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Summary

At the last step of metamorphosis in Drosophila, the wing
epidermal cells are removed by programmed cell death
during the wing spreading behavior after eclosion. The
cell death was accompanied by DNA fragmentation
demonstrated by the TUNEL assay. Transmission electron
microscopy revealed that this cell death exhibited extensive
vacuoles, indicative of autophagy. Ectopic expression of an
anti-apoptotic gene p35, inhibited the cell death, indicating
the involvement of caspases. Neck ligation and hemolymph
injection experiments demonstrated that the cell death is
triggered by a hormonal factor secreted just after eclosion.
The timing of the hormonal release implies that the
hormone to trigger the death might be the insect tanning
hormone, bursicon. This was supported by evidence that
wing cell death was inhibited by a mutation ofrickets,
which encodes a G-protein coupled receptor in the

glycoprotein hormone family that is a putative bursicon
receptor. Furthermore, stimulation of components
downstream of bursicon, such as a membrane permeant
analog of cAMP, or ectopic expression of constitutively
active forms of G proteins or PKA, induced precocious
death. Conversely, cell death was inhibited in wing clones
lacking G protein or PKA function. Thus, activation of the
cAMP/PKA signaling pathway is required for transduction
of the hormonal signal that induces wing epidermal cell
death after eclosion.

Movies available online
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Introduction

In Drosophila, the products of the pro-apoptotic gemeper

Programmed cell death is crucial for the development andPr) (White et al., 1994)head involution defectivehid;
maintenance of multicellular organisms, to control cellVrinkled, W — FlyBase) (Grether et al., 1998yim (Chen et
number, to remove infected, mutated or damaged cells, and 3 1996) andickle(skl) (Christich et al., 2002; Srinivasula et
eliminate cells that are no longer required at a given stage 8t 2002; Wing et al., 2002a) promote cell death by the
development (Jacobson et al., 1997; Vaux and Korsmeyéﬂhlbltlon of IAP function (Wang et al., 1999; Holley et al.,
1999). During development, apoptotic, autophagic and nor?002; Ryoo et al., 2002; Wing et al., 2002b; Yoo et al., 2002).
lysosomal cell death have been widely reported (Schweichd@rious death and survival signals should converge onto the
and Merker, 1973; Clarke, 1990). Apoptosis is characterizeBro-apoptotic genes during development. The nature of these
by initial DNA condensation, followed by nuclear and ext_racellular signals and the signal transduction pathways that
cytoplasmic fragmentation. Further removal of those fragment@&ctivate or suppress the death program are largely unknown.
occurs through phagocytosis. Autophagy is accompanied by During metamorphosis irosophila, most of the larval
the formation of autophagic vacuoles that encapsulate cytosofigsues die and are removed. The timing of these events is
components for degradation. It does not appear to requif§chestrated by changes in the levels of the steroid hormone
phagocytes for the majority of cell removal, although the20-hydroxyecdysone (ecdysone) in the larval salivary glands
remnants of autophagic cell death are still cleared bgnd midgut (Jiang et al., 1997). Ecdysone regulates expression
phagocytes (Clarke, 1990). of a number of early and late genes (Lee et al., 2002a; Lee et
The components and mechanisms for programmed cedil., 2002b) that act in part by inducing expression of the cell
death are conserved in a wide variety of organisms, frordeath activator genes rpand hid, thereby repressing the
worms and flies to humans. These mechanisms involve tHerosophilalAP gene Diap2(lap2 — FlyBase) (Jiang et al.,
activation of cysteine proteases, known as caspases, which 4997). Thus, changes in hormone titre, in combination with the
as executioners (Kumar and Doumanis, 2000). Caspase activiige-scale expression of the ecdysone receptor, control timing
is inhibited by negative regulators, such as the Inhibitor odnd spacing of cell death during metamorphosis. Though
Apoptosis Proteins (IAPs), that prevent cell death (Hay, 2000kcdysone-dependent regulation of cell death is the best
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understood pathway, it is likely that peptide hormones alsprevent the production of a functional membrane receptor (Baker and
regulate programmed cell death in Drosopihilatamorphosis. Truman, 2002).

At the last step of metamorphosis, newly emerged adult bservation of wing epidermal cells and detection of cell
undergo extensive cell death. Many of the abdominal musclegeath gep
and associated neurons die within a day of adult emergence i di S and di s lide af
(Finlayson, 1975; Truman, 1983; Kimura and Truman, 1990)/'ngs were dissected in PBS and mounted in PBS on a slide glass.

In additi th . id is is al db I tﬁxpression of GFP in the central part of the wing blade was observed
n addition, the wing epiaermis 1S also removed by Cell deall, e 5 Olympus AX70 fluorescence microscope equipped with an

at the time of wing spreading in the large fly Lucilia cuprinapjympus DP50 camera and images obtained were processed with
(Seligman et al., 1975) and in Drosophila melanogastephotoshop software. The extent of cell death was graded into three
(Johnson and Milner, 1987). In the present study, we focuseflasses based on the number of cells undergoing death at the time of
on this epidermal cell death during maturation of the wings obbservation: ‘occurrence of cell death’, 80% or more of cells were
Drosophila. Marking of wing epidermal cells by GFP usingdead; ‘partial cell death’, 20-80% of cells were dead; ‘no cell death’,
the GAL4/UAS system (Brand and Perrimon, 1993) enabletess than 20% of cells were dead. .

us to follow the fate of the epidermal cells and facilitated Movie images of dying cells in the wing of an intact ép-Gal4
further analysis of the regulation of the cell death. We repofyAS-GFPN, were captured, after fixing a ventral portion of the fly on
that the cell death is triggered by a hormone, probablg slide glass with melted myristyl alcohol. The wing just after

. L . . reading was observed under a fluorescence microscope equipped
bursicon, which is released just after eclosion, and that thé?th a Sony video camera DXC-930, and images were recorded on

hormonal signal is received by RICKETS (DLGR2), one ofjigeotape.

glycoprotein hormone receptors identified as a member of

the G-protein-coupled receptor family (Eriksen et al., 2000}.igations and injections

Hewes and Taghart, 2001; Baker and Truman, 2002). We als&wly eclosed adults were collected at 3-minute intervals. Staged flies
present evidence that this signal is transmitted through thadter eclosion were anesthetized on an ice-chilled Petri plate, ligated
cAMP/PKA signaling pathway. These results reveal a novedt the neck with a thin silk thread, and the head was cut away. Pharate

mechanism to regulate programmed cell death by a hormo@@ults were collected on a strip of double-sided tape attached to a slide
other than ecdysone. glass and the opercula of the puparium was removed. They were

staged under a dissection microscope according to features of the head
(Kimura and Truman, 1990).

; Briefly, at about 9 hours before eclosion, the pupal cuticle of the
Mate“:.als anld methods head has a smooth appearance [smooth (S) stage]. At 6 hours before
Drosophila strains eclosion, wrinkles appear in the pupal cuticle over the head

Flies were reared on cornmeal-yeast medium at 25°C under constdsinooth/grainy (S/G) stage], because of the initiation of molting fluid
illumination. To follow the fate of the epidermal cells after eclosion,resorption. By about 3 hours before eclosion, molting fluid resorption
we marked wing epidermal cells with nuclear GFP in mostis well advanced and the pupal cuticle has a granular appearance
experiments. We made a stock wihgrailed (en)-Gal4Dormand  [grainy (G) stage]. At about 50 minutes before eclosion, the head
and Brand, 1998) andAS-GFPN(Shiga et al., 1996) on the same acquires a whitish sheen [white (W) stage], because air fills the space
second chromosome and used it as wild-type. A stock obetween the pupal and adult cuticle. At about 40 minutes before
His2AvDGFP (His-GFP) (Clarkson and Saint, 1999) was also used teclosion, the ptilinum protrudes from the front of the head [extended
mark the wing epidermal cells. ptilinum (EP) stage].

The same en-Galdine was used to express the following  After removal of the anterior half of the puparium, staged pharate
constructs: UAS-GsWT and UAS-Gsé (Drosophilawild-type Gsa  adults were ligated at the neck. For injections, neck-ligated or intact
subunit and constitutively active Gsubunit, respectively) (Wolfgang flies were anesthetized on an ice-chilled Petri dish and were injected
et al., 1996); UAS-mC* (constitutively active form of mouse PKA with solutions using a glass capillary injection needle connected to a
catalytic subunit mC¥*) (Li et al., 1995); UAS-R* (dominant-negative glass syringe. The volume of solution injected was approximately 10-
form of the regulatory subunit of PKA) (Li et al., 1995); or UAS-p35 30 nl. Solutions used for injections were saline (PBS), 8-bromo-
(anti-apoptotic protein) (Zhou et al., 1997), using the Gal4/UASCAMP (Sigma) solution at various concentrations and DAPI solution
expression system (Brand and Perrimon, 1993). at the concentration of 0.1 mg/ml in PBS. Flies ligated or/and injected

For clonal analysis of the @r PKA mutations, somatic clones were kept in a moist Petri dish till the desired time.
were produced using the FLP/FRT recombination system (Xu and For collection of hemolymph, we cut legs of a staged fly and
Rubin, 1993). First or second instar larvae, generated by crossimgmpressed the thorax of the fly using forceps. A drop of hemolymph
y hs-flp1 / y wlll8 FRT42D ¥ /+; +/+ females toy w/Y; FRT42D  was collected in a glass capillary needle and was injected into a host
sha bw dgB%9C/+; His-GFP/+ males, were heat shocked for 1 hour fly.
at 37°C to induce mitotic recombination, and adult flies were
examined for clones agha wing tissue, where hairs are missing Histology
or replaced by smaller hairs. Similar treatment of first or secondUNEL (TdT-mediated dUTP nick-end labeling) assays were carried
instar larvae, derived from the crossyohs-flpl; hs-CD2 y+ hs- out, using the In Situ Cell Death Detection Kit, POD (Roche), as
myc FRT39E/CyO; MKRS/TM2 females to y w/Y; BE€Gstc described by the manufacturer. Staged flies of Canton-Special strain
FRT39E/+; His-GFP/+males was carried out and adult flies were (wild type) were fixed in 3.7% formaldehyde for 2 hours and paraffin-
examined for clones of staving tissue, which replaces hairs by sectioned preparations of wings were prepared by standard methods.
smaller hairs or tufts of hairs. The stocks for generatiodgsfor The sections were incubated in TUNEL reaction mixture containing
DCO mutant clones were generously provided by Wolfgang et alTdT and fluorescein-conjugated dUTP to label the ends of DNA
(Wolfgang et al., 2001) and Jiang and Struhl (Jiang and Struhfragments. After washing, the labeled preparations were stained with
1995), respectively. DAPI solution.

The mutant stock of ricke{sk) used was rkcn! bw!; His-GFP/+. Wings were fixed for electron microscopy (EM) in 2.5%
An allele of rk carries a mutation in the transmembrane domain thaglutaraldehyde in 0.1 M phosphate buffer, and embedded into Epon
results in a premature termination codon. This mutation shoul812 by standard procedures. EM sections were stained with uranyl
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Fig. 1. (A-M) Programmed ce
death of wing epidermal cells
in en-Gal4 UAS-GFPN flies.
Wing epidermal cells were
visualized by nuclear-localize
GFP. GFP was apparent in
wing epidermal cells of the
posterior compartment at 0
hours (A) and 0.5 hours (B)
after eclosion, but disappeare
by 2 hours after eclosion (C).
Higher magnification images
of cell death at 0 minutes (D)
10 minutes (E), 20 minutes (F
30 minutes (G), 40 minutes (|
and 60 minutes (l) after wing
spreading. At wing spreading
wing epidermal nuclei are
labeled by GFP (D). The GFF
signal was then dispersed int
the cytoplasm from the nucle
following breakdown of the
nuclear membrane

(E,F; arrows). GFP was
undetectable in the nuclei of .
cells after 30 minutes (G), an
the cells were detached from
the wing cuticle and floated ir
the cavity formed by the dors
and ventral wing surfaces (H’
After 60 minutes, the wing
epidermal cells had
disappeared and GFP was
detectable only in the nuclei «
vein cells (I, arrow). At wing
spreading, GFP in the nuclei
wing epidermal cells (J)
corresponded to nuclei staineu
with DAPI (K). At 20 minutes after wing spreading, GFP was dispersed in the cytoplasm (L, arrows). DAPI staining showed that the chromatin
of these cells was fragmented (M, arrows). (N-Q) Transverse sections of adult wings in wild-type flies. At eclosion, two layers of wing
epidermal cells were stained with DAPI (N) but were not labeled with TUNEL (O). At 20 minutes after wing spreading, the wing epidermal
cells were stained with DAPI (P) and were labeled with TUNEL (Q), except for vein cells (arrows; P,Q). Transmission electron microscopy in a
wing epidermal cell at 0 hours after eclosion (R) and at 20 minutes after wing spreading (S). The arrow (S) indicatestirepoeseiensed
chromatin structures. Arrowheads (S) denote cytoplasmic vacuoles that contain cellular structure including mitochondria. Scafeibars: 1 p
R,S. Ectopic expression p85inhibited the death of wing epidermal cellsim-Gal4 UAS-GFPN /UAS-p35 flies at 2 hours (T) or even at 48
hours after eclosion (U).

acetate and lead citrate, and examined on a JEOL 1010 electrobscure and dispersed in the cytoplasm due to the breakdown

microscope. of nuclear membrane (Fig. 1E,F,G). Double staining with
DAPI showed that the breakdown of the nuclear membrane

Results was followed by the fragmentation of chromatin (Fig. 1J-M).

) _ ) ] During this procedure, TUNEL-positive cells appeared in
Wing epidermal cells die after eclosion wing epidermal cells, except for the vein cells (Fig. 1N-Q),
The wings of newly eclosed flies are initially folded but mostindicating that DNA fragmentation is also accompanied by
flies expand them within 30 minutes by executing a stereotypeatkath. Subsequently, the cells detached from the wing cuticle
behavior pattern (Baker and Truman, 2002). Wing epidermalnd dispersed in the cavity between the dorsal and ventral
cells in en-Gal4d UAS-GFPHRies expressed nuclear-localized wing cuticular sheets (Fig. 1H). Within 1 hour after wing
GFP in the posterior compartment of wings (Fig. 1A,B). At 2spreading, these dying cells were absorbed into thoracic
hours after eclosion, GFP expression in wing epidermal cellsavity through the veins (Fig. 1l; see movie at http://
disappeared, except for in cells associated with veins (Fig. 1GJev.biologists.org/supplemental/). For subsequent studies, we

Close observation showed that the disappearance of GFPtak the dispersion of GFP from the nucleus into cytoplasm to
due to programmed cell death in the wing epidermal cells. Abe an indication of cell death.
wing spreading, a sheet of wing epidermal nuclei labeled by Transmission electron microscopy (TEM) analysis revealed
GFP were seen in dorsal and ventral layers (Fig. 1D). Withithe association of dynamic changes in vacuole structure with
30 minutes after wing spreading, the GFP in the nuclei becantieis cell death process. A wing epidermal cell at eclosion
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possessed a spherical nucleus with some electron der
materials (Fig. 1R). At 20 minutes after wing spreading, the
cell possessed condensed chromatin and many vacuoles t
contain cellular components including mitochondria (Fig. 1S)
Thus, TEM indicated that this cell death exhibited feature:
indicative of autophagy, but this required further detailec
analysis. Further studies in the detailed processes of the wil
epidermal cell death will be described later.

We examined the effect of the forced expression of an ant 100F 26 1B
apoptotic gene, p35, the products of which inhibit the activity !;Ez Eg i
of caspases. We followed the fate of wing epidermal cells i = 0l (26)
en-Gald UAS-GFPN /UAS-p35 adults. Ectopic expression ¢ R0 i (10)
p35inhibited the death of wing epidermal cells at 2 hours afte ol (0 —
eclosion (Fig. 1T). Then, the cells detached from the wing 0 5 10 15 20
cuticle without breakdown of the nuclear membrane, and mar C minutes after eclosion

persisting cells remained between the cuticular sheets at le:
until 48 hours after eclosion (Fig. 1U), indicating that the
caspases are involved in the cell death process.

Inhibition of the cell death also prevented the subsequel
adhesion of the ventral and dorsal cuticular sheets (data r
shown). As a result, wings remained filled with hemolympt
and some persisting cells or debris, and, in some cases, ecta
expression of p35n the epidermal cells produced blistered

1E

wings (data not shown). mlgg i (39)
ST 28

Neck ligation or wing isolation prevents the death of = 60 o

wing epidermal cells e | ) (23)

To determine whether a humoral signal coming from the hez 23 L P . ;

triggers the cell death, we ligated the necks of flies at variot 0 5 10 15 20

times after eclosion and examined them for cell death at E minutes after eclosion

hollljrj af:ﬁr thg lgggon' ng‘?ltllodn JtUS'Et ag}er.eilﬁsmn Slupp;es.selglg. 2. Effects of neck ligation or wing isolation on the death of wing
cell death an was stll detectabie in the nuciel o Wlngpidermal cells in en-Gal4 UAS-GFPN flies. Induction of cell death

epidermal cells after 2 hours (Fig. 2A). By contrast, when fliegyas examined at 2 hours after neck ligation (A-C) or wing isolation
were ligated at 20 minutes after eclosion, the normal pattern @b.r). Neck ligation or wing isolation in flies just after eclosion
cell death was observed (Fig. 2B). Ligation at later stagesuppressed cell death (A,D, respectively), but treatment at 20 minutes
correlated with an increased percentage of flies with wingfter eclosion did not prevent the death (B,E). The percentage of flies
epidermal cell death (Fig. 2C). Thus wing epidermal cell deatbhowing wing epidermal cell death increased with time of treatment
is triggered by a signal emanating from the head shortly aftdf.F). Black and gray bars indicate the percentage of flies showing
eclosion. cell death extensively or in restricted domains of the wing,
Neck ligation at eclosion inhibited cell death, but some€SPectively (see Materials and methods). The number of flies
changes in the wing epidermal cells were seen even aft§famined is shown in parentheses.
ligation (data not shown). Just after eclosion, GFP was
expressed uniformly in the nucleus of wing epidermal cells, but
the GFP expression was distributed at the circumference of tigected hemolymph from wild-type flies at various times after
nucleus at 2 hours after ligation, which might represent aclosion into flies neck-ligated at eclosion and examined the
region of chromatin condensation. Sometimes, distortethduction of cell death at 2 hours after injection. Injection of
features of the nucleus were seen, although breakdown of themolymph from flies at eclosion did not induce the cell death
nuclear membrane did not occur. The features were ndFig. 3A). However, injection of hemolymph from flies at 30
changed 24 hours after ligation. minutes and 60 minutes after eclosion induced the cell death
We isolated wings from wild-type flies at various times after(Fig. 3B,C). Hemolymph collected from flies at 120 minutes
eclosion and examined cell death 2 hours after the isolatioafter eclosion was less able to induce the cell death. Control
Cell death was blocked in wings isolated at eclosion, wheredbes injected with PBS after neck ligature showed no induction
cell death was unaffected by isolation 20 minutes after eclosiaof cell death (Fig. 4B). These results indicate that the death
in most cases (Fig. 2D,E). Even in folded wings, cell deatinducing hormonal factor is secreted just after eclosion but
proceeded normally, indicating that the spreading of the windisappears at 2 hours and later after eclosion.
itself is not necessary to induce cell death. As in the case of To assay the time-dependent responsiveness of wing
neck ligation, the increment in time of wing isolation afterepidermal cells to the death-inducing hormonal factor,
eclosion correlated with an increase in the percentage of flidemolymph from wild-type flies at 30 minutes after eclosion
showing wing epidermal cell death (Fig. 2F). was injected into pharate adult flies neck-ligated at various
Experiments on hemolymph injection confirmed that astages. Wings from these flies were then assayed for incidence
hormonal factor is a direct signal to induce the cell death. Wef cell death. Flies injected at the S or S/G stage did not initiate
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Fig. 3. Effects of hemolymph injection on the death of wing Fig. 4. Effects of 8-Br-cAMP injection on the death of wing

epidermal cells in en-Gal4 UAS-GFPN flies. Hemolymph collected epidermal cells in en-Gal4 UAS-GFPN flies neck-ligated at eclosion.
from wild-type flies at various times after eclosion was injected into Cell death was induced by injection of 8-Br-cAMP at a concentration
flies neck-ligated at eclosion and wings were examined for inductiorof 10-1 mol/l (A) but not by injection of PBS (B). Injection of 8-Br-

of the cell death 2 hours later (A-C). Cell death was not induced by cAMP produced a dose-dependent effect on the induction of cell
injection of hemolymph from flies at eclosion (A), but was induced death (C). 8-Br-cAMP (1} mol/l) was injected into pharate adult

by it at 30 minutes after eclosion (B). Hemolymph from flies at flies neck-ligated at various stages and wings were examined for cell
30 minutes after eclosion was injected into pharate adults neck-  death 2 hours after injection (D). (C,D) Black and gray bars indicate
ligated at various stages and induction of the cell death was the percentage of flies showing cell death extensively or in restricted

examined 2 hours after injection (D-F). Injection of hemolymph into domains of the wing, respectively. The number of flies examined is

the flies at S stage did not induce cell death (D), but it did at W stagehown in parentheses. 8-Br-cAMP tiénol/l) was injected into

(E). (C,F) Black and gray bars indicate the percentage of flies intact flies at EP stage (just before eclosion). A control fly injected

showing cell death extensively or in restricted domains of the wing, with PBS spread its wings normally (E). A fly injected with 8-Br-

respectively. The number of flies examined is shown in parenthesescAMP had blistered wings (F, arrow), in which the epidermal cells
had died prior to spreading (G). Arrows (G) indicate the persistence
of GFP in vein cells.

cell death in the wings (Fig. 3D). However at G and later stages
(W and EP), cell death was induced (Fig. 3E,F). Thus, the
responsiveness to a triggering hormone appears at the G stafpdded wings that had undergone the death (data no shown).

about 3 hours before eclosion. In subsequent experiments, we used 8-Br-cAMP at a
) ) concentration of 1€ mol/l. We followed the time course of
CAMP causes the death of wing epidermal cells cell death after the injection of 8-Br-cAMP. In all cases (32/32),

To examine the effect of CAMP on the induction of cell deattcell death proceeded within 1 hour of injection.

in Drosophila, a membrane-permeant 8-bromo analog, 8-Br- The timing of responsiveness of cells to cAMP was

cAMP, was injected at various concentrations into flies neckinvestigated. 8-Br-cAMP was injected into pharate adult flies
ligated at eclosion and cell death induction was examined 2eck-ligated at various stages and induction of the cell death
hours after injection. Injection of 8-Br-cAMP produced a dosewas examined at 2 hours after injection (Fig. 4D). As in the
dependent induction of cell death (Fig. 4A,C). As a controlcase of the death inducing hormone, when cAMP was injected
injection of PBS showed no induction of cell death (Fig. 4B)into flies at S or S/G stage, cell death was not induced.
cAMP did not inhibit GFP expression by affecting tte  However, when cAMP was injected at G or later (W and EP)
promoter, because GFP-marked wing veins were present stages, the induction of the cell death was observed.
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We examined the effect of injection of PBS or 8-Br-cAMP
prior to eclosion in intact flies. After injection into pharate
adults at EP stage (about 0-40 minutes before eclosion), tl
flies were released from the pupal cases. They then walki
around and spread their wings. Flies injected with PBS showe
normal wing-spreading behavior, and the wing epidermal cell
were still alive at wing spreading in all cases (8/8) (Fig. 4E)
Flies injected with 8-Br-cAMP showed blistered wings in all

case (7/7) (Fig. 4F), due to the precocious death of th wlgg (29) (18)
epidermal cells at wing spreading (Fig. 4G). = 60

o (26)
Activated Gsa * mimics the effects of CAMP ; :3 ﬂ
These results demonstrate that death in wing epidermal ce oL@ (22)
can be induced by elevation of cAMP. To test this in intact flies S SIG G W EP
we manipulated adenylyl cyclase activity by overexpressing D Stages

constitutively active Gsasubunit (Gsd), generated by S AL
substitution of leucine 215 by glutamine 215 (Quan et al. S = _
1991; Wolfgang et al., 1996). Expression of &sasults in ' ;
receptor-independent activation of thesabunit, and thus rs

activates an endogenous adenylyl cyclase (Quan et al., 19¢ o

Chyb et al., 1999). Targeted expression of wild-type: @s ’

wing epidermal cells using en-Gaidiver had no effect on cell e N
death (Fig. 5A). By contrast, targeted expression ofi*Gs C— : -

caused wing blisters (Fig. 5B). Observation of the GFRrig. 5. Effects of ectopic expression of the wild-type Gsdounit in
expression pattern in cells at wing spreading demonstrated th&i-Gal4 UAS-GFPN / +;UAS- @+ flies (A), or a constitutively
precocious cell death occurred in the blistered wings (Fig. 5Cctive form of Gso(Gso*) in en-Gal4 UAS-GFPN / +;UAS- @g/+

As the en-Galdline expresses GAL4 in the posterior flies (B,C). Ectopic expression of wild-type @produced no visible
compartment throughout development, the ectopic expressigfienotype (A), whereas Gscaused wing blisters (B, arrow).
of Gsa* should be continuous in the posterior compartment OF!'eCOCIOUS (;eII death had occurreq |n.bI|stered wings at Fhe time of
the wing. The cuticular pattern of adult wings was normalVing spreading (C). The arrow (C) indicates GFP remaining in the
indicating that the wings were formed normally during adulti/eln cells. The onset of precocious cell death induced by ectopic

d | t H th . Il death t expression of Gstiwas examined at various stages in pharate adults
evelopment. Hence, the preécocious cell death must 0CCHY) pack and gray bars indicate the percentage of flies showing cell

late in development, at least after cuticular deposition. Waeath extensively or in restricted domains of the wing, respectively.
examined when the cell death was first induced by expressiathe number of fies examined is shown in parentheses. Effects of

of Gsor (Fig. 5D). At the S and S/G stages of pharate adultsslimination of Gsoactivity on the cell death of wing epidermal cells

no sign of cell death was seen. At G and later stage#:,F). Mutant clones of dggere marked by the shahenotype of

precocious cell death had been induced. missing or smaller hairs (E, enclosed by white lines). The cells of the
We examined the effect of elimination of Gaativity by  clones remained at 2 hours after wing spreading, although

generating clones afgs mutant cells within the developing Neighboring cells had died (F). The arrow (F) indicates the

wings. A dg&8°Cmutation is likely to be a null allele that is Persistence of GFP in anterior wing margin cells.

generated by the change of nucleotide 723 from a T to an A,

resulting in the change of residue 241 in the protein from a Tyr

to a stop codon (Wolfgang et al., 2001). In this mosaic analysisentral and dorsal cuticular sheets in posterior compartment.

we marked wing epidermal cells using Histone-GFP. The cell$argeted expression of R* caused wavy or curly wings (data not

of the clones remained at 2 hours after wing spreadinghown), probably due to the distortion between normal adhesion

although the cells around clones had already disappeared asfadorsoventral cuticles in the anterior compartment and

result of cell death (Fig. 5E,F). Thus, elimination ofaGs detachment of the cuticle in the posterior compartment.

activity prevents the death of wing epidermal cells. Next we eliminated DCO-dependent PKA activity by
) o generating clones ddCO mutant cells within the developing
CAMP effects are mediated by protein kinase A wings. The DCOgene in Drosophilaencodes a catalytic

The cellular effects of CAMP are usually mediated by PKA (forsubunit, one of the components of PKA (Kalderon and Rubin,
reviews, see Gottesman, 1980; Francis and Corbin, 1994). T®88). As clones ofDCO mutant cells in the anterior
determine whether this is also the case for wing epidermal catbmpartment produce anterior duplication of the normal wing
death, we examined the effect of reduction or elimination opattern (Jiang and Struhl, 1995; Li et al., 1995), we examined
PKA activity on cell death. the clones in the posterior compartment to investigate whether

We initially used a dominant-negative form of the regulatorythe death of wing epidermal cells marked with Histone-GFP is
subunit of PKA (R*), whose ectopic expression is known tosuppressed or not. The cells of the clones remained at 2 hours
reduce the activity of endogenous PKA (Li et al., 1995). Whemfter wing spreading, although the surrounding cells had
R* was ectopically expressed using #me-Galddriver, many already been eliminated by cell death (Fig. 6C,D). Thus,
cells of the wings remained at 2 hours, or even at 8 hours, aftexduction or elimination of PKA activity prevents the death of
wing spreading (Fig. 6A,B), resulting in separation between theing epidermal cells.
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Fig. 7. Effects of a ricketswutation on the death of wing epidermal
cells in rkk cnt bw; His-GFP/+ flies. In rkd mutants, cell death was
inhibited at 2 hours (A) or even at 8 hours (B) after eclosion.lin rk
mutants neck-ligated at eclosion, cell death was induced by injection
of 8-Br-cAMP (101 mol/l) (C), but not by injection of hemolymph
from wild-type flies at 30 minutes after eclosion (D).

100 (11) (13)
80 (15)
60
40 pharate adults. As seen in the cases of CAMP injection and of
23 [ (15 (19) ectopic expression of Gpprecocious cell death was induced
S SIG G w EP

at G stage and later (Fig. 6G). This indicates that wing cells
G Stages acquire competence to respond to PKA activity by G stage,
about 3 hours before eclosion.

% of flies

Fig. 6. Effects of reduction or elimination of PKA activity on the
death of wing epidermal cells. Ectopic expression of a dominant- ~ A mutation in the G-protein coupled receptor gene
negative form of the regulatory subunit of PKA (R*) inhibited cell  rjckets inhibits wing epidermal cell death

death at 2 hours (A) or even at 8 hours (B) after wing spreading in . . . .
en-Gal4 UAS-GFPN /+;UAS-R*/+ flies. Mutant clonesE0 were In Drosophila, the rlcket_gene IS a member_ of the glycoprotein
hormone receptor family of the G-protein-coupled receptors

marked by the stgphenotype of smaller hairs or of tufts of hairs g
(C, enclosed by white lines). Cells of the clones remained 2 hours (Ashburner et al., 1999; Eriksen et al., 2000) and has been

after wing spreading, although neighboring cells had died (D). suggested to encode a bursicon receptor (Baker and Truman,
Effects of ectopic expression of a constitutively active form of the  2002). We examined wing epidermal cell death, marked by
PKA catalytic subunit (mC*) in en-Gal4 UAS-GFPN /UAS-mC* flies Histone-GFP, in rkmutants. In the mutants, wing epidermal
(E-G). Ectopic expression of mC* caused wing blisters (E, arrows). cells remained at 2 hours, or even at 8 hours, after eclosion
Precocious cell death had occurred in blistered wings by the time Of(Fig. 7A,B).
wing spreading (F). The arrow (F) indicates GFP in vein cells. To determine whether the inhibition of cell death is caused
e e s ) @ flure in the recepion of a hormonal signl inducing
indicate the percentage of flies showing cell death extensively or in a?ath.' we examined the effect_s of 8'Br'CAMF.) and hemolymph
restricted domains of the wing, respectively. The number of flies 'r!JeC“‘?”, 'mp rkmutants neck-ligated at QCIOSIOH. Ir,] wild-type
examined is shown in parentheses. flies, injection of hemolymph from wild-type flies at 30
minutes after eclosion and injection of 8-Br-cAMP induced
cell death (Fig. 3B, Fig. 4A, respectively). However,rin
We examined the effects of constitutive activation of PKAMutants, cell death was induced by injection of 8-Br-cAMP but
on cell death. We used a mutationally altered mouse catalytitot by injection of hemolymph (Fig. 7C,D). This indicated that
subunit (MC*) that is resistant to inhibition by the regulatorythe mutant cells could not receive the hormonal signal in
subunit (Orellana and McKnight, 1992). The mutant catalyti¢he hemolymph, although the activation of cell death by
subunit is constitutively active, irrespective of cAMP CAMP/PKA signaling was normal in the mutant cells.
concentration, and can functionosophilacells (Jiang and
Struhl, 1995; Li et al., 1995). Using tlem-Gal4driver, we Discussion
expressed the constitutively active catalytic subunit of mC* in
wing epidermal cells. All eclosing flies had blistered wingsRole of programmed cell death during wing
(Fig. 6E). The wing epidermal cells died prior to wing €Xpansion
spreading (Fig. 6F). Thus, constitutive activation of PKAWe have used the GAL4/UAS system and nucleus-localized
causes the precocious death of wing epidermal cells. GFP, to follow the fate of wing epidermal cells after eclosion.
We examined the induction of cell death at various stages &Yithin 1 hour after wing expansion, epidermal cells initiate
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breakdown of the nuclear membrane, followed bybursicon is the same as fragment disaggregating hormone
fragmentation of the DNA and nucleus. TEM indicates that thigFDH), which increases the circulating filamentous cellular
cell death exhibits features indicative of autophagy withfragments derived from post-ecdysial death of the wing
extensive cytoplasmic vacuoles and chromatin condensatioaepidermal cells (Seligman and Doy, 1973; Seligman et al.,
Although DNA fragmentation and chromatin condensation ar&975). Taken together, it is likely that bursicon coordinates
known as typical features of apoptosis, autophagic cell deattvents such as the cell death of wing epidermis and the
can also be accompanied by them in some cases (Clarke, 1990bsequent tanning and hardening of the cuticle. However, we
Jiang et al., 1997; Lee and Baehrecke, 2001; Bursch, 200Bannot rule out another possibility, namely that several humoral
The dying cells are detached from the wing cuticle and arfactors could signal through the pathway. Identification of a
absorbed into the thoracic cavity through wing veins. Thidursicon gene iDrosophila(Riehle et al., 2002) will facilitate
process is followed by tanning and hardening of the wingenetic approaches to understand the role of bursicon in wing
cuticle and by the adhesion of two layers of dorsal and ventrapidermal cell death.
cuticle.

Programmed cell death in wing epidermal cells plays a§AMP/PKA signaling is required for the wing
important role in the maturation of wings. We showed thagpidermal cell death
induction of precocious cell death induced by injection of 8-The fact that cell death can be induced by the injection of
Br-cAMP, or by ectopic expression of a constitutively activateccAMP implicates cAMP in the humoral signal transduction
form of Gsa or PKA, caused a blistered wing phenotype.pathway. The binding of ligand to G-protein-coupled receptors
During wing development, wing epidermal cells connect thés known to stimulate Gsaresulting in adenylyl cyclase
two surfaces of the wing together by a highly specializedctivation and the production of cAMP (for reviews, see Tang
system of cytoskeletal supports, the trans-alar array, which &nd Gilman, 1992; Neer, 1995). Our gain-of-function analyses,
a mechanically continuous structure consisting of microtubulessing constitutively activated @s and loss-of-function
and microfilaments (Tucker et al., 1986). The trans-alar arragnalyses, using a dgautation, indicate that the activity of Gsa
is anchored by integrin-mediated basal adhesion (Fristrom &t sufficient and necessary for the death of wing epidermal
al., 1993). Disruption of these connections in integrin mutantsells. Consistent with this, endogenousi@sexpressed in the
also results in blistered wings (Brower and Jaffe, 1989; Brabaibiasal and trans-alar membranes of the wing epithelium of
and Brower, 1993; Brower et al., 1995; Brabant et al., 1996pharate adults (Wolfgang et al., 1996).
Thus, the wing epidermal cells are necessary to connect theCellular effects of cCAMP are usually mediated by PKA (for
two layers of the wing until wing expansion. reviews, see Gottesman, 1980; Francis and Corbin, 1994), and

Inhibition or delay of the cell death also disturbs thethis holds true in the case of cell death in the wing epidermis.
subsequent maturation of the wing. In the flies ectopicallfectopic expression of a constitutively active form of PKA in
expressing p35 or a dominant-negative form of PKA, inhibitionwing epidermal cells induced cell death. Contrastingly, ectopic
of the cell death prevented adhesion of the dorsal and ventmpression of a dominant-negative form of PKA or a mutation
cuticle, and sometimes caused blistered wings. Thus, th# the Pka-Clgene prevented the cell death. Thus, the death
precise regulation of cell death is essential for the formation aff wing epidermal cells is stimulated by and requires PKA

functional wings. activity.

_ ) _ ) Activated PKA phosphorylates substrates that control
A peptide hormone trigger for wing epidermal cell diverse cellular phenomena. The signaling mechanisms used
death by cAMP/PKA to control programmed cell death are likely to

The peptide hormone, bursicon, is known to play a role in thbe complex and cell-type specific. For example, cAMP-
post-ecdysial phase of development (Cottrell, 1962; Fraenkehediated activation of PKA stimulates apoptosis in thymocytes
and Hisao, 1962). Bursicon has been shown to be releas@dcConkey et al., 1990) and leukemic cell lines (Lanotte et al.,
before wing expansion and to hasten the tanning reactiof©991). By contrast, it protects neutrophils (Parvathenani et al.,
serving to harden the newly expanded cuticle. Our results998), thyroid follicular cells (Saavedra et al., 2002) and spinal
suggest that the hormone that induces cell death of the wigganglion neurons (Bok et al., 2003) from apoptosis. With
epidermis could be bursicon. respect to the suppression of cell death, one molecular
First, neck ligation and hemolymph injection experimentamechanism has been elucidated: PKA can phosphorylate the
demonstrated that the triggering signal to induce death is @o-apoptotic regulator Bad and inhibit its function (Harada et
humoral factor released after eclosion. This temporal pattera., 1999; Bok et al., 2003). However, little is known about the
of death-inducing activity in the hemolymph corresponds tanolecular mechanisms through which cAMP/PKA promotes
that of bursicon. Second, injection of cAMP induced cell deathcell death.
implicating cAMP as the second messenger in the cell death How could PKA regulate the death of wing epidermal cells?
pathway. Studies in blowflies have shown that bursicon alsim Drosophila, pro-apoptotic genes, suchris hid andgrim,
acts through cAMP (Seligman and Doy, 1972; Seligman anthduce cell death (Chen et al., 1996; Grether et al., 1995;
Doy, 1973). Recently, irDrosophila, CAMP was shown to White, at al., 1994). In the case gir and grim, death
induce cuticular melanization in a fashion similar to bursicorinduction is controlled at the level of transcription — the
(Baker and Truman, 2002). Third, reception of the hormongbattern of rprgrim expression mimics the pattern of apoptosis.
signal inducing cell death is mediated by a probable bursicamtriguingly, the gene hids more broadly expressed in both
receptor, RICKETS (DLGRZ2), which also act through cAMPcells fated to die and those fated to live (Grether et al., 1995).
(Eriksen et al., 2000; Hewes and Taghart, 2002; Baker arfurthermore, HID-induced apoptosis in midline glia cells or
Truman, 2002). Finally, ihucilia cuprina, it was proposed that in eyes is suppressed through posttranslational regulation of
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HID by the RAS-MAP Kinase pathway (Bergmann et al., Drosophilagenehid is a direct molecular target of Ras-dependent survival
1998; Bergmann et al., 2002). The death of wing epidermal signaling.Cell 95, 331-341. _
cells proceeds promptly, within 1 hour after the hormonaPergmann. A., Tugentman, M., Shilo, B. Z. and Steller, H.(2002).
. | triggers it. This prompt induction of the cell death Regulatl_on of cell nl_meer_by N_IAPK-dependent control of apoptosis: a
signa g9 : p p . mechanism for trophic survival signalingev. Cell2, 159-170.
should be controlled by posttranslational rather thamok, J., zha, X. M., Cho, Y. S. and Green, S. H. (2003). An extranuclear
transcriptional regulation. Our preliminary studies show that locus of cAMP-dependent protein kinase action is necessary and sufficient
the hid gene is involved in the cell death of Wing epidermal f203r promo;ion of spiral ganglion neuronal survival by cAMPNeurosci.
r : . , 777-787.

cells (KiK., unpublished). The HID protein Sequenceﬁrabant, M. C. and Brower, D. L. (1993). PS2 Integrin requirements in
(Grether et ) al., ) 1995) contains three consensus PKA prosophilaembryo and wing morphogenesiev. Biol. 157, 49-59.
phosphorylation sites, suggesting that HID could be a targ@tabant, M. C., Fristrom, D., Bunch, T. A. and Brower, D. L. (1996).

of PKA. Distinct spatial and temporal functions for PS integrins dubirgsophila
wing morphogenesifevelopmeni22, 3307-3317.
Possible mechanism to acquire the competence Brand, A. H. and Perrimon, N.(1993). Targeted gene expression as a means

. . . . ofaltering cell fates and generating dominant phenotypmgelopment 18,
Flies acquire competence to respond to the death-triggering4o1-415.

hormone before eclosion. At about 3 hours before eclosion (&ower, D. L. and Jaffe, S. M. (1989). Requirement for integrins during
stage) (Kimura and Truman, 1990), wing epidermal cell death Prosophilawing development. Nature 342, 285-287.

: : s Brower, D. L., Bunch, T. A., Mukai, L., Adamson, T. E., Wehrli, M., Lam,
can be induced either by hemOIymph injection, cAMP S., Friedlander, E., Roote, C. E. and Zusman, $1995). Nonequivalent

injection, ectopic expression of Gsar ectopic eXpre$Si0n _ requirements for PS1 and PS2 integrin at cell attachmersosophila:
of mC*. Thus, the PKA-dependent cell death machinery is Genetic analysis of the alpha(PS1) integrin subunit. Development 121, 1311-

assembled at G stage, which coincides with the time of 1320.

eclosion hormone (EH) release (Baker et al., 1999). In Ol_ﬁursch, W. (2001). The autophago_somal-lysosomal compartment in
limi . ( t) EH-cell I(( kout flies did )t h programmed cell death. Cell Death Differ. 8, 569-581.
preliminary experiments, -cell knockout Tlies did not s OWChen| P., Nordstrom, W., Gish, B. and Abrams, J. M(1996). grim, a novel

cell death of the Wing_ epidermis after eclo_sion (K.-i.K. ar_1d cell death gene in Drosophila. Genes D, 1773-1782.
Y.H., unpublished). It is possible that EH triggers expressioghristich, A., Kauppila, S., Chen, P, Sogame, N., Ho, S. and Abrams, J.
of the components of the cell death pathway. It is also possible(2002)- The damage-responsive Drosopbiéae sicklencodes a novel IAP

; ; _ ; inding protein similar to but distinct from reaper, grim, and hid. Curr. Biol.
that EH release simply induces the post-eclosion release 01?2’ 137-140.

bursicon, as in Lepidopterél’ruman, 1973)' and that other Chyb, S., Hevers, W., Forte, M., Wolfgang, W. J., Selinger, Z. and Hardie,
developmental mechanisms regulate assembly of the cell deattr. C. (1999). Modulation of the light response by cAMPDirosophila
machinery in the wings. photoreceptors]. Neurosci. 19, 8799-8807.

In conclusion, these studies illustrate that regulation oflarke, P. G. H.(1990). Developmental cell death: morphological diversity

" - . __and multiple mechanisms. Anat. Embryol. 181, 195-213.
programmed cell death plays an essential role in the maturatiofl y<on” M. and Saint R (1999). A His2AVDGFP fusion gene

of the wings in Drosophila. The post-ecdysial cell death is complements a lethal His2AvButant allele and provides an in vivo marker
regulated temporally and spatially by the hormone-receptor for Drosophilachromosome behavior. DNA Cell Biol. 18, 457-462.
RICKETS through the cAMP/PKA signaling pathway. In Cottrell, C. B. (1962). The imaginal ecdysis of blowflies. The control of

; ; ; cuticular hardening and darkeninly.Exp. Biol.39, 395-411.
Drosoph|la, the molecular components involved in cell deat ormand, E. L. and Brand, A. H. (1998). Runtdetermines cell fates in the

are well S_tUdied- Further ana_-lySiS of the targets of PKA wil Drosophilaembryonic CNS. Development 125, 1659-1667.

link the signaling pathway with the components that directlyeriksen, K. K., Hauser, F., Schiott, M., Pedersen, K. M., Sondergaard, L.

regulate cell death. and Grimmelikhuijzen, C. J. P. (2000). Molecular cloning, genomic
organization, developmental regulation, and a knock-out mutant of a novel
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