EcR-B1 delayed the timing of cell death.
From 24 to 72 h APF, dying cells were mostly located in the
medial side of the medulla cortex in EcR-B1 mutants and they did
not include those in the clusters which would have been normally
observed from 24 to 48 h APF, i.e., the LAD, LPD, LUD, MCLD,
MPLD, MLBD, and dying cells in the T/C region and the lobula
plate cortex. This fact strongly suggests that the optic lobe cell
death was not delayed but suppressed by EcR-B1 mutation.

In some EcR-B1 mutants, enormous dying cells were observed at
72 h APF at positions where cell death would have normally
occurred: the LAD, MCLD, MPLD, MLBD and T/C region. This suggests
that delayed cell death can be induced at normal position without
EcR-B1 at 72 h APF in these samples. It is known that experimental
suppression of cell death can lead a delayed cell death by another
complementally cell death mechanism (Degterev and Yuan, 2008;
Ekert et al., 2004; Nagasaka et al., 2010). Therefore, it is possible that
a complementary mechanism was induced in these samples.

Cakouros et al. (2004) showed that a cell death initiator
caspase, Dronc, had a EcRE in its promoter and EcR-B1 could
induce Dronc expression. Indeed, the optic lobe cell death was
suppressed in Dronc mutant in our preliminary experiment (data
not shown). Altogether, it is most likely that EcR-B1 directly
controls cell death and consistently induces the death at right
time in the optic lobe.

In this study, requirement of EcR-B2 function was not sug-
gested. When the functions of all EcR isoforms were inhibited
after puparium formation, the number of dying cells was larger
than that in EcR-B1 mutant at 24 h APF (638.6 versus 363.8).
If EcR-B2 was required for the optic lobe cell death, the number
would have been less than that in the mutant. However, a
function of EcR-B2 in the ecdysone-dependent cell death can still
not be entirely excluded since there was a possibility that RNAi
was insufficient to entirely inhibit EcR function in this experi-
mental condition.

The optic lobe cell death is independent of ecdysone signal at 0 h APF

The number of dying cells in the optic lobes of EcR-A and
EcR-B1 mutants was the same as that in wild-type animals at 0 h APF.
When distribution of dying cells was examined, all clusters that were
present in wild-type animals – specifically the LAD, MALD, MCD,
MAMD, PMCD and dying cells in the T/C region – were also observed
in the mutants. These results strongly indicated the cell death at 0 h
APF was independent of both EcR-A and EcR-B1. EcR-B2 was also not
required for the cell death because concurrent knockdown of all EcR
isoforms via expression of hs-EcRi-11 resulted in no reduction in the
number of dying cells at 0 h APF.

The above argument is relevant only for the zygotic not with
maternal EcR. We should test the contribution of maternal EcR.
The result of the heat shock-inducible EcR RNAi denied the
contribution of maternal EcR mRNA of all EcR isoforms. As with
maternal proteins, there was no detectable EcR-B1 in any cluster
or region at 0 h APF. In contrast, EcR-A was weakly expressed in
all cluster regions, and we have no information about EcR-B2.
Therefore, we cannot exclude possible roles of maternal EcR-A
and EcR-B2 protein. However, to our knowledge, there are no
published reports of a requirement for maternal EcR proteins
during metamorphosis. Taken together, our findings indicated
that cell death in the optic lobe at 0 h APF is independent of any
EcR. Furthermore, it seems likely this cell death is also indepen-
dent of ecdysone because the number of dying cells gradually
increased from 0 to 6 h APF rather than decreased, but the
ecdysone titer rapidly drops and is very low during this period.

The period around 12 h APF may be a transient period when
the ecdysone-dependence of cell death changes. In many EcR-B1
mutant optic lobes, the number of dying cells was the same as
that in the wild type. On the other hand, the number was reduced
in a few mutant optic lobes and dying cells were absent in many
of the clusters. These findings indicated that most of the cell
deaths in many optic lobes was independent of EcR-B1, but some
had become EcR-B1-dependent.

To our knowledge there is no published report on ecdysone-
independent cell death during metamorphosis, and this report is the
first of this kind. The ecdysone-independent cell death was limited
to the early phase of metamorphosis in the optic lobe. However, this
timing does not necessarily indicate that all cell death is indepen-
dent of ecdysone because the larval midgut and vCrz neurons die
ecdysone-dependently during this period (Choi et al., 2006; Jiang
et al., 1997; Lee et al., 2002a). Therefore, ecdysone independence
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is a unique feature of the cell death that occurs in the optic lobe.
There has been no report that the cell death that occurs during
embryogenesis and larval development depends on ecdysone.
Hence, we propose that the same mechanisms that mediate cell
death during embryogenesis or larval development work for cell
death during the early phase of optic lobe development.

Based on findings from many previous studies, every cell death
that occurred during metamorphosis was part of the degeneration of
a larval tissue and was dependent on ecdysone. These finding are
understandable because ecdysone orchestrates the entire develop-
mental process of metamorphosis. However, cell death within the
optic lobe was independent of ecdysone during an early phase and
then this cell death became ecdysone dependent later. This unique
feature of the optic lobe cell death may be due to the fact that cell
death in the optic lobe takes place during metamorphosis and is
simultaneously involved in the organogenesis. So two cell death
mechanisms, i.e., an organogenesis-accompanied (ecdysone-indepen-
dent) mechanism and a metamorphosis-accompanied (ecdysone-
dependent) mechanism may have evolved to cooperate during the
optic lobe development.

EcR-B1 is not the decision maker for the optic lobe cell death

We examined the expression pattern of EcR-A and EcR-B1 in
this study. Expression of each isoform altered during develop-
ment in isoform-specific manner. However, there was no direct
relationship between EcR-B1 expression and the emergence of the
cell death. At 0 h APF, when cells die independent of ecdysone,
EcR-B1 was not expressed in any region with clusters of dying
cells. In contrast, EcR-B1 was expressed in all regions with
clusters of dying cells at 12 h APF, although cell death, at this
stage, was, for the most part, ecdysone independent in all clusters,
except PMD. Thus, there was a temporal gap between EcR-B1
expression and ecdysone-dependent cell death. This indicates
that the expression of EcR-B1 was not a direct cause that shifted
cell death from an ecdysone-independent to an ecdysone-
dependent one. EcR-B1 expression would be one of the requisites
to make cells competent to undergo ecdysone-dependent cell
death at a later time point and another mechanism following
EcR-B1 expression would be required for the shift.

Although cell death in the optic lobe after 24 h APF required
EcR-B1, the level of EcR-B1 expression varied among cluster
regions during this period. For example, at 24 h APF, EcR-B1
was expressed weakly in the anterior region of the lamina cortex
where LAD was located. On the lateral side of the medulla cortex
where MCLD were present, EcR-B1 was expressed moderately.
EcR-B1 was strongly expressed in the T/C region where many
dying cells were present. The expression levels also varied among
cluster regions at 36 and 48 h APF. All these findings indicate that
the death decision, even for the ecdysone-dependent cell death,
was not simply related to high EcR-B1 levels. This decision would
be made within specific context of each cluster.

Relationship between glial ensheathment and EcR-B1 expression

EcR-B1 expression was correlated with glial ensheathment in the
lamina cortex, medulla cortex and T/C region. In these regions, newly-
born neurons derived from the OOA or IOA compose pre-ensheathed
domains. As development proceeds, they become to be surrounded
by glial membrane and compose ensheathed domains of mature
neurons. In particular, the ensheathed domain in lamina cortex
corresponds to a region with columnar structures. In the lamina
cortex, EcR-B1 was weakly expressed in the pre-ensheathed domain,
while strongly expressed in the ensheathed domain. In the medulla
cortex and T/C region, it was not expressed in the pre-ensheathed
domains, but expressed in the ensheathed domains. These facts
suggest a possibility that the glial ensheathment promotes or initiates
EcR-B1 expression in the process of neuronal differentiation in these
regions. This possibility is supported by the fact that EcR-B1 expres-
sion became stronger after the ensheathment as development
proceeded.

With regard to cell death, the LAD, MCLD and MALD were
always located near the border of the pre-ensheathed and
ensheathed domains. Therefore, cell death may be linked to the
entry of glial membrane in these clusters. Since this positional
relationship was observed from 0 to 24 h APF, the glial ensheathe-
ment and ecdysone signaling via EcR-B1 may cooperate to induce
cell death in the clusters after 12 h APF, when cell death become
dependent on EcR-B1.
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