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The molecular and cellular mechanism for clearance of dead neurons was explored in the developing Drosophila
optic lobe. During development of the optic lobe, many neural cells die through apoptosis, and corpses are
immediately removed in the early pupal stage. Most of the cells that die in the optic lobe are young neurons that
have not extended neurites. In this study, we showed that clearance was carried out by cortex glia via a
phagocytosis receptor, Draper (Drpr). drpr expression in cortex glia from the second instar larval to early pupal
stages was required and sufficient for clearance. Drpr that was expressed in other subtypes of glia did not mediate

clearance. Shark and Ced-6 mediated clearance of Drpr. The Crk/Mbc/dCed-12 pathway was partially involved in
clearance, but the role was minor. Suppression of the function of Pretaporter, CaBP1 and phosphatidylserine
delayed clearance, suggesting a possibility for these molecules to function as Drpr ligands in the developing optic

lobe.

1. Introduction

In the vertebrate central nervous system (CNS), excess numbers of
neurons are produced during development. Many of these superfluous
cells die later, and the mature nervous system develops from neurons that
have survived cell death. The clearance of dead neurons from the CNS is
the last important step in completion of this cell death process.

Many studies have explored the cellular and molecular mechanisms
for clearance of dead neurons in the developing Drosophila CNS (Kurant,
2011). During embryonic development, dead neurons are phagocytosed
by subperineurial glia (Sonnenfeld and Jacobs, 1995). Draper (Drpr) acts
as a phagocytosis receptor on the glial membrane to clear dead neurons
in the embryo (Freeman et al, 2003). Another receptor,
Six-microns-under (SIMU), works in cortex glia to allow recognition and
engulfment of apoptotic cells, whereas Drpr works to degrade apoptotic
cells in the embryonic CNS (Kurant et al., 2008). During metamorphosis,
dead neurons are engulfed by glia in the CNS (Cantera and Technau,
1996). Elimination of neurites of vCrz neurons during metamorphosis is
performed by astrocyte-like glia via the Crk/Mbc/dCed-12 signaling
pathway but not the Drpr pathway (Tasdemir-Yilmaz and Freeman,

2014). In contrast, elimination of cell bodies of vCrz neurons requires
Drpr, but its expression is not required in astrocyte-like glia (Tasde-
mir-Yilmaz and Freeman, 2014). However, recent studies have reported
inconsistent results on the requirement of Drpr for dead cell clearance
and the glia subtypes that work for clearance in the brain during meta-
morphosis. Etchegaray et al. (2016) reported that dead neurons that died
in the central brain before the beginning of the third larval instar and in
the optic lobe before the late third larval instar are cleared by cortex glia
via the Drpr pathway, but neurons that die thereafter are efficiently
cleared without Drpr. Hilu-Dadia et al. (2018) reported that Drpr is
required for apoptotic cell clearance during metamorphosis and its
expression is required in ensheathing glia and astrocyte-like glia, but not
in cortex glia.

One of the causes of inconsistency among previous studies may be
differences in the cellular materials to be phagocytosed, and different
mechanisms could work for phagocytosis of different materials in the
CNS during metamorphosis. Three types of neurons need to be phago-
cytosed during metamorphosis (Truman et al., 1993). Obsolete larval
neurons die, and their cell bodies and neurites are removed by phago-
cytosis (Robinow et al., 1993; Nakano et al., 2001; Choi et al., 2006;
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Winbush and Weeks, 2011; Tasdemir-Yilmaz and Freeman, 2014). Larval
neurons of another type are respecified from larval to adult neurons via
pruning of larval neurites and extension of new adult neurites (Consoulas
et al., 2002; Awasaki and Ito, 2004). Pruned neurites are removed by
phagocytosis. Adult-specific neurons are produced by precursor cells
during post-embryonic development and differentiate during meta-
morphosis (Truman et al., 1993; Meinertzhagen and Hanson, 1993). A
number of these young neurons die during development before extending
neurites (Fischbach and Technau, 1984; Togane et al., 2012; Jiang and
Reichert, 2012; Hara et al., 2018). Therefore, studies on a single type of
neuron or specifically defined neurons are needed to define the molec-
ular and cellular mechanisms for clearance of dead neurons. Moreover,
considering the report by Tasdemir-Yilmaz and Freeman (2014), clear-
ance of neurites and cell bodies of dead neurons should be studied
independently.

In this study, clearance of dead neurons in the developing optic lobe
was examined. The Drosophila optic lobe is a unique center in which a
large number of dying cells are observed during its development
(Fischbach and Technau, 1984; Togane et al., 2012). Most dying neurons
in the optic lobe are young neurons that had just started to differentiate
into adult neurons. One of paired neurons derived from intermediate
precursors (GMCs) is eliminated by apoptosis under the control of Notch
signaling (Bertet et al., 2014; Erclik et al., 2017). Neurons that die in the
developing optic lobe have not yet extended neurites at the time they die
(Hara et al., 2018). Therefore, cellular materials to be cleared after the
cell death include nuclei and general cytoplasm, but not neurites in the
developing optic lobe.

The adult optic lobe develops from the primordium during meta-
morphosis. Optic lobe neurons are produced by two proliferation centers,
the outer proliferation center (OPC) and inner proliferation center (IPC)
(Meinertzhagen and Hanson, 1993; Fischbach and Hiesinger, 2008; Sato
et al., 2013). Neurons differentiate, extend neurites, and produce four
types of neuropil, the lamina, medulla, lobula plate, and lobula. Then, the
optic lobe consists of four types of neuropil and surrounding cortices of
neuronal cell bodies. According to previous studies, many neurons and a
small number of precursor cells undergo cell death during optic lobe
development (Togane et al., 2012; Akagawa et al., 2015; Hara et al.,
2018). This cell death does not occur randomly in the optic lobe but
occurs in clusters in a specific temporal and spatial pattern (Togane et al.,
2012; Akagawa et al., 2015). The number of dead cells in the optic lobe
starts to increase at the puparium formation, reaches a peak at 24 h after
puparium formation (24 h APF), and decreases to almost zero by 48 h
APF. Two types of cell death are involved in this process: ecdysone
dependent and independent (Hara et al., 2013). Both types of cell death
are apoptosis and involve the Drosophila effector caspases, Drlce and
Dcp-1 (Akagawa et al., 2015). Drlce plays an important role in dead cell
clearance as well (Akagawa et al., 2015). The role of cell death is to
prevent the emergence of abnormal neural structures in the optic lobe
(Hara et al., 2018).

In this study, we explored the cellular and molecular mechanisms for
clearance of dead young neurons in the developing optic lobe. The results
showed that clearance was carried out by cortex glia via a phagocytosis
receptor, Drpr. Drpr expression in cortex glia from the second instar larval
to early pupal stages was required and sufficient for clearance. Signaling
molecules, Shark and Ced-6 mediated clearance downstream of Drpr. The
Crk/Mbc/dCed-12 pathway was partially involved in clearance, but the
role was minor. Suppression of the function of Pretaporter, CaBP1 and
phosphatidylserine delayed clearance, suggesting a possibility for these
molecules to function as Drpr ligands in the developing optic lobe.

2. Results

2.1. Drpris required for clearance of dead young neurons in the developing
optic lobe

The number of dead neurons starts to increase at the beginning of
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metamorphosis in the developing optic lobe in wild-type flies, reaches a
peak at 24h APF, and decreases thereafter to almost none by 48h
(Fig. 1A and B, present study; Togane et al., 2012; Akagawa et al., 2015).
This suggests that dead neuronal cells are actively removed from the
optic lobe between 0 and 48 h APF. Here we first examined the function
of Drpr in clearance of dead neurons in the developing optic lobe. Drpr
functions in the clearance of dead neurons in the CNS in the embryonic
stage and during metamorphosis (Freeman et al., 2003; Kurant et al.,
2008; Tasdemir-Yilmaz and Freeman, 2014; Etchegaray et al., 2016;
Hilu-Dadia et al., 2018). However, Etchegaray et al. (2016) reported that
dead neurons that died after the beginning of the third larval instar in the
central brain and after the late third larval instar in the optic lobe are
efficiently cleared without Drpr. In addition, Hilu-Dadia et al. (2018),
who reported that Drpr is required for apoptotic cell clearance during
metamorphosis, mentioned nothing about the clearance of dead neurons
that died after 24 h APF.

We investigated the alteration in the number of terminal deoxynu
cleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells in
the developing optic lobe in drpr mutants (drpr*®). The results showed
that a much greater number of TUNEL-positive cells was observed in drpr
mutants than in the wild type (Fig. 1A). In drpr mutants, from the anterior
view, TUNEL-positive signals overlapped in the peripheral region of the
optic lobe, and we could not count the exact number of TUNEL-positive
cells in the optic lobe. Therefore, we described the number of TUNEL-
positive cells in those samples as “uncountable” in this study (Fig. 1A
and B). An uncountable number of TUNEL-positive cells was continu-
ously observed from the early pupal stage (0 h APF) to the adult stage
(120h APF). Of particular interest, an enormous number of TUNEL-
positive cells was observed even 1 day after eclosion without signs of
decline, whereas dead cells were rarely seen in the wild type. We hy-
pothesized that this uncountable number of TUNEL-positive dead cells
accumulated due to the defect in dead cell clearance caused by the drpr
mutation. To test this idea, we examined phagocytic activity using
Lysotracker staining in drpr mutant optic lobes. In wild-type optic lobes,
Lysotracker signals appeared at a location that was consistent with dead
cells (Fig. 1C, present study; Akagawa et al., 2015). In drpr mutants,
Lysotracker signals were significantly decreased (Fig. 1D) and nearly
absent throughout the entire optic lobe (Fig. 1C). Therefore, we
confirmed that drpr mutation inhibited dead cell clearance, resulting in
abnormal accumulation of TUNEL-positive cells. This shows that drpr is
necessary for clearance of dead neurons in the developing optic lobe.

Moreover, abnormal accumulation of TUNEL-positive cells in drpr
mutants occurred across the entire optic lobe cortex (Fig. 1A, E). Most
parts of the optic lobe develop after puparium formation, and develop-
ment proceeds from medial to lateral in the medulla region and lateral to
medial in the lamina region in early stages of metamorphosis (Sato et al.,
2013; Hara et al., 2013). Dying cells were observed in clusters in the
developing optic lobe in the wild type (Fig. 1E, present study; Togane
et al., 2012; Akagawa et al., 2015). From single image sections from the
dorsal view of developing drpr mutant optic lobes at 24 h and 48 h APF,
we observed that TUNEL-positive cells had accumulated in the entire
cortex of developing optic lobes, including regions of dying cell clusters
that arose from 0 h to 48 h APF (Fig. 1E). Therefore, the necessity of drpr
for clearance is general in the optic lobe, and is not limited to specific
developmental stages or specific areas in the optic lobe.

2.2. drpr expression from late larval to early pupal stages is required to
clear dead young neurons in the developing optic lobe

The above results are inconsistent with results from a previous study.
Etchegaray et al. (2016) reported that in the optic lobe, Drpr is required
for removal of dead neurons that died before the late third larval instar,
but dying neurons that arose thereafter are efficiently cleared without
Drpr. Thus, we performed the next experiment to confirm our previous
result. We examined the period of drpr expression that is required for
dead cell clearance in the optic lobe during development.
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Fig. 1. Draper is required for dead cell clearance in the developing optic lobe. (A) TUNEL-positive cells in the developing optic lobe in drpr*®/drpr®® and the wild
type (Canton-S). Minimal projection of serial optical sections from the anterior view. (B) Temporal change in the number of dying cells in the optic lobe during
metamorphosis in drpr*®/drpr*” and the wild type. Mean + SD. n = 10. (C) Lysosomal activity in the optic lobe in drpr*®/drpr*> and the wild type. Dorsal view. Red:
Lysotracker signal, Blue: anti-N-cadherin, Green: anti-Repo. LaC: lamina cortex, MeC: medulla cortex, LoPC: lobula plate cortex, LaN: lamina neuropil, MeN: medulla
neuropil, LoN: lobula neuropil, LoPN: lobula plate neuropil. (D) Quantification of Lysotracker signals in the optic lobe in drpr*°/drpr*® and the wild type. The number
of Lysotracker-positive pixels (pixels) and optic-lobe-area (pixels) were counted from an optic section at the level of MCLD and Lysotracker-positive signals/optic-lobe
area was calculated. Mean + SD. n = 12 in drpr*®/drpr®® and the wild type. P < 0.05 (Mann-Whitney test). (E) TUNEL-positive cells in the optic lobe in drpr*°/drpr*®
and the wild type. An optical section from the dorsal view. TUNEL-positive cells accumulated in drpr*®/drpr®® in the entire cortex of developing optic lobes, including
regions of dying cell clusters that arose from 0 h to 48 h APF. MCMD, MCLD, LAD, LUD, LPD, TCD, LopD, PMD, LMBD, and MPLD: dying cell clusters (Akagawa et al.,
2015). In the wild type, MCMD arose at 12-36 h APF, MCLD at 12-24 h APF, LAD at 0-24 h, LUD at 24 h APF, LPD at 12-24 h APF, TCD at 0-24 h APF, LopD at
24-36 h APF, PMD at 0-36 h APF, LMBD at 36-48 h APF, and MPLD at 36-48 h APF (Akagawa et al., 2015). White dashed line: boundary between the optic lobe and
the central brain.

hs-GAL4/UAS-draper-RNAI (hs > drpr-RNAi) insects were heat shocked at APF is dispensable.

different developmental stages to induce temporary knockdown of drpr, Next, we investigated whether dead cell clearance was rescued with
and the number of TUNEL-positive cells accumulating in the optic lobe forced expression of wild-type drpr (drprl) on the drpr mutant back-
was analyzed (Fig. 2A, B, C). ground (Fig. 2D, E, F). Heat shock was applied to hs-GAL4/UAS-draper1;

When late third instar larvae (L3) were heat shocked for 30-min at drpr®®/drpr®® (hs > drprl; drpr®®) at various developmental stages.
12-16 h before puparium formation and the insects were allowed to Without heat shock, a large number of TUNEL-positive cells accumulated
develop for up to 24 or 48 h APF (Fig. 2C, hs > drpr-RNAi hs L3), the throughout the entire optic lobe at all stages (Fig. 2D, F). However, when
number of TUNEL-positive cells in the optic lobe significantly increased a 30-min heat shock was applied to L3 and the larvae were allowed to

by about 70% at 24h APF and 320% at 48h compared to negative develop for up to 0 h APF, and when a 1-h heat shock was given at O h
controls and the wild type at the same stage (Fig. 2C, wild type hs -). APF and the pupae were allowed to develop for up to 24 and 48 h APF,
Similar results were observed with pupae treated with a 1-h heat shock at the number of TUNEL-positive cells decreased to the same level as the
0h APF (Fig. 2C, hs > drpr-RNAi hs 0 h APF). However, heat shock after wild type (Fig. 2D, F). Therefore, forced temporary expression of drpr1 at
12h APF (Fig. 2C, hs > drpr-RNAi hs 12 h APF) did not induce a signifi- stages from L3 to early pupa is sufficient for dead cell clearance in drpr

cant increase in the number of TUNEL-positive cells compared to nega- mutants.

tive controls and the wild type (Fig. 2C, hs > drpr-RNAi hs-, wild type hs Moreover, forced expression of drpr1 for 1-h at 24-72 h APF stages on
-). Therefore, drpr expression from late L3 to 12h APF is necessary for the drpr mutant background decreased the number of TUNEL-positive
dead cell clearance in the developing optic lobe, and expression after 12 h cells to the same level as in the wild type (Fig. 2E and F). This shows
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Fig. 2. Drpr expression at late larval and early pupal stages is required for
dead cell clearance. (A) TUNEL-positive cells in optic lobes in hs-GAL4/UAS-
draper-RNAi. Heat shock was applied for 30-min at late third larval instar (L3),
1-h at Oh APF, and 1-h at 12h APF. (B) TUNEL-positive cells in the wild-type
optic lobe. Heat shock was applied for 1-h at Oh APF. (C) The number of
TUNEL-positive cells in optic lobes in hs-GAL4/UAS-draper-RNAi and in the wild
type. Heat shock was applied for 30-min at late L3 and 1-h at 0, 12, 24, 48h
APF. A, D, G, B, C, E, F and H in heat-shocked hs-GAL4/UAS-draper-RNAi are
significantly different from a, d, and g in non-heat-shocked hs-GAL4/UAS-
draper-RNAi and b, c, e, f, and h in the wild type, respectively. Mean + SD.
n=10 in the wild type and n=5 in hs-GAL4/UAS-draper-RNAi. P < 0.05
(Kruskal-Wallis rank sum test and post hoc Wilcoxon rank sum test with Bon-
ferroni correction). (D) TUNEL-positive cells in optic lobes in hs-GAL4/UAS-
draper1; drpr®/drpr*°. Heat shock was applied for 30-min at late L3. (E) TUNEL-
positive cells in optic lobes in hs-GAL4/UAS-draperl; drpr*®/drpr*°. Heat shock
was applied for 1-h at 48 h APF. (F) The number of TUNEL-positive cells in optic
lobes in hs-GAL4/UAS-draperl; drpr*/drpr*® and in the wild type. Heat shock
was applied for 30-min at late L3 and 1-h at 0, 24, 48, and 72 h APF. The number
of TUNEL-positive cells was uncountable in non-heat-shocked hs-GAL4/UAS-
draper1; drpr*°/drpr*®. No significant difference was found between heat-
shocked hs-GAL4/UAS-draper1; drpr*®/drpr®® and the wild type. Mean + SD.
n=10 in the wild type and n=5 in hs-GAL4/UAS-draperl; drpr*®/drpr*°.
P <0.05 (Kruskal-Wallis rank sum test and post hoc Wilcoxon rank sum test
with Bonferroni correction).
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that TUNEL-positive cells that accumulated in drpr mutants were suffi-
ciently removed by forced temporary expression of drprl, even at mid-
and late pupal stages.

Altogether, these experiments supported the idea described in the
previous section. Drpr expression from late larval to early pupal stages is
required and sufficient to clear cell bodies of dead neurons in the
developing optic lobe. Moreover, cellular function for corpse clearance is
not limited to larval and early pupal stages in the developing optic lobe,
but is active throughout all pupal stages when Drpr is forcibly expressed.

2.3. Drpr expressed in glia functions to clear dead young neurons in the
developing optic lobe

Drpr expression in the CNS during metamorphosis was described in
the ventral nerve cord (Tasdemir-Yilmaz and Freeman, 2014) and whole
brain (Hilu-Dadia et al., 2018). However, no detailed description in the
developing optic lobe has been published. Thus, we analyzed the alter-
ation in the pattern of Drpr expression in the developing optic lobe with
anti-Drpr antibody.

In the lamina region, Drpr was weakly expressed in the surface layer
of the lamina region and the cortex at 0 h APF (Fig. 3A). The expression
weakened by 24 h APF, but increased thereafter to be moderate again at
48 and 72 h APF. Drpr expression was moderate in the lamina neuropil
from O h to 24 h APF and strong all over the lamina neuropil after 48 h
APF (Fig. 3A, yellow arrowheads).

In the medulla, lobula plate, and lobula region (MLpL region), Drpr
was moderately expressed in neuronal precursor cells in the OPC, and
weakly in the IPC at Oh APF (Fig. 3A). In the surface layer, Drpr
expression was moderate at O h APF, weaker at 24 h APF, and remained
weak at 72h APF. In the cortex, Drpr was weakly expressed in a mesh-
like pattern (Fig. 3A, white arrowheads), filling gaps among neural
cells, and moderately expressed in a centripetal pattern of lines (Fig. 3A,
white arrows) projecting from the outer side of the cortex to the neuropil
surface at 0 h APF. The expression remained weak in a mesh-like pattern
up to 72h APF. The expression in a centripetal pattern of lines became
stronger towards 24 h APF but weakened thereafter and disappeared by
48 h APF. On the medulla neuropil surface, Drpr expression was mod-
erate at Oh APF, rapidly increased to be strong at 12h APF, and
continued to 72 h APF (Fig. 3A, yellow asterisks). At 72 h APF, Drpr was
also strongly expressed in many fine protrusions of glia (Fig. 3A 72h, 72
h-2, yellow arrow) invading the distal medulla from the neuropil surface.
Drpr was also expressed in fine protrusions of glia invading the proximal
medulla, lobula plate and lobula neuropil from the MLpL neuropil surface
(Fig. 3A 72 h, 72 h-2). Moderate Drpr staining was observed in the MLpL
neuropil from O to 12h APF (Fig. 3A, black asterisk) but became weak
thereafter.

In the outer and inner chiasm (Fig. 3A), Drpr was weakly expressed
throughout the entire pupal period.

The Drpr expression pattern in the optic lobe overlapped well with
the glial processes visualized by repo > mCD8-GFP in the optic lobe
surface, cortex, neuropil surface, and chiasm at all developmental stages
except in neuronal precursor cells in the OPC and IPC, and the lamina and
MLpL neuropils at early pupal periods (Fig. 3A). This suggests the pos-
sibility that Drpr is located on the glial cell membrane in the optic lobe
surface, cortex, neuropil surface, and chiasm. However, the pattern also
overlapped in the cortex with anti-N-cadherin staining, which detects
neuronal cell membranes. Then, to determine the cell types that
expressed Drpr, we performed cell type-specific drpr knockdown and
examined Drpr expression (Fig. 3B).

When drpr was knocked down with a pan glial driver, repo-GAL4,
which drives gene expression in all glial cells at all stages except in a
small fraction of glial cells in early pupae (Fig. 5A, present study; Togane
et al., 2012), Drpr staining was strongly decreased in all regions except
the OPC and IPC at 0 h APF and the lamina and MLpL neuropils at 24 h
APF (Fig. 3B). Moreover, spotted weak staining was observed in the
medulla cortex at 24 h APF (Fig. 3B). In contrast, when we knocked down
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Fig. 3. Drpr expression in glia is required for dead
cell clearance. (A) Draper expression in the developing
optic lobe in UAS-mCD8::GFP/+; repo-GAL4/+. Green:
repo >mCD8-GFP. Red and White: anti-Draper. White
arrowhead: mesh-like pattern in the cortex. White
arrow: centripetal pattern in the cortex. Yellow arrow-
head: lamina neuropil. Yellow asterisks: the medulla
neuropil surface. Black asterisk: MLpL neuropil. Yellow
arrow: fine protrusion of glia into the neuropil. (B) Drpr
expression in optic lobes in UAS-draper-RNAi/+; repo-
GAL4/+, elav-GAL4/+ or Y; UAS-draper-RNAi/+, actin-
GAL4/UAS-draper-RNAi. White: anti-Drpr. (C) TUNEL-
positive cells in optic lobes in UAS-draper-RNAi/+;
repo-GAL4/+, elav-GAL4/+ or Y; UAS-draper-RNAi/+,
crq-GAL4/UAS-draper-RNAI, esg-GAL4/UAS-draper-
RNAi, and NP6099/+ or Y; UAS-draper-RNAi/+. (D)
TUNEL-positive cells in optic lobes in UAS-drpr1/+; repo-
GAL4 drpr*°/drpr*®, elav-GAL4/+ or Y; UAS-drprl/+;
drpr*°/drpr®®, crq-GAL4/UAS-drpr1; drpr®/drpr*®. (E)
The expression pattern in tissue-specific GAL4s. esg-
GAL4/UAS-mCD8::GFP, NP6099/+ or Y; UAS-
mCD8::GFP/+, crq-GAL4/UAS-mCD8::GFP, UAS-
mCD8::GFP/+; repo-GAL4/+, elav-GAL4/+ or Y; UAS-
mCD8::GFP/+. Green: mCD8-GFP, Red: anti-N-cad, anti-
Repo, or anti-Croquemort. Arrow and arrowhead: he-
mocytes outside the lamina cortex. Asterisks: glia that
express elav>mCD8-GFP. (F) The number of TUNEL-
positive cells in optic lobes in UAS-draper-RNAi/+;
repo-GAL4/+, elav-GAL4/+ or Y; UAS-draper-RNAi/+,
crq-GAL4/UAS-draper-RNAI, esg-GAL4/UAS-draper-
RNAi, and NP6099/+ or Y; UAS-draper-RNAi/+. The
number of TUNEL-positive cells in UAS-draper-RNAi/+;
repo-GAL4/+ was uncountable. No significant difference
was found between the other GAL4s > draper-RNAi and
the wild type. Mean & SD. n=10 in the wild type and
n=>5 in the GAL4s > draper-RNAi. P <0.05 (Kruskal-
Wallis rank sum test and post hoc Wilcoxon rank sum
test with Bonferroni correction). (G) The number of
TUNEL-positive cells in optic lobes in UAS-drpr1/+; repo-
GAL4 drpr*°/drpr®®, elav-GAL4/+ or Y; UAS-drprl/+;
drpr*®/drpr®®, crq-GAL4/UAS-drpr1; drpr*®/drpr®. The
number of TUNEL-positive cells in crq-GAL4/UAS-drpr1;
drpr*®/dipr*® was uncountable. No significant difference
was found between the other GAL4s > draper1; drpr*®/
drpr*® and the wild type. Mean + SD. n = 10 in the wild
type and n=5 in the GAL4s > draperl; drpr®/drpr®®.
P <0.05 (Kruskal-Wallis rank sum test and post hoc
Wilcoxon rank sum test with Bonferroni correction).
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drpr using the pan neural driver, elav-GAL4, which drives gene expression
in all neural cells at all stages, the OPC and IPC, and a small fraction of
glial cells in early pupae (Fig. 3E, present study; Togane et al., 2012; Hara
et al., 2018), Drpr expression was observed in almost the same pattern as
in the control at 0, 24, and 72 h APF (Fig. 3B). However, the expression
was weaker in the OPC and IPC and the lamina and MLpL neuropils at 0 h
APF. Moreover, when drpr was knocked down in all types of cells with
actin-GAL4, Drpr expression almost completely disappeared at 24 h APF,
and no spotted expression was observed in the medulla cortex, although
weak staining remained in the lamina and MLpL neuropils, and lamina
cortex (Fig. 3B).

Altogether, these results suggest that Drpr is mainly expressed in glial
cells and the expression pattern of Drpr in the cortex agreed with the
alteration in the activity of dead cell clearance during metamorphosis. At
early pupal stages, Drpr is expressed weakly in a mesh-like pattern and
strongly in a centripetal pattern in the cortex glia. This expression
weakened thereafter, and only weak expression was seen in a mesh-like
pattern during the last half of the pupal period. However, Drpr was also
expressed in glia in the optic lobe surface, neuropil surface and chiasm at
all developmental stages, neuronal precursor cells in the OPC and IPC at
0 h APF, and some spotted structures in the medulla cortex at 24 h APF.
As weak staining remained in the lamina and MLpL neuropils and lamina
cortex when drpr was knocked down with actin-GAL4, staining in the
lamina and MLpL neuropils and some staining in the lamina cortex at
early pupal stages may be non-specific staining, although control staining
with only secondary antibody but no anti-Drpr antibody did not stain
these structures.

Next, to examine the role of drpr expression in each type of cell, we
performed drpr knockdown using cell type-specific GAL4 lines and
examined the influence on dead cell clearance. The expression pattern of
GAL4s is shown in Figs. 3E and 5A. The results showed that a large
number of TUNEL-positive cells accumulated in pupae in which drpr
knockdown was performed with repo-GAL4 (Fig. 3C, F). The density and
distribution of accumulated TUNEL-positive cells were the same as in
drpr mutants. In contrast, we observed no significant increase when we
used elav-GAL4, the hemocyte-specific driver crg-GAL4, the precursor cell
(neuroblasts and neuroepithelial cells)-specific driver esg-GAL4 (Hara
et al., 2018), or the lamina neuronal cell-specific driver NP6099.
Therefore, Drpr expression only in glial cells is necessary for the clear-
ance of cell bodies of dead neurons in the developing optic lobe. We
confirmed that hemocytes were unnecessary for clearance, because no
hemocytes were present in the developing optic lobe (Fig. 3E).

Next, we performed rescue experiments. Forced expression of drprl
using cell-type specific GAL4s on the drpr mutant background showed
that dead cell clearance was rescued with repo-GAL4 (Fig. 3D, G). The
number of dead cells in repo > drprl ;drprAS was similar to that in the
wild type. Therefore, drpr expression in glia is sufficient for dead cell
clearance. Moreover, when we used elav-GAL4 (in elav-GAL4>drprl;
drprA5), we found that the clearance was rescued to the same extent as in
the wild type, both at 24 and 48 h APF (Fig. 3D, G). However, this fact
does not mean that neurons can also clear dead cells when drpr is forcibly
expressed. In elav-GAL4, in addition to expression in neurons, GAL4 is
also expressed in a small fraction of glia in a lateral region of the medulla
cortex and the medulla neuropil surface during 0-48 h APF and is never
observed later (Fig. 3E, present study; Togane et al., 2012; Hara et al.,
2018). These glial cells are young glia, as development proceeds from
medial to lateral in the medulla cortex and medulla neuropil (Sato et al.,
2013; Hara et al., 2013). Therefore, in elav-GAL4, glial cells in the me-
dulla cortex and in the medulla neuropil surface transiently express GAL4
during an early phase of their development at early pupal stages.
Therefore, in elav-GAL4>drpr1; drpr*°, Drpr would have been transiently
expressed in young glia in the medulla cortex and in the medulla neuropil
surface, and these glia with Drpr would have cleared dead cells. No
rescue was observed with crq-GAL4 or NP6099, confirming that drpr
expression in hemocytes or developing lamina neurons does not mediate
clearance in the developing optic lobe.
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Altogether, Drpr expression in glia is required and sufficient for
clearing cell bodies of dead neurons during metamorphosis. This result
agrees with the previous study (Hilu-Dadia et al., 2018).

2.4. Expression pattern of GAL4 in glial subtype-specific GAL4 lines in the
developing optic lobe

From the above results, we concluded that Drpr expressed in glia
mediates dead cell clearance in the developing optic lobe. According to
previous studies, several glial subtypes were identified in the developing
optic lobe (Fig. 4A and B) (Edwards and Meinertzhagen, 2010; Edwards
etal., 2012; Hara et al., 2013). Therefore, to determine the glial subtypes
required for clearance, we searched for GAL4 lines that specifically
expressed GAL4 in glial subtypes in the developing optic lobe. Several
GAL4 lines have been reported to express GAL4 in glial subtypes in the
larval or adult brain (Awasaki et al., 2008; Doherty et al., 2009; Kremer
et al., 2017). However, few data are available regarding the expression
pattern of GAL4 in glial subtype-specific GAL4 lines in the developing
optic lobe (Edwards et al., 2012), and a systematic study is needed.

Here, we described the expression pattern of GAL4 in several glial
subtype-specific GAL4 lines during metamorphosis in the developing
optic lobe (Fig. 5B, Table 1). Before the investigation, we confirmed the
expression pattern of GAL4 in the adult central brain in each line and
confirmed that the pattern was the same as previously reported (Awasaki
et al., 2008; Doherty et al., 2009). Kremer et al. (2017) proposed a
generic naming of adult optic lobe glia (Fig. 4B). However, there is now
no standard naming on pupal optic lobe glia, because some in-
consistencies have been observed between our previous studies (Togane,
2012; Hara et al., 2013) and Edwards et al. (2012) on the development of
the lamina neuropil glia during metamorphosis (Fig. 4B). Therefore, the
present study follows the naming system of Kremer et al. (2017) with
minor modification based on Hara et al. (2013) (Fig. 4A and B).

The results showed that the expression pattern of GAL4 was greatly
different in pupal stages compared to larval and adult stages and altered
during metamorphosis (Fig. 5A and B). A summary table is given in
Table 1. Glial cells were detected on the MLpL neuropil surface
throughout pupal stages with anti-Repo antibody (Fig. 5A 24 h-2,
arrowhead). However, no glial subtype GAL4 lines express GAL4 in these
glial cells in the optic lobe at early pupal stages. Glial subtype GAL4 lines
that specifically express GAL4 in astrocyte-like glia or ensheathing glia in
the adult MLpL region began expression at late pupal stages or around
eclosion. Therefore, glia on the MLpL neuropil surface at pupal stages are
collectively called neuropil glia (NG) in the present study.

In NP2222 > mCD8-GFP (Fig. 5B), GFP was expressed in lamina distal
cortex glia from O to 24 h APF in the lamina region, but the expression
was weak at 48 and 72 h APF. In the MLpL region, GFP was expressed in
cortex glia from O to 72 h APF. GFP expression in the cortex of the MLpL
region overlapped only with repo-positive nuclei (cortex glia) in the
cortex (Fig. 5C1, white arrow), but not with repo-positive nuclei (peri-
neurial and subperineurial glia) on the surface of the MLpL region
(Fig. 5C1, white arrowhead), or with repo-positive nuclei (neuropil glia,
NG) on the lobula plate neuropil surface (Fig. 5C1, yellow arrowhead).
Outer and inner chasm glia continued to express GFP from 0 to 72 h APF
(Fig. 5B). GFP expression extending from outer chiasm glia along the
medulla neuropil surface at 24 h APF did not overlap with repo-positive
nuclei (neuropil glia, NG) on the medulla neuropil surface (Fig. 5C1/,
yellow arrowhead), suggesting that this expression was present in outer
chiasm glia, but not neuropil glia (NG).

In NP1243 > mCD8-GFP (Fig. 5B), lamina distal cortex glia were
labeled with GFP from O to 72h APF in the lamina region (Fig. 5C3,
yellow arrowhead). At 12 and 24 h APF, some larval marginal glia (L-
ALG) began to express GFP (Fig. 5B, C3, yellow arrow). The expression
subsequently increased and was observed in many lamina astrocyte-like
glia and lamina ensheathing glia at 72h APF (Fig. 5B). In the MLpL re-
gion, GFP was expressed in cortex glia from 0 to 12 h APF (Fig. 5B, B1).
This expression did not overlap with repo-positive nuclei (perineurial
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present study pupa

Hara et al. (2013)
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Edwards et al. (2012)
larva, pupa & adult

Kremer et al. (2017) generic adult

perineurial glia (PNG) (xI)

perineurial glia (*I)

perineurial glia (*I)
fenestrated glia (*a)

Surface ineurial gli *

sub.perllneurlal glia (SPG.) ( DA i . subperineurial glia (*I) subperineurial glia (*I) lamina interface subperineurial glia (L-iSPG)

lamina interface subperineurial glia (L-iSPG) . R . .

(ka) pseudocartridge glia (*a) pseudocartridge glia (*a) (*a)

’ s

lamina distal cortex glia (L=dCG) (¥, *a) distal satellite glia (*a) V\{rappmg gh.a ( I?) lamina distal cortex glia (L-dCG) (*a)
Cortex distal satellite glia (*a)

lamina proximal cortex glia (L-pCG) (*I, ¥a) |proximal satellite glia (%I, *a) |proximal satelite glia (*I, *a) lamina proximal cortex glia (L-pCG) (*a)

larval epithelial glia (Iveg) (*I) larval epithelial glia (1) L . . . X

*|, * - - *

Neuropil |larval marginal glia (L-ALG) (+], *a) larval marginal glia (K1, *2) epithelial glia (x|, *a) lamina astrocyte-like glia (L~ALG) (*a)

lamina ensheathing glia (L-EG) (*a)

adult marginal glia (*a)

marginal glia (¥I, *a)

lamina ensheathing glia (L-EG) (*a)

< Medulla, Lobula and Lobula plate region >

present study pupa

Hara et al. (2013)
pupa

Edwards et al. (2012)
larva, pupa & adult

Kremer et al. (2017) generic adult

perineurial glia (PNG) (I, *a)

perineurial glia (*I, *a)

perineurial glia (X, *a)

perineurial glia (PNG) (*a)

ensheathing glia (EG) (xa)

glia (¥a)

Surface subperineurial glia (SPG) (*I, *a) subperineurial glia (¥, *a) subperineurial glia (I, *a) subperineurial glia (SPG) (*a)

Cortex |cortex glia (CG) (xl, *a) satellite glia (I, *a) satellite glia (I, *a) cortex glia (CG) (xa)
neuropil glia (NG) (1) neuropil glia (*I)

Neuropil |astrocyte-like glia (ALG) (*a) neuropil glia (¥I, *a) several subtypes of neuropil astrocyte—like glia (ALG) (*a)

ensheathing glia (EG) (*a)

< Chiasm region >

present study pupal

Hara et al. (2013)
pupa

Edwards et al. (2012)
larva, pupa & adult

Kremer et al. (2017) generic adult

Chiasma

outer chiasm glia (XGO) (I, *a)

outer chiasmal glia (x|, *a)

outer chiasm giant glia (*I, *a)

outer chiasm glia (XGO) (*a)

inner chiasm glia (XGI) (x|, *a)

inner chiasmal glia (*I, *a)

inner chiasm giant glia (¥I, *a)

inner chiasm glia (XGI) (*a)

*|: larva and early pupa *a: adult and late pupa *le: larval eye disc

Fig. 4. Nomenclature and abbreviations of glia subtypes in the developing optic lobe. (A) Schematic drawings of the developing optic lobe and the distribution
of glia subtypes. Green: glial cytoplasm. Glial cytoplasm in a mesh-like and a centripetal pattern in the cortices is omitted. Red: neuropil. Blue: Glial nuclei. Two types
of surface glia, perineurial glia (PNG) and subperineurial glia (SPG), were not distinguished in the developing optic lobe in the medulla, lobula plate, and lobula
(MLpL) region. Therefore, they are named perineurial and subperineurial glia (PNG + SPG) here. (B) Comparison of nomenclature of glia subtypes among the present
and previous studies. Kremer et al. (2017) proposed a naming system for glia, generic glia, in the adult optic lobe. Edwards et al. (2012), Togane (2012), Hara et al.
(2013) and Chen et al. (2016) described, in detail, the development of lamina neuropil glia during metamorphosis. Larval epithelial glia and larval marginal glia
develop from a common progenitor cells. However, some inconsistencies have been observed between our previous studies (Togane, 2012; Hara et al., 2013) and
Edwards et al. (2012) on the development of these glia during metamorphosis. The present study, then, follows the naming system of Kremer et al. (2017) with minor
modification based on our previous studies (Togane, 2012; Hara et al., 2013, Fig. 4A). Larval marginal glia develop into adult epithelial glia (lamina astrocyte glia,
L-ALG), but not into adult marginal glia. Therefore, the abbreviation L-ALG is used for larval marginal glia as well as for adult epithelial glia. Larval epithelial glia
(lveg) disappear from the original place during 6-24 h APF. Adult marginal glia (L-EG) does not develop from larval marginal glia, but from small glia observed at early
pupal stages on the boundary between the lamina neuropil and the outer chiasm. Therefore, the abbreviation L-EG is used for these small glia as well as for adult

marginal glia.

and subperineurial glia) on the surface of the MLpL region (Fig. 5C2,
white arrowhead), but did overlap with repo-positive nuclei (cortex glia)
in the cortex near the surface layer (Fig. 5C2, white arrow). GFP
expression in cortex glia weakened and disappeared by 24h APF
(Fig. 5B). Expression in neuropil glia (NG) at 48 h APF began in a few
cells on the lobula plate neuropil surface (Fig. 5B). This expression spread
thereafter and was observed in neuropil glia (NG) on the MLpL neuropil
surface at 72h APF. In addition, we noted that GFP-positive thin pro-
trusions extended into the neuropil from neuropil glia.

In NP0577 > mCD8-GFP (Fig. 5B), GFP was expressed quite weakly in
the cortex in the lamina region at 0 h APF. This expression disappeared at
24h APF. Thereafter, weak GFP expression began again in lamina
proximal cortex glia at 48 h APF and become stronger in lamina distal
cortex glia, lamina astrocyte-like glia, and lamina ensheathing glia at
72 h APF. In the MLpL region, GFP was quite weakly expressed in cortex
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glia at Oh APF (Fig. 5B). At 24h APF, stronger expression was only
observed in cortex glia near the optic lobe surface. This expression then
increased and expanded to cortex glia across the cortex at 48 and 72h
APF. The expression overlapped with repo-positive nuclei (cortex glia) in
the medulla, lobula plate, and lobula cortices (Fig. 5C4, 5, arrows), but
did not overlap with repo-positive nuclei (perineurial and subperineurial
glia) on the surface of the MLpL region (Fig. 5C4, 5, white arrowhead), or
with repo-positive nuclei (neuropil glia, NG) on the MLpL neuropil sur-
face (Fig. 5C4, 5, yellow arrowhead). In outer and inner chiasm glia, GFP
expression began at 48 h APF and became moderate at 72 h APF (Fig. 5B).

In NP3233 > mCD8-GFP (Fig. 5B), alrm-GAL4>mCD8-GFP (Fig. 5B)
and NP6520 > mCD8-GFP (Fig. 5B2), GFP was expressed in outer and
inner chiasm glia and/or neuropil glia, but not in cortex glia. Detailed
expression was described in the Table 1 legend.

In NP6293 > mCD8-GFP (Fig. 5B) and NP2276 >mCD8-GFP
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Fig. 5. Expression pattern of GAL4 in glial subtype GAL4 lines in the developing optic lobe. (A) GFP pattern in UAS-mCD8::GFP/+; repo-GAL4/+ during
metamorphosis. Green: mCD8-GFP, Red: anti-Repo. Dorsal view. MLpL: medulla, lobula plate, and lobula region, L: lamina region, chiasm: outer and inner chiasm. 24
h-2: A magnified image of the optic lobe at 24 h APF. arrowheads: neuropil glia (NG) around the medulla neuropil. MeN: medulla neuropil. (B) GFP pattern during
metamorphosis in NP2222/UAS-mCD8::GFP, NP1243/UAS-mCD8::GFP, NP0577/+ or Y; UAS-mCD8::GFP/+, UAS-mCD8::GFP/+; NP3233/+, NP6293/UAS-
mCD8::GFP, NP2276/UAS-mCD8::GFP, alrm-GAL4/UAS-mCD8::GFP, and UAS-mCD8::GFP/+; NP6520/+. Green: mCD8-GFP, Red: anti-N-cadherin. (C) Glial nuclei and
GFP pattern in the same genotypes as in (B). Green: mCD8-GFP, Red: anti-Repo. (1-1’): NP2222 at 24 h APF. White arrow: cortex glia (CG). White arrowhead:
perineurial and subperineurial glia (PNG + SPG). Yellow arrowhead: neuropil glia (NG). Yellow arrow: cytoplasm of outer chiasm glia (XGO). (2-3): NP1243 at 0 h
and 24 h APF. White arrow: cortex glia (CG). White arrowhead: perineurial and subperineurial glia (PNG + SPG). Yellow arrow: larval marginal glia (L-ALG). Yellow
arrowhead: lamina-distal cortex glia (L-dCG). (4-5): NP0577 at 24 h and 48 h APF. White arrow: cortex glia (CG). White arrowhead: perineurial and subperineurial
glia (PNG + SPG). Yellow arrowhead: neuropil glia (NG). (6-7): NP3233 at 48 h and 72 h APF. Arrow: neuropil glia (NG). Arrowhead: cortex glia (CG). GFP
overlapped with neuropil glia (NG) in the lobula plate cortex (LoPC) at 48 h APF. Cytoplasmic protrusion from neuropil glia (NG) extends into the medulla neuropil
(MeN) at 72 h APF. (8-9): NP6293 at 24 h and 72 h APF. Arrowhead: GFP-expressing neurons in the lamina region at 24 h APF. Arrow: perineurial and subperineurial
glia (PNG + SPG). (10): NP2276 at 72 h APF. Arrow: perineurial and subperineurial glia (PNG + SPG). (11-12'): alrm-GAL4 at 24 h and 72 h APF. White arrow: inner
chiasm glia (XGI). Yellow arrow: outer chasm glia (XGO). Arrowhead: neuropil glia (NG). GFP did not overlap with neuropil glia (NG) on the MeN surface at 24 h APF,
but did overlap at 72 h APF. Thin cytoplasmic protrusions extended from neuropil glia (NG) into the MLpL neuropil at 72h APF.

(Fig. 5B), GFP was expressed in perineurial glia or subperineurial glia. 2.5. Drpr expression in cortex glia is necessary and sufficient for clearing
Detailed expression was described in the Table 1 legend. dead young neurons in the developing optic lobe
As a result, we identified GAL4 lines that specifically drive gene

expression in one or a few glial subtypes in the developing optic lobe Before analyzing the function of glial subtypes in dead cell clearance,
(Table 1). However, we did not identify GAL4 lines for neuropil glia in we confirmed Drpr expression in glial subtypes with the anti-Drpr anti-
the MLpL region, larval epithelial glia (Iveg) in the lamina region, larval body. The results showed that Drpr was expressed in all glial subtypes:
marginal glia (L-ALG) in the lamina region, or lamina entheathing glia (L- cortex glia (Fig. 6A1, 5, 6), outer and inner chiasm glia (Fig. 6A1), per-
EG) in the lamina region at early pupal stages. ineurial and subperineurial glia (Fig. 6A2), neuropil glia (NG) (Fig. 6A3,

4), lamina distal cortex glia (L-dCG, Fig. 6A5-8), lamina entheathing glia
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Table 1
The expression pattern of glia subtype GAL4s in the developing optic lobe.

GAL4 region developmental stage (h APF)
Oh 12h 24h 48h 72h 96 h
NP2222 L L-dCG L-dCG L-dCG  L-dCG
MLpL CG d CG CG CG *
Chiasm  XGO, * XGO, XGO, XGO, *
XGI XGI XGI XGI
NP1243 L L-dCG L- L-dCG, L- L- L- *
dcCG, ALG, L- dcCG, dCG,
L- EG L- L-
ALG, ALG, ALG,
L-EG L-EG L-EG
MLpL CG CG NG NG *
Chiasm *
NP0577 L (L- * L- L- *
dCG, dcCG, dCG,
L- LpCG  L-
pCG) pCG,
L-
ALG,
L-EG
MLpL (CQ) * CG CG CG *
Chiasm * XGO, XGO, *
XGI XGI
NP3233 L * *
MLpL * NG NG *
Chiasm *
NP6293 L PNG PNG
(part),
(neuron)
MLpL PNG * PNG PNG PNG
Chiasm * *
NP2276 L SPG * SPG *
MLpL SPG SPG SPG SPG
Chiasm * *
alrm- L * *
GAL4 MLpL * NG *
Chiasm  XGO, XGO, XGO, XGO, *
XGI XGI XGI XGI
NP6520 L * L-pCG
MLpL * NG
Chiasm * XGO,
XGI
repo- L L- L- L-dCG,L- L- L- L-
GAL4 dcCG, dcCG, pCG, L- dcCG, dCG, dcCG,
L- L- EG, L- L- L- L-
pCG, pCG, ALG, pCG, pCG, pCG,
L- L-EG, lveg, L-EG, L-EG, L-EG,
ALG, L- PNG, L- L- L-
lveg, ALG, SPG ALG, ALG, ALG,
PNG, lveg, PNG, PNG, PNG,
SPG PNG, SPG SPG SPG
SPG
MLpL CG, CG, CG, NG, CG, CG, CG,
NG, NG, PNG, NG, NG, NG,
PNG, PNG, SPG PNG, PNG, PNG,
SPG SPG SPG SPG SPG
Chiasm  XGO, XGO, XGO, XGO, XGO, XGO,
XGI XGI XGI XGI XGI XGI

*: not examined, ( ): weak expression, (neuron): several lamina neurons.

In NP3233 > mCD8-GFP (Fig. 5B), GFP expression was not observed throughout
the optic lobe at 0 or 24 h APF. However, in the MLpL region, the expression
started in neuropil glia (NG) at 48 h APF and was strong at 72 h APF. Expression
was also seen in cytoplasmic protrusions that extended into the neuropil from
neuropil glia (NG). This expression did not overlap with repo-positive nuclei
(cortex glia) in the lobula plate cortex (Fig. 5C6, arrowhead), but overlapped
with repo-positive nuclei (neuropil glia, NG) on the lobula plate neuropil surface
(Fig. 5C6, 6', arrow).

In alrm-GAL4>mCD8-GFP (Fig. 5B), GFP expression was observed in outer and
inner chiasm glia from O to 72h APF. GFP expression extending from outer
chiasm glia did not overlap with repo-positive nuclei (neuropil glia, NG) on the
medulla neuropil surface (Fig. 5C11, arrowhead). In addition, at 48 h APF, GFP
expression started in a few neuropil glia (NG) on the MLpL neuropil surface
(Fig. 5B), and the number of GFP-expressing neuropil glia (NG) increased
through 72h APF. Many GFP-labeled cytoplasmic protrusions were observed
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invading the neuropil from neuropil glia (NG) at 72h APF (Fig. 5C12, 12/,
arrowhead).

In NP6520 > mCD8-GFP, GFP was not expressed in any cells from 0 to 72 h APF,
but began to be expressed at 96 h APF in L-pCG, neuropil glia (NG), outer and
inner chiasm glia and cytoplasmic protrusions from neuropil glia (NG) (Fig. 5B2).
According to previous studies (Awasaki et al., 2008), NP6293 is a driver that is
specific for perineurial glia, and NP2276 is specific for subperineurial glia. In this
study, we observed that GFP was expressed in glia on the optic lobe surface in
both NP6293 > mCD8-GFP and NP2276 >mCD8-GFP. No difference was
observed in the expression pattern between them on the surface of the MLpL
region (Fig. 5B, C9, 10, arrows). However, NP2276 was expressed on the surface
of the lamina region at 72 h APF, but not NP6293 (Fig. 5B).

In NP6293 > mCD8-GFP (Fig. 5B), GFP was expressed in perineurial glia at 0 h
APF in the lamina region. This expression began to disappear by 24 h APF, and no
expression was seen in the lamina region thereafter. Additionally, temporary
weak expression was observed in some lamina neurons at 24 h APF but not after
48h APF (Fig. 5C8, arrowhead). In the MLpL region, GFP expression was
observed in perineurial glia from 0 to 72h APF (Fig. 5C9, arrow).

In NP2276 > mCD8-GFP (Fig. 5B), GFP was expressed in subperineurial glia at
Oh APF in the lamina region, but the expression disappeared by 24 h APF.
However, it appeared again, and strong expression was observed at 72 h APF. In
the MLpL region, GFP was expressed in subperineurial glia from 0 to 72h APF
(Fig. 5B, C10, arrow).

In repo-GAL4>mCD8-GFP (Fig. 5A), GFP was expressed in all subtypes of glia
throughout the pupal period, though a few cortex and neuropil glia cells in the
medulla region did not express GFP at early pupal periods. GFP expression in the
adult at 120 h APF was the same as in the late pupa at 72 h APF or 96 h APF in all
lines.

(L-EG, Fig. 6A6), larval marginal glia (L-ALG, Fig. 6A7), and lamina
proximal cortex glia (L-pCG, Fig. 6A8).

We performed knockdown of drpr using the glial subtype-specific
GAL4s and analyzed the number of TUNEL-positive cells that accumu-
lated in the optic lobe. Results were different between the MLpL region
and lamina region. In the MLpL region, numerous TUNEL-positive cells
accumulated in NP2222>drpr-RNAi and NP1243>drpr-RNAi (Fig. 6B
and C). Glial subtypes in which both NP2222 and NP1243 drive gene
expression at early pupal stages were cortex glia in the MLpL region
(Fig. 5B, Table 1), and thus, drpr expression in cortex glia at early pupal
stages was necessary for dead cell clearance. In contrast, drpr knockdown
using NP3233, NP6293, NP2276, or alrm-GAL4 showed no increase in
the number of dead cells compared to the wild type (Fig. 6C). As NP6293,
NP2276, and alrm-GAL4 drive genes in perineurial and subperineurial
glia, or outer and inner chiasm glia from 0 to 24 h APF, but not in cortex
glia (Fig. 5B, Table 1), perineurial and subperineurial glia or outer and
inner chiasm glia were not necessary for dead cell clearance. drpr
knockdown with NP0577 did not increase the number of dead cells
(Fig. 6C). In contrast to NP2222 and NP1243, NP0577 drives gene
expression only quite weakly in cortex glia at 0h APF and in a small
number of cortex glia at 24 h APF as described in the previous section
(Fig. 5B, Table 1). The above result is consistent with the idea that drpr
expression at late third larval and early pupal stages is necessary for dead
cell clearance, but not at later stages. No GAL4 lines are available for
neuropil glia (NG) at early pupal stages (Fig. 5B, Table 1), and thus, the
necessity for this glial subtype in dead cell clearance remains unclear.

There was no glial subtype-specific GAL4>drpr-RNAi in which
numerous TUNEL-positive cells accumulated in the lamina region. Both
NP2222 and NP1243 drive gene expression at early pupal stages in
lamina distal cortex glia (Fig. 5B, Table 1), and thus, drpr expression in
lamina distal cortex glia at early pupal stages was not necessary for dead
cell clearance. The necessity for drpr expression in lamina proximal
cortex glia (L-pCG) in dead cell clearance is described in a later section.
No GAL4 lines are available for larval epithelial glia (Iveg) or larval
marginal glia (L-ALG) at early pupal stages (Fig. 5B, Table 1), and thus,
the necessity for these glial subtypes in dead cell clearance remains
unclear.

To confirm the effect of glial subtype RNAi on Drpr expression, we
examined Drpr expression in NP2222>drpr-RNAi and NP1243>drpr-
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Fig. 6. Cortex glia and lamina cortex glia are required for dead cell clearance in the optic lobe. (A) Draper expression in glia subtypes. Green: mCD8-GFP, Red:
anti-Drpr. (1) NP2222/UAS-mCD8::GFP at 24 h APF. (2) NP6293/UAS-mCD8::GFP at 0 h APF. (3, 5, 6, 7) NP1243/UAS-mCD8::GFP at 72h, 0h, 12 h, and 24 h APF. (4)
UAS-mCD8::GFP/+; repo-GAL4/+ at 24 h APF. (8) NP0577/+ or Y; UAS-mCD8::GFP/+ at 48 h APF. (B) TUNEL-positive cells in optic lobes in NP2222/UAS-draper-
RNAi, NP1243/UAS-draper-RNAi. (C) The number of TUNEL-positive cells in optic lobes in NP2222/UAS-draper-RNAi, NP1243/UAS-draper-RNAi, NP0577/+ or Y;
UAS-draper-RNAi/+, UAS-draper-RNAi/+; NP3233/+, NP6293/UAS-draper-RNAi, NP2276/UAS-draper-RNAi, alrm-GAL4/UAS-draper-RNAi. The number of TUNEL-
positive cells in NP2222/UAS-draper-RNAi and NP1243/UAS-draper-RNAi was uncountable. No significant difference was found in the other GAL4s > draper-RNAi
in comparison with the wild type. Mean + SD. n = 10 in the wild type and n =5 in GAL4s > draper-RNAi. P < 0.05 (Kruskal-Wallis rank sum test and post hoc Wilcoxon
rank sum test with Bonferroni correction). (D) Draper expression in NP2222/UAS-draper-RNAi and NP1243/UAS-draper-RNAi. White: anti-Draper. (E) TUNEL-positive
cells in optic lobes in drpr*®/drpr*®, NP2222/UAS-draper1; drpr*’/drpr*°, NP1243/UAS-draper1; drpr*®/drpr*®, NP0577/+ or Y; UAS-draperl/+; drpr*®/drpr*”, UAS-
draper1/+; NP3233 drpr*’/drpr*®, NP6293/UAS-draperl, drpr*®/drpr*®, NP2276/UAS-draperl; drpr*®/dpr*® and alrm-GAL4/UAS-draperl; drpr*®/drpr*®. (F) The
number of TUNEL-positive cells in optic lobes in the same genotypes as in (E). The number of TUNEL-positive cells was uncountable in drpr*®/drpr®®, UAS-draper1/+,
NP3233 drpr*°/drpr*®, NP6293/UAS-draper1; drpr*®/drpr*®, NP2276/UAS-draper1; drpr*°/drpr*®, and alrm-GAL4/UAS-draper1; drpr*®/drpr*°. No significant difference
was found in the other GAL4s > draper1; drpr*®/drpr®” in comparison with the wild type. Mean + SD. n = 10 in the wild type and n = 5 in GAL4s > draper-RNAi (n =1
in A). P < 0.05 (Kruskal-Wallis rank sum test and post hoc Wilcoxon rank sum test with Bonferroni correction). (G) GFP pattern in UAS-mCD8::GFP/+; wrapper-GAL4/
+ during metamorphosis. Green: mCD8-GFP, Red: anti-N-Cad. (H) GFP pattern in UAS-mCD8::GFP/+; wrapper-GAL4/+. Green: mCD8-GFP, Red: anti-Repo. (I) Scheme
of temperature shift for GAL80™ experiments. BPF: before puparium formation. (J) TUNEL positive cells in UAS-draper-RNAi/+; wrapper-GAL4/+ and tub-GAL80®/
UAS-draper-RNAi; wrapper-GAL4/-+. Pupae at 48 h APF were dissected and stained. TS 48 h, 24 h and 12 h BPF: temperature shift at 48 h, 24 h and 12 h BPF. (K) The
number of TUNEL positive cells in UAS-drpr-RNAi/+; wrapper-GAL4/+ and tub-GAL80"/UAS-draper-RNAi; wrapper-GAL4/+. The number of TUNEL-positive cells was
uncountable in UAS-draper-RNAi/+; wrapper-GAL4/+ and in TS 48 h BPF tub-GAL80"/UAS-draper-RNAi; wrapper-GAL4/+. A in TS 24 h BPF tub-GAL80"/UAS-draper-
RNAIi; wrapper-GAL4/+ were significantly different from a in no temperature shift (at 25 °C) control. No significant difference was found in the other tub-GAL80"/UAS-
tiraper—RNAi; wrapper-GAL4/+. Mean + SD. n = 6-9. P < 0.05 (Kruskal-Wallis rank sum test and post hoc Wilcoxon rank sum test with Bonferroni correction).
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Fig. 7. Signaling molecules downstream of Drpr function to clear dead cells in the optic lobe. (A) A schematic of the signaling pathway downstream of Drpr
(Ziegenfuss et al., 2012). (B) TUNEL-positive cells in optic lobes in repo-GAL4/UAS-shark-RNAi, UAS-dced6-RNAi/+; repo-GAL4/+, UAS-crk-RNAi/+; repo-GAL4/+,
repo-GAL4/UAS-mbc-RNAi, repo-GAL4/UAS-dced12-RNAi, and UAS-rac1-RNAi/+; repo-GAL4/+. (C) The number of TUNEL positive cells in optic lobes in
UAS-draper-RNAi/+; repo-GAL4/+ and repo-GAL4/UAS-shark-RNAi was uncountable. A and B in the other repo-GAL4>genes-RNAi are significantly different from a and
b in the wild type, respectively. Mean + SD. n = 10 in the wild type and n = 5 in repo-GAL4>genes-RNAi. P < 0.05 (Kruskal-Wallis rank sum test and post hoc Wilcoxon
rank sum test with Bonferroni correction). (D) TUNEL-positive cells in egr’®! /egr’®! and UAS-bskPN/+ or Y; repo-GAL4/+ optic lobes. (E) The number of TUNEL-positive
cells in egr® /egr!®! and UAS-bskPN/+ or Y; repo-GAL4/+ optic lobes. egr!®! /egr!®! and repo-GAL4>bskPN were not significantly different from samples in the wild type.
Mean + SD. n = 10 in the wild type and n =5 in egr’®! /egr’® and UAS-bsk®N/+ or Y; repo-GAL4/+. P < 0.05 (Kruskal-Wallis rank sum test and post hoc Wilcoxon rank
sum test with Bonferroni correction).
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Fig. 8. Drpr ligand candidates, Pretaporter, CaBP1, and phosphatidylserine, function to clear cell bodies of dead neurons. (A) TUNEL-positive cells in Prip*/
Prip®!, CaBP14'/CaBP1%!, and Prip*!/Prip*!; CaBP1%1/CaBP1*’. (B) The number of TUNEL-positive cells in the same genotypes and the wild type. A in mutants is
significantly different in comparison with a in the wild type. The other samples in mutants were not significantly different from samples in the wild type. Mean =+ SD.
n =10 in the wild type and n = 5 in mutants. P < 0.05 (Kruskal-Wallis rank sum test and post hoc Wilcoxon rank sum test with Bonferroni correction). (C, D, E) TUNEL-
positive cells in optic lobes in UAS-MFG-E8/+; repo-GAL4/+, actin-GAL4/UAS-MFG-E8, elav-GAL4/+ or Y; UAS-MFG-E8/+, UAS-MFG-ES8AC2/+; repo-GAL4/+, elav-
GAL4/+ or Y; UAS-MFG-E8AC2/+, UAS-draperAEN/+; repo-GAL4 drpr*®/drpr*®, and elav-GAL4/+ or Y; UAS-draperAEN/+; drpr*’/drpr*°. (F) The number of TUNEL-
positive cells in optic lobes in the same genotypes as in (C, D, E) in which drprAEN was forced to be expressed on the drpr mutant background using tissue-specific
GAL4s. The number of TUNEL-positive cells in UAS-draperAEN/+; repo-GAL4 drpr*®/drpr®® and elav-GAL4/+ or Y; UAS-draperAEN/+; drpr®”/drpr*® was uncountable. A
in GAL4>MFG-E8 at 24 h APF was significantly different from the wild type. The other samples in GAL4>MFG-E8 and GAL4>MFG-E8AC2 were not significantly
different from samples in the wild type. Mean + SD. n = 10 in the wild type and n =5 in transgenic flies. P < 0.05 (Kruskal-Wallis rank sum test and post hoc Wilcoxon
rank sum test with Bonferroni correction). (G) The number of TUNEL-positive cells in -Int v1/p-Int v2, and S-Int v2/+ optic lobes. A in g-Int v1/p-Int v2 at 24 h APF was
significantly different from a in the wild type. The other samples in mutants were not significantly different from correspondent samples in the wild type. Mean =+ SD.
n =10 in the wild type and n =5 in mutants. P < 0.05 (Kruskal-Wallis rank sum test and post hoc Wilcoxon rank sum test with Bonferroni correction). (H) The number
of TUNEL-positive cells in SIMU X°/SIMU *© optic lobes. Samples in the mutant were not significantly different from correspondent samples in the wild type.
Mean + SD. n =10 in the wild type and n =5 in the mutant. P < 0.05 (Kruskal-Wallis rank sum test and post hoc Wilcoxon rank sum test with Bonferroni correction).
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RNAi with anti-Drpr antibody (Fig. 6D). The results showed that in
NP2222>drpr-RNAi, Drpr expression was markedly decreased in the
MLpL cortex and the inner chiasm in comparison to the wild type at all
stages. Drpr expression in the surface layer of the lamina region and in
the outer chiasm disappeared at 24 h APF. In contrast, spotted staining
appeared at 24 h APF in the medulla cortex as in repo-GAL4>drpr-RNAi.
Drpr expression remained in the OPC, lamina cortex and outer and inner
chiasm at O0h APF, and in the lamina cortex, lamina neuropil, MLpL
neuropil, and MLpL neuropil surface at 24 h APF. In NP1243>drpr-RNAi,
Drpr expression in the MLpL cortex and MLpL neuropil was markedly
weaker than in the wild type at 0 h and 24 h APF stages. Drpr expression
in the surface layer of the MLpL region was decreased at 24h APF.
However, spotted staining in the medulla cortex appeared at 24 h APF.
Drpr expression remained in the OPC, IPC, lamina cortex, and outer and
inner chiasm at 0 h APF, and in the lamina cortex, lamina neuropil, MLpL
neuropil surface, and outer and inner chiasm at 24 h APF. Therefore, we
confirmed that drpr knockdown with both NP2222 and NP1243 effec-
tively reduced Drpr expression in cortex glia in the MLpL region, in
agreement with the defect in dead cell clearance. We could not determine
whether drpr knockdown with these GAL4 lines reduced Drpr expression
in lamina distal cortex glia as there is a non-specific anti-Drpr staining in
the lamina cortex as described in a previous section (Fig. 3A).

To further define the function of Drpr that is expressed in glial sub-
types in dead cell clearance, we investigated whether dead cell clearance
was rescued by forced expression of drprl using different subtype GAL4s
on the drpr mutant background. The results showed that the clearance
was rescued when we used NP2222, NP1243, or NP0577 (Fig. 6E and F).
Clearance was restored to almost the same level as in the wild type with
NP2222, NP1243, and NP0577 at 24 and 48 h APF. In all these GAL4s,
gene expression at early pupal stages was driven in cortex glia in the
MLpL region and lamina distal cortex glia in the lamina region (Fig. 5B,
Table 1). Therefore, these results suggest that cortex glia in the MLpL
region and lamina distal cortex glia in the lamina region perform dead
cell clearance. On the other hand, NP2222 did not force drprl expression
in larval epithelial glia (Iveg), lamina proximal cortex glia, larval mar-
ginal glia (L-ALG), lamina entheathing glia (L-EG), or neuropil glia (NG)
(Fig. 5B, Table 1). NP1243 did not force drprl expression in larval
epithelial glia (lveg), lamina proximal cortex glia, larval marginal glia (L-
ALG), or neuropil glia (NG). NP0577 did not force drprl expression in
larval epithelial glia (Iveg) or neuropil glia (NG). Thus, Drpr expression in
larval epithelial glia (lveg), larval marginal glia (L-ALG), lamina proximal
cortex glia, and lamina entheathing glia (L-EG) in the lamina region and
in neuropil glia (NG) in the MLpL region is not requited for dead cell
clearance. Moreover, forced expression of drprl with NP3233, NP6293,
NP2276, or alrm-GAL4 did not rescue the clearance (Fig. 6E and F). In
NP6293, NP2276 and alrm-GAL4, drprl expression was driven in peri-
neurial glia, subperineurial glia, or outer and inner chiasm glia (Fig. 5B,
Table 1). Therefore, perineurial and subperineurial glia, and outer and
inner chiasm glia do not perform dead cell clearance.

Altogether, we concluded that Drpr expression in cortex glia was
necessary and sufficient to remove cell bodies of dead neurons in the
MLpL region in the developing optic lobe. In the lamina region, lamina
distal cortex glia performed dead cell clearance when drprl was forced to
express (Fig. 6E). However, lamina distal cortex glia was not essential for
clearance (Fig. 6B). Considering that repo > drpr-RNAi suppressed dead
cell clearance in the lamina region (Fig. 3C), it is suggested that another
lamina cortex glia worked for dead cell clearance together (redundantly)
with distal lamina cortex glia in the lamina region.

Recently a cortex glia-specific GAL4, wrapper-GAL4 (GMR54H02),
was reported (Kremer et al., 2017). Then, we corroborated the previous
results using this GAL4. In wrapper-GAL4, GAL4 expressed in cortex glia
in the MLpL region of the optic lobe at larval, pupal and adult stages
(Fig. 6G). In the lamina region, GAL4 was expressed in a few cells near
the posterior boundary of the lamina cortex in the larva. At pupal and
adult stages, GAL4 was strongly expressed in lamina proximal cortex glia
(Fig. 6G).

80

Developmental Biology 453 (2019) 68-85

First, we examined the role of drpr expression in cortex glia and
lamina proximal cortex glia in dead cell clearance using wrapper > drpr-
RNAi. The result showed that wrapper > drpr-RNAi suppressed dead cell
clearance in the MLpL region (Fig. 6J and K). This confirmed the previous
result and showed that drpr expression in cortex glia is necessary for dead
cell clearance in the MLpL region. However, dead cells were normally
cleared in the lamina region in wrapper > drpr-RNAi, suggesting that
lamina proximal glia is not essential for clearance (Fig. 6J). As discussed
previously, it is suggested that another lamina cortex glia work for dead
cell clearance together (redundantly) with distal lamina cortex glia.
Then, lamina proximal cortex glia probably works for dead cell clearance.

Next, we investigated the time window of drpr expression required for
dead cell clearance. drpr-RNAi was induced by shifting temperature from
25°C to 30°C at 48 h BPF (second larval instar) in tub-Gal80"; wrapper-
GAL4>drpr-RNAi, dead cell clearance was suppressed. In contrast, when
temperature shift was performed at 24 h BPF (early third instar), dead
cells clearance was a little delayed, and when temperature was shifted at
12h BPF (late third instar) or later stages dead cells were cleared nor-
mally (Fig. 61, J and 6K). This suggests that expression of drpr from the
second instar to early third instar is required for dead cell clearance. In
previous experiment, heat shock at L3 and Oh APF in hs-GAL4>drpr-
RNAI insects suppressed dead cell clearance, but heat shock at 12 h APF
or later stages did not, suggesting that drpr expression at late larval and
early pupal stages is required for dead cell clearance (Fig. 2C). Alto-
gether, we conclude drpr expression from second larval to early pupal
stages is required for dead cell clearance. The reason for the inconsis-
tency in results at late larval and early pupal stages between tub-Gal80";
wrapper-GAL4>drpr-RNAi and hs-GAL4>drpr-RNAi would be the differ-
ence in the strength of drpr-RNAi expression between them. That is,
temporary expression of drpr-RNAi in hs-GAL4>drpr-RNAi would be
stronger than tub-Gal80"; wrapper-GAL4>drpr-RNAi.

2.6. Role of Shark, dCed-6, Crk/Mbc/dCed-12, and Racl in clearance of
dead neurons in the developing optic lobe

Next, we analyzed the function of known signaling molecules
downstream of Drpr in the developing optic lobe. Shark and dCed-6 bind
to Drpr and activate Racl downstream of Drpr (Fig. 7A) (Ziegenfuss et al.,
2012). Crk, Mbc, and dCed-12 form a complex and activate Racl inde-
pendently or downstream of Drpr. Previous studies reported that Shark,
dCed-6, Crk/Mbc/dCed-12, and Racl in ensheathing glia in the adult
olfactory lobe function to mediate removal of degenerating axons when
the olfactory nerve is cut (Ziegenfuss et al., 2012), in astrocyte-like glia
around the mushroom body when y neuron axons are pruned (Awasaki
et al., 2006; Tasdemir-Yilmaz and Freeman, 2014), and in astrocyte-like
glia in the ventral nerve cord when vCrz neurons die during meta-
morphosis (Tasdemir-Yilmaz and Freeman, 2014). In contrast, Etch-
egaray et al. (2016) reported that these signaling molecules did not
function to remove dead neurons in the brain. Here, we performed
glial-specific knockdown of these molecules and examined whether dead
neurons were cleared in the developing optic lobe.

The results showed that numerous TUNEL-positive cells accumulated
inrepo > shark-RNAi at 24 and 48 h APF (Fig. 7B and C). Therefore, Shark
mediates clearance of dead neurons in the developing optic lobe. More-
over, in repo > dced6-RNAi (Awasaki et al., 2006), crk-RNAi (Tasde-
mir-Yilmaz and Freeman, 2014), mbc-RNAi (Tasdemir-Yilmaz and
Freeman, 2014), dced12-RNAi (Lu et al., 2014), and racI-RNAi (Zie-
genfuss et al., 2012), a moderate effect was observed. About 1.5-4.2
times more dead cells than in the wild type accumulated at both 24 and
48 h APF (Fig. 7B and C) and clearance was delayed. This suggests that
signaling molecules, dCed-6 and Crk/Mbc/dCed-12, partially mediate
clearance of dead young neurons in the developing optic lobe and
enhance it, but the role is minor. As cortex glia function to clear dead
neurons via Drpr in the developing optic lobe, these signaling molecules
must work in cortex glia in the developing optic lobe.

The Eiger/JNK pathway, which is activated by Drpr in ensheathing
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glia and astrocyte-like glia, plays a role in efficient clearance of apoptotic
neurons in the whole brain during metamorphosis (Hilu-Dadia et al.,
2018). However, the present study suggested that the pathway plays no
role in regulating clearance of cell bodies of dead neurons in the devel-
oping optic lobe (Fig. 7D and E).

2.7. Role of Pretaporter, CaBP1 and phosphatidylserine in clearance of
dead neurons in the developing optic lobe

Next, we explored Drpr ligands in dead neurons in the developing
optic lobe. Pretaporter (Prtp) and CaBP1 act as Drpr ligands when dead
embryonic cells are phagocytosed by cultured cells in Drosophila (Kur-
aishi et al., 2009; Okada et al., 2012; Tung et al., 2013). However, no
studies have investigated phagocytic ligands in the CNS in vivo. There-
fore, we studied the function of these candidates for dead cell clearance
in the developing optic lobe in Pretaporter and CaBP1 mutants.

The results showed a significant increase in the number of TUNEL-
positive cells (about 2.2-2.6 times higher on average) at 48 h APF in
Prip*!, caBP1*!, or Prip*!; CaBP14! mutants compared to the wild type
and clearance was delayed (Fig. 8A and B). Therefore, it was suggested
that Pretaporter and CaBP1 acts as Drpr ligands and partially mediate
dead cell clearance in the developing optic lobe. However, they are not
essential and the role is minor.

Tung et al. (2013) showed that phosphatidylserine (PS), which acts as
an “eat me” signal in the phagocytosis of apoptotic cells in mammals and
nematodes, also serves as an “eat me” signal in the phagocytic removal of
apoptotic cells in Drosophila and that Drpr is a PS-binding receptor for
phagocytosis. Here, we tested whether phosphatidylserine also functions
as a ligand for Drpr in clearance of dead neurons in the developing optic
lobe. According to Tung et al. (2013), milk fat globule-epidermal growth
factor 8 (MFG-E8) is a PS-binding protein of mammals, and when forcibly
expressed, it binds to phosphatidylserine on dead cells via the C2 site and
disrupts phagocytosis of dead cells in Drosophila embryos. When MFG-E8
was forcibly expressed with repo-GAL4 or actin-GAL4 in the developing
Drosophila optic lobe, a significant increase in the number of
TUNEL-positive cells (about 1.6 times higher on average) was observed
at 24 h APF in comparison to the wild type (Fig. 8C, F). elav > MFG-E8
showed no increase in the number of TUNEL-positive cells. In contrast,
forced expression of MFG-E8AC2, which lacks the phosphatidylserine
binding C2 site, with any GAL4s did not affect the number of
TUNEL-positive cells (Fig. 8D, F). These results support the idea of Tung
et al. (2013) that phosphatidylserine mediates signaling for dead cell
clearance.

Phosphatidylserine binds to Drpr via the EN site in its extracellular
domain and induces phagocytosis (Tung et al., 2013). When we con-
ducted forced expression of Drpr lacking the EN site (drprAEN) on the
drpr mutant background in repo > drprAEN; drpr®°, dead cell clearance
was not rescued (Fig. 8E and F). Likewise, rescue was not observed in
elav > drprAEN; drpr®®. This result supports the above idea and suggests a
possibility that phosphatidylserine acts as a Drpr ligand and mediates
dead cell clearance in the developing optic lobe.

Moreover, mutation in fInt-v, which is another engulfment receptor
in the embryo (Nonaka et al., 2013), significantly increased the number
of TUNEL-positive cells at 24 h APF, but not at 48 h APF (Fig. 8G).

SIMU, which is another engulfment receptor in the embryonic CNS
(Kurant et al., 2008) but not in the whole brain during metamorphosis
(Etchegaray et al., 2016), played no role in clearance of dead neurons in
the developing optic lobe (Fig. 8H).

3. Discussion

3.1. Cortex glia function to clear dead young neurons via the Drpr pathway
in the developing optic lobe

In this study, we revealed that Drpr expressed in cortex glia were
required for dead cell clearance in the MLpL region of the developing
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optic lobe, and that Drpr in other subtypes of glia did not mediate
clearance. This is the first study that showed clearance of dead young
neurons in the developing optic lobe required Drpr expression in the
cortex glia. In the lamina region, lamina distal cortex glia work for dead
cell clearance.

The expression pattern of Drpr agreed with the alteration in the ac-
tivity of dead cell clearance in the optic lobe during metamorphosis. At
early pupal stages, Drpr is expressed weakly in a mesh-like pattern and
strongly in a centripetal pattern in cortex glia in the MLpL region. This
expression weakened thereafter, and only weak expression was seen in a
mesh-like pattern during the last half of the pupal period. Moreover, we
observed no protrusion of Drpr expressing glial cytoplasm into the neu-
ropil from neuropil glia (NG) at early pupal stages. This agrees with the
fact that cell death in the developing optic lobe occurs mainly in young
neurons before they extend neurites or in abnormal neurons with no
neurites (Hara et al., 2018).

After 48 h APF, cell death was rarely observed and thus activity of
dead cell clearance was low. However, this does not mean that glia lost
potential ability to clear corpses at late pupal stages. Forced expression of
wild-type drpr on the drpr mutant background at 48 or 72 h APF resulted
in clearance of accumulated TUNEL-positive cells. This indicates that the
components of the mechanism for dead cell clearance except Drpr are
retained until late pupal stages. Therefore, if some cells died at late pupal
stages and Drpr expression was induced in cortex glia, the dead cells
would be cleared via Drpr pathway. Moreover, the fact that accumulated
TUNEL-positive cells were removed when wild-type drpr was forcibly
expressed in late pupal stages on the drpr mutant background suggests
that “eat me” signals were secreted or displayed by accumulated TUNEL-
positive cells in drpr mutants not only at early pupal stages, when the cells
died, but also at late pupal stages long after cell death.

At late pupal stages, strong Drpr expression appeared in the cyto-
plasmic protrusions from the neuropil glia (NG), and astrocyte-like glia
simultaneously started expressing molecular markers (specific GAL4s).
This Drpr was not utilized for clearance of dead neurons, as almost no cell
death arises at this stage in control conditions. In the neuropil of the optic
lobe at late pupal stages, neurites extend and form synapses to make and
complete neural networks (Fischbach and Hiesinger, 2008). When new
synapses are formed during development of the Drosophila larval
neuromuscular junction, significant amounts of presynaptic membranes
and a subset of immature synapses are removed from the junction by
surrounding glia and postsynaptic muscle via the Drpr/dCed-6 pathway
(Fuentes-Medel et al., 2009). Thus, the same process may arise at
developing synapses in the developing optic lobe, and astrocyte-like glia
expressing Drpr in the cytoplasmic protrusions may function to remove
unnecessary presynaptic membranes and immature synapses.

3.2. Role-sharing among glial subtypes in corpse clearance in the CNS

Previous studies have reported that astrocyte-like glia are responsible
for clearance of degenerating axons of dying obsolete larval neurons in
the ventral nerve cord (Tasdemir-Yilmaz and Freeman, 2014) and of
pruned axons of y neurons in the mushroom body (Awasaki and Ito,
2004; Tasdemir-Yilmaz and Freeman, 2014). In contrast, degenerating
axons are removed by ensheathing glia in the olfactory lobe following
Wallerian degeneration of the olfactory nerve (MacDonald et al., 2006;
Doherty et al., 2009). Therefore, different subtypes of glia work to clear
degenerating axons in different contexts. Astrocyte-like glia may specif-
ically function for clearance of “programmed” degenerating axons and
ensheathing glia for clearance of “accidently” degenerating axons. In
addition, another subtype of glia, cortex glia, functions to remove dead
young neurons. These young neurons had just started to differentiate into
adult neurons in the developing optic lobe (Bertet et al., 2014; Erclik
et al., 2017; Hara et al., 2018) and have not yet extended neurites at the
time they die (Hara et al., 2018). Tasdemir-Yilmaz and Freeman (2014)
reported that elimination of cell bodies of obsolete vCrz neurons requires
Drpr, but its expression is not required in astrocyte-like glia. Young
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neurons in the optic lobe and cell bodies of obsolete vCrz neurons in the
ventral nerve cord both locate in the cortex and almost the same cellular
materials are cleared after the cell death, including nucleus and general
cytoplasm, but not neurites. Therefore, as with dead young neurons in
the optic lobe, the expression of Drpr in cortex glia would be required for
clearance of cell bodies of dead vCrz neurons. Comparative studies are
expected in the future on the mechanisms for clearance of degenerating
axons of dead neurons, degenerating axons of cut nerves, dead young
neurons, and cell bodies of dead obsolete neurons. Moreover, considering
that “accidently” degenerating axons are cleared by a different subtype of
glia from “programmed” degenerating axons, a possibility should be
tested that cell bodies of neurons that died “accidently” are cleared by a
distinct subtype of glia.

3.3. Drpr/Shark/dCed-6 and Crk/Mbc/dCed-12 pathways are involved in
clearance of dead young neurons in the developing optic lobe

This is the first study to reveal that Shark mediates Drpr-dependent
clearance of dead neurons in the CNS. Moreover, this study suggests
that Ced-6, Crk/Mbc/dCed-12, and Racl are partially involved in clear-
ance of dead young neurons. Therefore, both Drpr/Shark/dCed-6 and
Crk/Mbc/dCed-12 pathways work for dead cell clearance in the devel-
oping optic lobe. As cortex glia function for clearance of dead neurons in
the developing optic lobe, these pathways must work in cortex glia.

A previous study reported that these pathways function to mediate
removal of degenerating axons in ensheathing glia in the adult olfactory
lobe when the olfactory nerve is cut (Ziegenfuss et al., 2012). The same
pathways work in astrocyte-like glia around the mushroom body when
axons of y neurons are pruned (Awasaki and Ito, 2004; Tasdemir-Yilmaz
and Freeman, 2014), and in the ventral nerve cord when neurites of dead
vCrz neurons are cleared during metamorphosis (Tasdemir-Yilmaz and
Freeman, 2014). Therefore, Drpr/Shark/dCed-6 and Crk/Mbc/dCed-12
pathways generally function to clear corpses in different glia in
different contexts. However, the relative role played by each pathway
depends on the situation. Although drpr mutation strikingly inhibited
dead cell clearance in the optic lobe, knockdown of the
Crk/Mbc/dCed-12 pathway had only a moderate effect. In contrast,
removal of olfactory nerve axons that have undergone Wallerian
degeneration is strongly affected by both drpr mutation and
Crk/Mbc/dCed-12 knockdown (Ziegenfuss et al., 2012). In the pruning
of mushroom body y axons, mutation of drpr and knockdown of
Crk/Mbc/dCed-12 additively affect clearance, although mutation of drpr
has a stronger effect (Tasdemir-Yilmaz and Freeman, 2014). In the
removal of axons from dead vCrz neurons during metamorphosis,
knockdown of dCed-12 causes a moderate defect, whereas drpr mutation
causes no defect by itself but only enhances the defect caused by dCed-12
knockdown (Tasdemir-Yilmaz and Freeman, 2014). How the relative role
of these pathways is regulated and why remain to be defined.

3.4. Role of candidate ligands for Drpr, Pretaporter, CaBP1 and
phosphatidylserine, in dead cell clearance in the developing optic lobe

Previous studies reported that Pretaporter, CaBP1 and phosphati-
dylserine act as Drpr ligands when dead embryonic cells are phagocy-
tosed in the Drosophila embryo and cultured cells (Kuraishi et al., 2009;
Okada et al., 2012; Tung et al., 2013). The present study suggested a
possibility that these molecules mediate signaling for dead cell clearance
as a Drpr ligand in the developing optic lobe. However, Pretaporter and
CaBP1 are not essential for clearance and their role would be minor.
Therefore, relative role of molecules that work for dead cell clearance as
ligands for Drpr may be different depending on the context. As described
above, different subtypes of glia work to clear corpse in the CNS:
ensheathing glia for Wallerian's degenerating axons, astrocyto-like glia
for pruned axons and degenerating axons of dead vCrz neurons, and
cortex glia for dead young neurons in the optic lobe. Therefore, it is to be
defined whether difference in ligand molecules is involved in activating
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different subtypes of glia.

3.5. Possible causes for inconsistencies between the present study and
previous ones

The present study agrees with results described by Tasdemir-Yilmaz
and Freeman (2014), who reported that Drpr is required for elimination
of cell bodies of vCrz neurons that die at 3-7 h APF (Lee et al., 2011).
However, the current study disagrees with other studies (Etchegaray
et al., 2016; Hilu-Dadia et al., 2018).

Several possible causes may have led to these inconsistencies. One
possibility is the difference in cellular materials to be cleared, that is, cell
bodies or neurites, as mentioned earlier. The present study examined
dead young neurons in the developing optic lobes. Cellular materials to
be cleared include only nucleus and general cytoplasm, but not neurites
(Hara et al., 2018). Tasdemir-Yilmaz and Freeman (2014) studied vCrz
neurons and found that molecular mechanisms for clearance of cell
bodies and neurites are different. However, other studies examined the
central brain or the whole brain, which include cell bodies of dead
neurons, neurites of dead neurons and pruned neurites. Another possi-
bility is the difference in methods to detect dead neurons. We used the
ABC TUNEL method, which detects degraded DNA in dead cell nuclei
with the streptavidin-biotin-peroxidase complex (Vector Laboratories).
This method is far more sensitive and reliable than the fluorescent
TUNEL method (compare the number of TUNEL-positive cells between
the present study and other studies). Another method to detect dead cells
is anti-Dcp-1 antibody staining. This method has some problems with
detection of accumulated dead cell corpses in phagocytosis-defective
mutants. It detects activated Dcp-1, one of the effector caspases (Cell
Signaling Technology, Data Sheet). However, another effector caspase,
Drlce (Akagawa et al., 2015), is also expressed and is a more effective
inducer of apoptosis than Dcp-1 (Florentin and Arama, 2012). Therefore,
this method may not detect all dead cells. Another problem with this
method is the unknown stability of activated Dcp-1 in dead cells.
Therefore, detection of activated Dcp-1 does not show exactly how many
dead cells have accumulated in phagocytosis-defective mutants. More-
over, when dendrites are pruned during remodeling of dendritic arbori-
zation sensory neurons during metamorphosis, caspase activity is
detected in the dendrite (Williams et al., 2006). This suggests that the
anti-Dcp-1 antibody may detect pruned dendrites as well as dead cells.
Finally, the subtypes of glia that clear corpses are also different in the
present study and previous ones. We found that expression of GAL4 in
glia subtype-specific GAL4 lines drastically changed during meta-
morphosis, and the expression pattern at pupal stages was different from
adult stages in many GAL4 lines. However, previous studies did not
examine the expression pattern of the GAL4 lines they used. Altogether,
studies on a single type of dead neuron or identified neurons are required
in the future. The mechanisms for clearance of dead cell bodies and
degenerating neurites should be studied independently. The expression
pattern of GAL4 lines in subtypes of glia should be carefully assessed
before using the line as a GAL4 driver.

4. Materials and methods
4.1. Fly strains

Canton-Special was used as the wild-type strain. We used nine GAL4
lines for tissue/time-specific RNAi or forced expression: hs-GAL4 (Halfon
etal., 1997), M1Brepo-GAL4 (Sepp et al., 2001), C155 elav-GAL4 (Lin and
Goodman, 1994), crq-GAL4 (Olofsson and Page, 2005), NP6099 (DGRC
#105125) (Hayashi et al., 2002), esg-GAL4 (DGRC #104863) (Hayashi
et al, 2002), tub-GAL80® (McGuire et al., 2003), wrapper
(GMR54H02)-GAL4 (DGRC #45784) and actin-GAL4 (Ito et al., 1997).
We used eight GAL4 lines for analysis of glial subtypes: NP0577 (DGRC
#112228), NP1243 (wun™*'?%3, DGRC #103953), NP2222
(Akap200™P?222 DGRC #112830), NP2276 (spin’*"?27%, DGRC #112853),
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NP3233 (DGRC #113173), NP6293 (Bsg""%?*’, DGRC #105188),
NP6520 (DGRC #105240) (Hayashi et al., 2002), and alrm-GAL4 (Doh-
erty et al., 2009). We used 14 UAS lines: UAS-draper-RNAi (VDRC
#27086), UAS-draper1 (McPhee et al., 2010), UAS-mCD8::GFP (Lee and
Luo, 1999), UAS-shark-RNAi (VDRC #105706), UAS-ced6-RNAi (NIG
#11804-R1; Awasaki et al., 2006), UAS-crk-RNAi (VDRC #19061; Tas-
demir-Yilmaz and Freeman, 2014), UAS-mbc-RNAi (VDRC #16044;
Tasdemir-Yilmaz and Freeman, 2014), UAS-dced12-RNAi (VDRC
#10455; Lu et al., 2014), UAS-rac1-RNAi (VDRC #49246; Ziegenfuss
et al., 2012), UAS-MFG-E8, UAS-MFG-ESAC2, UAS-draperAEN (Tung
et al., 2013), UAS-SIMU-RNAi (VDRC #101915), and UAS-bsk®N (Ada-
chi-Yamada et al., 1999). We used seven mutants: draperA5 (Freeman
et al., 2003), Pretaporter“ (Kuraishi et al., 2009), CaBP1*! (Okada et al.,
2012), B-Int v1, B-Int v2 (Devenport and Brown, 2004), SIMUXC (Kurant
et al., 2008), and eigerB] (Igaki et al., 2002). Flies were reared on a
general cornmeal-yeast medium at 25 °C under a 12-h/12-h light/dark
photoperiod.

4.2. Detection of dying cells

A modified version of the TUNEL method described by Kimura (1995)
was used to detect dying cells. Briefly, brains were excised, washed in
phosphate-buffered saline (PBS), fixed in 4% formaldehyde, washed with
0.3% Triton-X 100 in PBS (v/v) (PBT), and stored in methanol at —20 °C
for at least one night. These brains were then washed with PBT, treated
with 10 pg/ml 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 PBT, pretreated in terminal
deoxynucleotidyl transferase (TdT) buffer, and incubated overnight at
37°C in TdT reaction solution (Takara Bio, Shiga) with biotin-16-dUTP
(Roche Diagnostics, Mannheim). The brains were next washed with
PBT and incubated in ABC reaction solution (Vector Laboratories, Bur-
lingame) for 1 h at room temperature. After washing with PBT, the brains
were stained using a standard brown horseradish peroxidase reaction
with 3,3’-diaminobenzidine (0.01%) and hydrogen peroxide (0.001%).
Dying cells appeared dark brown in about 45 min. 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).

4.3. Analysis of the number and distribution of dying cells

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

Statistical analysis was performed using “R”. Variance was analyzed
using the Kruskal-Wallis rank sum test, and post hoc pairwise compari-
sons were performed using the Wilcoxon rank sum test with Bonferroni
correction and the Mann-Whitney test. In drpr mutants and drpr-RNAi
samples, TUNEL-positive signals overlapped at the periphery of the optic
lobe in almost all samples of the group, and we could not count the exact
number of TUNEL-positive cells (Fig. 1A and B). Therefore, we described
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the number of TUNEL-positive cells in optic lobes of such groups as
“uncountable” in this study, and statistical analysis was performed
among groups other than these.

4.4. Heat induction of drpr-RNAi and wild-type Drpr

To induce drpr-RNAi on the wild-type background or to induce wild-
type drpr1 in drpr®® mutants before puparium formation, late third instar
larvae were placed into 1.5-ml microcentrifuge tubes, and the tubes were
incubated for 30 min in a 37 °C water bath. Then, the larvae were
transferred into new culture vials and maintained at 25 °C. Larvae that
underwent puparium formation 12-16 h after this heat shock were used
for the experiments. To induce drpr-RNAi on the wild-type background or
to induce draper1 in drpr*® mutants after puparium formation, pupae at 0,
12, 24, 48, and 72 h APF were placed into 1.5-ml microcentrifuge tubes,
and the tubes were incubated for 1h in a 37 °C water bath. Then the
pupae were reared at 25 °C and used for the experiment at the appro-
priate stage. The reason why we heat-shocked only for 0.5 h for late third
instar larvae is that heat shock for 1 h at this stage killed all the larvae.

4.5. Induction of drpr-RNAi by temperature shift using GAL8O®

Time window of drpr expression required for dead cell clearance was
determined using GAL80'; wrapper-GAL4>drpr-RNAi insects. For tem-
perature shift at 12h, 24h and 48 h BPF, culture vials with growing
larvae or pupae were moved from 25°C into a 30 °C water bath, and
insects that formed puparium 12 h, 24 h and 48 h after temperature shift
were picked up and placed into a new culture vial at 30 °C. For tem-
perature shift at 0 h and 24 h APF, pupae just after puparium formation
were picked up and placed into a new culture vial at 30 °C. Then, pupae
were maintained at 30 °C to 48 h APF and dissected.

4.6. 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 PBT
and incubated in PBT containing a blocking agent (5% normal goat
serum) for 30 min. Samples were then incubated in PBT containing one
or two of the following primary antibodies. The primary antibodies were
used at the following dilutions: anti-Draper (Draper 5D14-s, DSHB)
(1:20), anti-N-cadherin (DN-EX #8-s, DSHB, Iwai et al., 1997) (1:20), and
anti-Repo (8D12 anti-Repo, DSHB, Alfonso and Jones, 2002) (1:20),
anti-Croquemort (Manaka et al., 2004) (1:1000). Samples were washed
in PBT for 1h and then incubated in PBT containing 5% normal goat
serum for 30 min and finally in PBT containing secondary antibodies. The
following secondary antibodies were used: anti-mouse IgG Texas Red
(ROCKLAND, Gilbertsville) (1:500), anti-mouse IgG Cy5 (Abcam, Cam-
bridge) (1:100), anti-rat IgG FITC (KPL, Guildford) (1:100), and anti-rat
IgG Cy5 (Biological Detection Systems, Pittsburgh) (1:100). After
washing for 1 h with PBT, the antibody-labeled samples were processed
with 50% glycerol (for fluorescence microscopy, MERCK, Darmstadt) and
mounted with 80% glycerol. All images were obtained with a LSM 710
microscope (Carl Zeiss, Oberkochen) and TSC-SP5 (Leica Microsystems,
Wetzlar); the images were processed with Zen2009 light edition (Carl
Zeiss), Las AF (Leica Microsystems), and Photoshop (Adobe, San Jose).

4.7. Lysotracker staining

Brains were excised, washed in PBS, treated with 0.02% Lysotracker
in PBS (v/v) (Lysotracker Red DND-99, Invitrogen/Molecular Probes,
Tokyo) for 30 min, washed with PBS, fixed in 4% formaldehyde for
20 min, and washed with PBT for 30 min. The samples were then incu-
bated for 30 min in PBT containing a blocking agent (5% normal goat
serum) and then incubated overnight at 4 °C in PBT containing the pri-
mary antibodies anti-Repo (8D12 anti-Repo, DSHB, Alfonso and Jones,
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2002) (1:20) and anti-N-cadherin (DN-EX #8-s, DSHB, Iwai et al., 1997)
(1:20). Samples were washed in PBT for 1 h, incubated in PBT containing
5% normal goat serum for 30 min, and then incubated in PBT containing
secondary antibodies overnight at 25 °C. The secondary antibodies were
anti-mouse IgG Texas Red (ROCKLAND) (1:100) and anti-rat IgG Cy5
(Biological Detection Systems) (1:100). After washing for 1h, the
antibody-labeled samples were mounted in 80% glycerol (for fluores-
cence microscopy, MERCK).
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