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SUMMARY

Developmentally regulated apoptosis in Drosophila
requires the activity of the reaper (rpr), grim and head
involution defective (hid) genes. The expression of these
genes is differentially regulated, suggesting that there are
distinct requirements for their proapoptotic activity in
response to diverse developmental and environmental
inputs. To examine this hypothesis, a mutation that
removes therpr gene was generated. In flies that lackpr
function, most developmental apoptosis was unaffected.
However, the central nervous systems apr null flies were
very enlarged. This was due to the inappropriate survival

of both larval neurons and neuroblasts. Importantly,
neuroblasts rescued from apoptosis remained functional,
continuing to proliferate and generating many extra
neurons. Males mutant forrpr exhibited behavioral defects
resulting in sterility. Although both the ecdysone hormone
receptor complex and p53 directly regulate rpr
transcription, rpr was found to play a limited role in
inducing apoptosis in response to either of these signals.

Key words:Drosophila melanogasteApoptosis, reaper, p53,
Neuroblast

INTRODUCTION bind to caspases and inhibit their function (Kaiser et al., 1998;
Hawkins et al., 1999; Meier et al., 2000). Thus, the combined
Apoptosis accompanies many developmental processes, frativity of Rpr, Grim and Hid negatively regulates the amount
the earliest stages of embryogenesis, to the final sculptingf IAP-mediated caspase inhibition. The recently identified
of the mature organism (Jacobson et al., 1997; Vaux ansiammalian SMAC/DIABLO protein acts to potentiate
Korsmeyer, 1999). Most physiologic deaths appear to utilizapoptosis through a similar mechanism (Du et al., 2000;
common core effectors, including the caspase proteasegerhagen et al., 2000; Wu et al., 2001). Rpr also binds to the
However, less is known about the upstream pathways thantiapoptotic protein Scythe (Thress et al.,, 1999). This
initiate programmed cell death. Drosophila many of the interaction in turn appears to regulate the molecular chaperone
genes that influence developmental decisions have beastivity of hsp70 (Thress et al., 2001). It is not known if
identified and characterized. Therefore, the study oRpr:Scythe interactions regulate apoptosi®iasophila
developmental cell death in flies has the potential to provide Although rpr, hid andgrim may induce apoptosis through
important information about how developmental regulatorsimilar mechanisms, it is clear that they are not functionally
interact with the apoptotic machinery (Bangs and Whitegquivalent at the organismal level. The proteins are
2000). differentially expressed in dying cells and in response to
All developmental apoptosis in thBrosophila embryo  different signals. Some doomed cells only express a subset of
requires the activity of theeaper (rpr), grim and head these genes. In both embryonic and adult central nervous
involution defective(hid) genes. These genes are localizedsystemsypr andgrim are expressed in a large number of dying
within a small genomic region (White et al., 1994). Embryoscells, whilehid is only expressed in the midline glia (White et
homozygous for a deletiorH99) that removes all three of al., 1994; Grether et al., 1995; Chen et al., 1996; Robinow et
these genes have virtually no developmental apoptosis, and @ik, 1997). In contrashid andrpr are expressed in non-neural
as embryos with many extra cells. Each of these genes fissues signaled to die during metamorphosis, vghita is not
sufficient to induce apoptosis in a caspase-dependent manridiang et al., 1997). This differential expression reflects the
when overexpressed in insect and mammalian systenafferent pathways that regulate these genes. The expression and
(Grether et al., 1995; Hay et al., 1995; Chen et al., 1996; Prordctivity of hid are negatively regulated by the Ras/MAPK
et al., 1996; White et al., 1996; Evans et al., 1997; Claveria gathway (Bergmann et al., 1998; Kurada and White, 1998),
al., 1998; McCarthy and Dixit, 1998; Haining et al., 1999). Atwhile rpr expression is directly regulated by the p53/DNA
least part of the proapoptotic activity of these genes resulttamage pathway and the ecdysone receptor (ECR) signaling
from their ability to bind and inactivate the Inhibitor of cascade (Brodsky et al., 2000; Jiang et al., 2000; Ollmann et al.,
Apoptosis, or IAP proteins (Vucic et al., 1997; Vucic et al.,2000). Many other developmentally important pathways are
1998; Wang et al., 1999; Goyal et al., 2000). IAP proteins calikely to regulate the tissue-specific expression of these genes.
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Are there distinct requirements for these genes imhe XR38distal breakpoint was at least 20 kb proximabdfm and
developmental apoptosis? This question is best addressed dyeast 30 kb distal afpr.
the analysis of loss-of-function phenotypes. For exampleA _
decreasedhid function results in extra cells in the developing”POPIOSIS assays o
eye and at the embryonic midline (Zhou et al., 1997; Kuradécr'd'ne Orange (AO) staining (Abrams et al., 1993) was performed

and White, 1998). These same cells survive when EGF recep(sgu therpr null embryos fromxR38/TM3, (Kr-GFP)(Casso et al.,

. AT . 99) parents. To test for suppressiogrir or hid killing by therpr
(EGFR) signaling is increased (Dong and Jacobs, 1997; Sch tation, GMR-grim/+: XR38/H99was compared tGMR-grim/+;

et al., 1997; Stemerdink and Jacobs, 1997; Miller and Cagai; andSM1-GMR-hid/+; XR38/H9%vas compared tSM1-GMR-
1998; Sawamoto et al., 1998). Losshod function inhibits  hid/+; +/+. Apoptosis of midline glia was assayed¥1.0 slit-lacz);
apoptosis resulting from decreased EGFR signalingkR38/XR3&mbryos according to the method of Zhou et al. (Zhou et
(Bergmann et al., 1998; Kurada and White, 1998). Takeal., 1997). X-ray-induced apoptosis was assessed in third instar larval
together these data indicate that EGFR activity, by regulatinging discs. XR38/H99 (the Tb" progeny of XR38/TM6B,ThX
hid function, regulates cell number in the developing fly. H99/TM6B, Th andy wcontrol larvae were mock treated or irradiated
TO dlssect the role Ofpr In apoptOSIS, we generated a W|th 4000 radS and Subsequently aged fOI’ 4 hOUI’S at 25°C. W|ng d|SCS
deletion, which removespr but not grim or hid. Both Wer? gggggtesd an%?}poptotlc _ceollls Wg? wiuahzed by Aod(.BrOdfky
- tal., . Steroid hormone-induced death was assessed in salivary
Qevelopmentally (egulated apopt03|s_ as well as DNA damag lands and larval midguXR38/H99andy w white prepupae were
induced apoptosis were analyzedrpgr null animals. The

S . collected and aged for 4 hours at 25°C. Midguts were dissected and
majority of developmental apoptosis was unaffected by thge presence of gastric caecae was assessed (Jiang et al., 1997). In

absence ofpr. However, the central nervous systems (CNShothrpr null and wild-type pupae, the caecae were almost completely
of rpr null adults were grossly enlarged. This neuralhistolyzed at this time. To assess salivary gland histolysis, animals
hyperplasia resulted from the failure of some normal nervousere dissected at 16 hours post-puparium formation. Both wild-type
system cell death. Among the cells that failed to undergendrpr mutant salivary glands are undetectable at this time.
apoptosis were the neuroblasts of the abdominal neuromer@Eisd labeli

When these cells are rescued from apoptosis, they continue glu la eing .

behave like neuroblasts, giving rise to large numbers ?‘g‘r"a' stainings were done on the*Tirogeny 0fXR38/TM6B, TX

: : 99/TM6B,Th and ory wcontrols. Larvae were fed continuously on
neuronal progeny that are incorporated into the adult nervo Ankel/White medium (White and Kankel, 1978) containing 0.1

system. Although both t_H@rosophllapSB ho_molog, _p53, and mg/ml of BrdU (Sigma). Central nervous systems from wandering
EcR regulatepr expression, we were surprised to find #pat g instar larvae or adults were dissected in calcium-free Ringers
played only a limited role in apoptosis induced by thes&plution and subsequently fixed for 30 minutes in Carnoy’s fixative
regulators. (60% ethanol, 30% chloroform, 10% glacial acetic acid), and
rehydrated for 20 minutes in PBT (PBS with 0.1% Triton X-100).
The nervous systems were then treated with 2 N HCI in PBT for 90

MATERIALS AND METHODS minutes, washed forx210 minutes in PBT and blocked for 2 hours
o = . in PBT with 2% BSA and 1% normal goat serum. Mouse anti-BrdU
Identification of a  rpr-specific deficiency (Roche) was added at 1:50 in PBT with 1% BSA, incubated

Males carrying ay* marked P elemenP(ry*)I(3)02069 were X-  overnight at 4°C, washek20 minutes in PBT at room temperature
rayed and progeny scored for loss of the marked P element. Out afd incubated with FITC-conjugated anti-mouse (Jackson
120,000 scored flies, 50 showed loss of the P element as judged Ioymunoresearch) 1:200 for 4 hours at room temperature. The tissue
the loss ofry*. One candidateXR38 showed loss ofpr DNA in was washed 20 minutes in PBT and mounted in Fluoromount-G
27% of embryos as assessed by single embryo PCR (see belo{§outhern Biotech) for confocal microscopy. For double labeling, rat
Both grim andhid DNA were present (data not shown). Subsequentnti-Elav  (1:200) (Developmental Studies Hybridoma Bank,
in situ hybridization experiments confirmed thgtim and hid University of lowa) was added with the anti-BrdU, and an anti-rat
expression was normal, whiler was not expressed. GFP-null secondary (Jackson Immunoresearch) was used at 1:200.

and GFP-positive embryos (controls) were selected from ) o

XR38/TM3,(Kr-GFP)Casso et al., 1999) parents, and whole-mountOther antibody stainings

in situ hybridizations to detedtid and grim were carried out Anti-Grainyhead

according to the methods of Grether et al. and Chen et al. (Grethgfainings were performed oXR38/H99 NT1B1/+; XR38/NT1B1

et al., 1995; Chen et al., 1996). H99 (White et al., 1994)hid05014H99 (Grether et al., 1995),

. darkeP4darkcP4 (Rodriguez et al., 1999) larvae apav controls, as
Single embryo PCR . . in Uv et al. (Uv et al., 1997). Staining was detected by confocal
Single embryo PCR was performed as described previously (Franc @ficroscopy. Grh-expressing cells were counteghin XR38/H9%nd

al., 1999). Single embryos collected from a crossXBB8/TM6B  NT1B1/+; XR38/NT1B1 H9®rvae. The number of Grh-expressing
parents were assayed for the presencepiofgrim or hid DNA. In - cells was counted in A2-A8 on each confocal image, with care not to
each reaction, primers for an irrelevant control sequetwen were  count the same cell twice. An average of 143+8 Grh-expressing

included to control for DNA qualityrpr-specific primers were: neuroblasts could be counted in the abdominal neuromeres of
S GGCAGTGGCATTCTACATACCCG and 'BCCGTATTTGTT-  XR38/H99larvae (=3), while 117+2 Grh-expressing neuroblasts

AGTTACTCGAATCC. hid primers:  5TCGACGGGCGAGG-  could be counted in the same regioNdf1B1/+; XR38/NT1B1 H99
ATGAGCGCGAG and S5ACTGATGTGGCCATGGATGGCAC.  |arvae (=3). 9.5+3.5 Grh-expressing cells were counteghircontrol
grim primers: 5CAACAACAGCAGCAGCAGCAGCGAC and  |arvae (=2).
5'CCGTCGGTTGACGCTGGCTCGAACT.doomspecific control ) )

primers: BAGGGTAAACGGCCACAGAATGT and SATATCGTT-  Anti-CCAP and anti-ECRA

GTAGTTGGCCCG. Out of 48 embryos with doom product, 13  Central nervous systems from wild-typ¢R38/TM6B H99/TM6B
showed norpr PCR product. No loss dfid or grim DNA was  and XR38/H99pharate or 2- to 6-day old adults were dissected in
detected. Further mapping by single embryo PCR demonstrated tHAEM (100 mM Pipes, 2 mM EGTA, 1 mM Mg Tissues were



fixed for 20 minutes in 3.7% formaldehyde in PEM, rinsethPEM,
dehydrated in a methanol series, and rinsedn5PBT. Nervous
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expected frequency. They have a shortened lifespan, but do not
show any obvious visible defects. Acridine Orange (AO)

systems were incubated overnight at room temperature with 1:10@aining (Fig. 2A,B) did not reveal detectable decreases in the

al., 1993) in PBT and 10% normal goat serum, rinseth4#BT and

incubated with biotinylated anti-mouse or anti-rabbit secondar
(1:200 in PBT, 10% normal goat serum) for a minimum of 2 hours
at room temperature. Nervous systems were rinsedn4PBT,

assessed in embryos laid fr null (XR38/H99 mothers, to
%liminate any potential maternal contribution of Rpr protein or
MRNA to embryonic apoptosis. No changes in overall

incubated with ABC (Vector) and developed in the presence oRPOPtosis were detected in embryos that lacked both maternal

diaminobenzidine.

Courtship assays

Canton-$ XR38/TM6BH99/TM6Bor XR38/H99males
were collected within 12 hours of eclosion and ag¢
individual food vials for 3-5 days. Each male was pli
in a courtship chamber with a wet filter paper an
aged Canton S female for observation and videote
Courtship indices (Cls) reflect the percentage of
each male directed any courtship step toward his fe
during a 10 minute observation period. In some ca
male mated before the 10 minute observation perio:
completed. Cls for these males were based
percentage of time spent courting until the poin
successful copulation.

RESULTS

Reaper is not required for most
developmental apoptosis

A specific loss-of-functionrpr mutation wa
essential to dissect the rolerpf in development:
apoptosis. The isolation of such a mutation
proved challenging; previous attempts to
chemical mutagens to create lethal or visible |
mutations in theH99 region only resulted in t
isolation of hid alleles (White et al., 199:
prompting us to use an alternative strategy. M
carrying a P element located in then-stopgene
225 kb proximal torpr (Fig. 1A) (Berkele
Drosophila Genome Project) were irradiated
candidate genomic deletions were identified.
of rpr genomic sequence was assayed by s
embryo PCR (Fig. 1B,C). A singlgr deletion
XR38 was isolated. As assessed by in
hybridization, homozygousR38embryos showe
no rpr expression, while no quantitative
qualitative changes ingrim or hid mRNA
expression were detected (Fig. 1D-G). TXR3¢
deletion is large, removing several genes (Fig.
and XR38homozygotes are lethal. However, f
of the genotypeXR38/H99 are likely to b
homozygously deleted for thg@r gene alone, :
the proximal breakpoint ofH99 lies only 15 ki
from rpr (White et al., 1994), and no otl
predicted genes lie betwermr and this breakpoil
(BerkeleyDrosophilaGenome Project). The dis
breakpoint of the XR38 deletion lies betweagn
andgrim and was found to map more than 3(
distal torpr and more than 20 kb proximal goim.
There are no predicted genes betwepn anc
grim.

XR38/H99flies are viable, and emerge at

and zygoticrpr (data not shown).
To more closely examine embryonic apoptosis, the death of

Plry+]

proximal —»

c Rl BALERD

Fig. 1. Generating apr—specific mutation. (APreviously characterized deletions

in the 75C1,2 region includd99, which removespr, grim andhid, X14, which
deleteshid, and X25, which deletdgd andgrim (White et al., 1994). Lines
represent deleted DNA. Open boxes represent uncertainties in the location of the
breakpoints. A deletion that removgat was generated by irradiating males
carrying a marked P element 225 kb proximalpto The progeny were scored for
the loss of the eye color marker. As scored by single embryo PCR, one candidate
line, XR38 showed a loss apr genomic sequences. (B) An example of single
embryo PCR on the progeny XR38TM6B parents. Each lane represents the DNA
of a single embryo. Primers from an unrelated gdoern are used as an internal
control (lower band). Lanes with two bands indicate the embryo hasgrdipper
band) andloom Lanes with no bands indicate insufficient DNA. Lanes with only
the lower band indicate a lossrpf DNA. (C) grim genomic sequences are not
affected by this deletion. All embryos fradR38+ parents show bothrim (upper)
anddoom(lower) PCR products. (D-G) In situ hybrizations show trah (D,E)
andhid (F,G) expression is not detectably altereXR38/XR3&mbryos (E,G).

(D,F) wild-type embryos.
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Fig. 2. Most apoptosis is not detectably altered by loss
of rpr. (A,B) No overall defects were seen in embryonic
apoptosis as detected by AO, or by TUNEL (data not
shown). (A) Wild-type embryo, (BXR38homozygous
embryo.

glial cells at the embryonic midline was assessed. The deabrosophilahomolog of p53 has been identifigth®) (Brodsky

of these cells can be easily quantitatedivousing the midline et al., 2000; Ollmann et al., 2000). p53 induces apoptosis when
marker P(1.0 slit/lacZ) (Zhou et al., 1995). During embryonicectopically expressed, and a dominant negative p53 inhibits
development the number d&cZ-expressing midline glia apoptosis induced by X-rays. Importantly, p53 was shown to
decreases from 9 per segment (stage 12) to 3 (stage 17) duadttivate a radiation responsive element in tjie promoter
apoptosis. Previous work has shown that deletiamdyfgrim  (Brodsky et al., 2000). This suggests that p53 induces apoptosis
andrpr (Df(3L)H99) blocks the death of these cells completelyin response to DNA damage by activatiny transcription.
(Zhou et al., 1997). Deletion &iid alone doubles the number Our rpr-specific deletion allowed us to test whether

of surviving cells from 3 to 6 per segment (Zhou et al., 1997)xpression is required for p53 and radiation-induced apoptosis.
while deletion ofhid and grim (Df(3L)X25 increases the When p53 is overexpressed in the wild-type eye using an
number of surviving cells to 8. We found only 3 surviving eye-specific driverGMR-p53, ectopic apoptosis is induced,
P(1.0 slit/lacZ)-expressing cells XR38/XR3&mbryos (data resulting in small adult eyes (Ollmann et al., 2000) (Fig. 3A).
not shown). These data support the idea tpat
andgrim function cooperatively withid to induce
apoptosis. The killing activity ofyrim and rpr
appears to be approximately additive in the mic
glia, while hid activity is more important. In sur
we could detect no essential role fgor in
embryonic apoptosis.

Previous results suggested that might be
required for the loss of some larval tissues du
metamorphosis. Early in pupal development |
the larval salivary gland and much of the la
midgut undergo programmed cell death (Jian
al., 1997). Four hours after puparium formation
midgut has shrunk in size and no longer con
gastric caecae, while salivary gland histol
occurs during a 30 minute span 14.5 hours
puparium formation. This process is regul
by pulses of the steroid hormone ecdys
(Baehrecke, 2000).rpr and hid expressiol
immediately precede salivary gland and mic
histolysis. rpr is induced directly by the Ec
hormone receptor complex, whité is induced a
a secondary response to ecdysone during sa
gland histolysis (Jiang et al., 1997). Based on t
findings, the loss ofpr was predicted to del:
or inhibit salivary gland or midgut histolys
Surprisingly, these deaths were not detect
altered inrpr mutant pupae (data not shown). Tt
other apoptotic regulators must compensate fc
loss ofrpr in these hormone-regulated deaths.

The role of rpr in DNA damage-induced Fig. 3. The role ofrpr in DNA-damage-induced death. (A,B) The absenapiof
apoptosis does not suppress the ability of p53 to induce apoptosis when overexpressed in the
X-irradiation leads to increased levels of apopt  &Y&: (A:C) GMR-gal4/UAS-p53 (B,D) GMR-gald/UAS-pS8R3§H99. (C,D) AO

in theDrosophilaembrvo and larva. This apobto staining of third instar eye discs detects similar levels of ectopic apoptosis. (E-G)

In P Yo ; pop X-ray-induced apoptosis is suppressedpinnulls. Third instar larvae were

is preceded by a rapid inductionmi expressiol  jiradiated with 4,000 rads and wing discs were dissected 4 hours later and stained
(Nordstrom et al., 1996). In mammalian syst: with AO to visualize apoptotic cells. Expression of dominant-negative p53 has been
p53 has been shown to be required for apog  shown to block X-ray-induced apoptosis under these conditions (Brodsky et al.,
induced by DNA damaging agents such as 2000; Ollmann et al., 2000) (E) Wild-type unirradiated disc, (F) wild-type
irradiation (Lowe et al.,, 1993). Recently irradiated disc, (GXR38H99irradiated disc.
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When GMR-p53was expressed irpr mutants, the eye size located in the ventral thoracic portion of the VNC, while the
was not modified by the absence rpf (Fig. 3B). As the remaining neurons are in the abdominal ganglion. Most of
phenotype of GMR-p53 might not only result from p53- these neurons die within 24 hours of eclosion in the wild type,
induced apoptosis, but might reflect additional effects of p58&aving a population of only 4 CCAP-positive cells in the
on eye development, we assayed apoptosis directly iabdominal ganglion (Draizen et al., 1999). Similarly, we
developing eyes, and found that the losgofid not suppress observed an average of 3+0.7 CCAP-expressing neungb} (
or delay this death (Fig. 3C,D). These data indicate that p58 the abdominal ganglia of 2- to 6-day old wild-type flies (Fig.
can induce apoptosis inrgr-independent manner. 4A,C). In 2- to 6-day oldXR38/TM6Bflies we found an
We directly examined the role apr in X-ray-induced average of 5.3+0.9 CCAP-positive neurons in the abdominal
apoptosis in the developing wing disc. In wild-type larvaeganglion 6=4), a number that is not significantly different
apoptosis is induced in the developing wing within 4 hours ofrom wild type. As previously reported, the 6 ventral thoracic
treatment with a high dose of X-rays (Fig. 3F). This death i€CAP-expressing cells survive in the absence of 1 copgyrpf
dependent on the activity of p53 (Brodsky et al., 2000grim andhid (H99/TM6B (Draizen et al., 1999). IKR38/H99
Ollmann et al., 2000). In the absencerpf, X-ray-induced adults, many more of these cells survived, with 26.6+1.2
apoptosis was significantly inhibited, although some ectopi€CAP-immunoreactive neurons present 2-6 days after eclosion
death is clearly visible (Fig. 3G). Thupr function is required (n=16) (Fig. 4B,D). These cells include the 6 ventral thoracic
for high levels of apoptosis in response to DNA damage. Theells that survive iH99/+, as well as 20 cells in the abdominal
residual apoptosis seen in Fig. 3G indicates that p53 caganglion.
activate apoptosis through othgx-independent mechanisms.  To examine the survival of another class of neurons, an
It is likely that strong overexpression @GMR-p53obscures a antibody to the A isoform of the ecdysone receptor (ECR-A)

requirement forpr in p53-induced death in the eye. was used to identify a group of around 300 neurons that
] o ] normally undergo apoptosis within a day of adult eclosion
rpr is required in the developing nervous system (Robinow et al., 1993). The death of these cells requires falling

Although rpr mutant flies survive to adulthood,
the males are completely sterile. Spermatoge
appeared normal inpr null males, and larg
numbers of motile sperm were present in the te
However, when wild-type females were placed"
rpr mutant males for several days, no sperm
transferred to the females. Closer analysis rev
that rpr mutant males showed almost wild-t
amounts of overall courtship behaviors, but or
male out of 16 mated with the female. Court
indices (ClIs) were calculated for wild-typ¥R3¢
and H99 heterozygous an®R38/H99males. Th
Cls represent the mean amount of time males
courting individual Canton S females during a g
observation period. Wild-type males had a cour
index (Cl) of 58+10% r{=13), rpr heterozygote
had a CI of 49+9% n=8) andrpr mutant male
had a ClI of 47+9%1r{=16). These numbers are
statistically  different by ANOVA analys
(F2, 0.2870.63, P>0.5). The major block in tl
mating process appears to be an inability of

sl

males to bend their abdomens sufficiently
copulation.

These defects in adult behavior prompted
examine the morphology of the adult C
Surprisingly, the nervous systemsrpf mutant flie:
were much larger than those of wild-type flies.
thoracic and abdominal ganglia of the ventral n
cord (VNC) were enlarged (Fig. 4B,D,F), with
most extensive hyperplasia found in the abdor
ganglion.

To determine if this enlargement was dut

Fig. 4.Central nervous system defects
in rpr nulls. (A-D) Anti-CCAP

staining reveals persistent neurons in
XR38/H9%dults. A and B are ventral
views; C and D are dorsal views.
(A,C) Ventral ganglia of a 2- to 6-day
old XR38/TM6Badult, stained with
anti-CCAP. An average of 3 CCAP-
positive cells are present in these
ganglia. (B,D) Ventral ganglia from

2- to 6-day oldpr null XR38/H99
adult. Black lines delineate the

: boundaries of the abdominal ganglion
decreas_ed apoptosis of larval neurons, we IOOkEthi%t are greatly enlarged XR38/H99 About 20 CCAP-positive cells are present

the survival of two s_ubsets .Of neurons. Adult n_ervoqg these enlarged abdominal ganglia. (E,F) EcR-A-expressing neurons also persist
systems were stained with an antibody directef] xr3g/Hggaduits. Ventral view of the T3 thoracic neuromere and abdominal
against the crustacean cardioactive peptide (CCAR)uromere of a 1- to 2-day o%R38/TM6RE) andXR38/H9%dult (F). Black
Anti-CCAP labels a set of 34-36 neurons in the VNGnes delineate the boundaries of the abdominal ganglion. All photos are taken at
(Draizen et al., 1999). Six of these neurons atie same magnification.
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Fig. 5.rpr is required to eliminate neuroblasts. (A-D) Anti-Grainyhead staining labels persistent neuroblasts throughout the abdominal
neuromeres afpr mutant larvae. (A) Very few neuroblasts are found in the abdominal neuromeres in the VNC of wild-type larvae. The white
arrow indicates the boundary between the thoracic and abdominal neuromeres. (B) Many neuroblasts are present in the abolomiesl ne

of rpr mutant larvaeXR38H99). (C) No ectopically surviving neuroblasts are seemidrmutant larvae, even when one copygadfm andrpr

are also deletech{d®>919H99). (D) Mutation ofdark, anApaflhomolog, also results in a few ectopically surviving neuroblasts in the
abdominal neuromeres. (E-H) BrdU labeling reveals ectopic cell division in the abdominal neuromeres of the ventral nemge owuthot

larvae. (E) CNS from a wild-type third instar larva fed continuously on BrdU-containing food. Very little division is seeabddminal
neuromeresdH99/+ animals also appear wild type (data not shown). (F) Impgheutant KR38H99), the abdominal region is filled with

dividing cells. (G) A few cells labeled with BrdU during larval life are present in the small condensed abdominal neuromiler&gef

adults. (H) Many cells labeled with BrdU during larval life are found in the enlarged abdominal neuromered¥aHO9 adult.

levels of ecdysone, and is accompanied by increased The apoptosis of the abdominal neuroblasts is prevented in
transcription ofrpr andgrim (Robinow et al., 1997). In 1- to H99 homozygous embryos (White et al., 1994). However it is
2-day oldXR38/TM6Badults 2.8+1.41(=4) ECR-A expressing not known whether these rescued cells are competent to
cells were present (Fig. 4E). IH99/TM6B adults 6.9+1.4 function as neuroblasts. Can they proliferate? If so, do the
(n=9) EcRA positive cells were found, while approximatelyprogeny of these divisions differentiate as neurons? The
65+3.8 (=5) of these cells persisted in tK®38H99 adults  embryonic lethal stage dfl99 homozygotes prevented us
(Fig. 4F). These data reveal two populations of neurons th&tom assessing whether neuroblasts rescued from death are
fail to undergo normal programmed cell deathXiR38/H99 competent to resume proliferation in the larvae.
rpr mutants, suggesting thgtr is required for at least some  Abdominal neuroblast survival ipr null XR38/H99arvae
post-eclosion neuronal cell death. was directly assessed by staining for the Grainyhead (Grh)
The persistence of neurons that should die during or aft@rotein (Bray et al., 1989). Grh is expressed in neuroblasts
metamorphosis likely accounts for some of the increased sizbroughout embryogenesis and larval life (Bray et al., 1989; Uv
of therpr null CNS. However, the significant enlargement ofet al., 1997; Prokop et al., 1998). The nervous systems of
the abdominal ganglia of the VNC led us to speculate thaXR38/H99larvae contain many cells expressing Grh in the
this increase might additionally reflect the survival andabdominal neuromergshereas only a few are present in wild-
proliferation of neuroblasts. This speculation was based otype nervous systems (Fig. 5A,B).
patterns of neuroblast apoptosis. In the embryo, neural The death of the abdominal neuroblasts specifically requires
development begins with the specification of about 5@pr function. In larvae that completely latkd function, we
neuroblasts in each neuromere (repeating segment) of the VN@und no ectopic survival of abdominal neuroblasts (data not
(Goodman and Doe, 1993). Neuroblast stem cell divisionshown). Even in larvae that labid function, and have reduced
produce the neurons of the larval CNS, and then ther and grim function (id®5014H99) (Grether et al., 1995),
neuroblasts become quiescent. In early larval life, almost alhere was no increase in the survival of these cells (Fig. 5C).
neuroblasts in the brain and the thoracic neuromeres of théwus, the reduction igrim andhid in XR38/H99is unlikely to
VNC reinitiate division, giving rise to the neurons of the adultcontribute to this phenotype. In addition, we were able to
CNS (Truman and Bate, 1988; Prokop and Technau, 1991partially rescue thepr phenotype with a cosmid transgene
However, very few neuroblasts are reactivated in the abdominabntaining 30 kb of genomic sequence aroymd (NT1B1)
neuromeres (A2-A8) of the larval VNC (Truman and Bate(data not shown) (White et al., 1994). The incomplete nature of
1988), as the majority of neuroblasts in the abdominathis rescue may reflect pogr expression from this transgene
neuromeres undergo apoptosis by the end of embryogenesignnthis tissue.
the wild type (Bray et al., 1989; White et al., 1994). Interestingly, we also found a few ectopic abdominal
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neuroblasts indark mutant larvae (Fig. 5D)dark is a  survive this developmental death are competent to divide,
Drosophilahomolog of Apaf-1, an important component of thegiving rise to ectopic neurons in the larval and adult CNS.
apoptotic effector machinery (Kanuka et al., 1999; Rodriguez
etal., 1999; Zhou et al., 1999). Apaf-1 and Dark act to facilitate
caspase activation in response to the release of cytochromeDCSCUSSION
from the mitochondria. Mutations ihark suppress killing by
ectopically expressedpr, suggesting that Dark activates The combined activity of the genepr, hid and grim is
caspases in responserpy expression. The small number of required for the initiation of all apoptotic death in the
ectopically surviving neuroblasts dark mutants demonstrates developingDrosophila embryo. Both genetic and molecular
that dark is essential for a limited amountrpf-dependent data suggest that these proteins act in an additive manner in the
apoptosis in the developing animal. cell to induce apoptosis. However, the activities of these

To determine if these surviving neuroblasts retained theiapoptotic regulators are governed by diverse developmental
proliferative capacity, larvae were fed on BrdU-containingand environmental signals. To assess their individual roles in
food. In the larval VNC, virtually the only cycling cells are the developmental apoptosis we have generated a mutation that
neuroblasts and their progeny, the ganglion mother celiemoved onlyrpr. The phenotypes of thigpr mutant reveal
(Truman and Bate, 1988). The dividing cells are localized tdoth overlapping and unique functions for this gene. Although
the ventral surface of the VNC, and the progeny of eachpr is expressed in many cells that are fated to die during
neuroblast can be visualized as a cluster of BrdU-positive celldevelopment, loss of the gene results in very specific defects.
In wild-type larvae this proliferation is confined mainly to In the absence ofpr, neuroblasts in the developing CNS
thoracic neuromeres, with the exception of a few divisions isurvive and proliferate, resulting in neural hyperplasia.
the terminal abdominal neuromere (Truman and Bate, 1988ubstantial numbers of neurons normally fated to die after
Taylor and Truman, 1992). lpr mutants, there is a substantial eclosion survive in these mutants, suggesting tpatis
increase in the number of BrdU-labeled cells in the abdominakquired for many, but not all, post-eclosion neuronal cell
neuromeres (Fig. 5E,F). These cells are ventrally localized arttbaths. In contrast, overall levels of apoptosis are not
clustered, similar to the progeny of wild-type neuroblasts. Weletectably altered inpr mutant embryos, and the ecdysone-
conclude that neuroblasts rescued from apoptosis impthe induced death of the larval salivary gland and midgut, as well
mutant remain competent to proliferate. as some DNA damage-induced death can occur normally.

The progeny of these rescued neuroblasts are responsible for ] ] ]
the enlarged abdominal neuromeres in the adult CNS. Celldhe interactions of rpr, grim and hid
that have been BrdU labeled during the larval stages afehe apparently normal level of death ripr null embryos
abundant in the abdominal neuromeres ofrglienutant adult  indicates thatgrim and hid functions are sufficient for the
VNC, and much less abundant in the small abdominahajority of embryonic apoptosis. Agim is expressed in a
neuromeres of the wild type (Fig. 5G,H). very similar pattern topr, it is likely that the activity ofjrim

The progeny of these ectopic neuroblast divisionss able to compensate for the absencepofin many tissues,
differentiate into neurons. In both wild-type angbr with the notable exception of the neuroblasts in the abdominal
mutant larval VNCs most BrdU-labeled cells expressed Elawpeuromeres.
a pan-neural marker (Robinow and White, 1991) (Fig. 6). In contrast to what is seeniipr mutants, embryos lacking
These newly born neurons are
confined mainly to the thorac
neuromeres of the wild-ty}
VNC, but are present through
the entire VNC in thepr mutant
Taken together, these d
indicate that rpr function i<
required to eliminate neurobla
in the embryo. Neuroblasts ti

Fig. 6. The progeny of ectopic
neuroblast divisions differentiate as
neurons. Wild-type (A-C) angr

null (XR38H99) (D-F) larvae were
fed continuously on BrdU-
containing food, and dissected
nervous systems were double
labeled with anti-BrdU (A,D) and
anti-Elav (B,E). The Elav protein is
expressed in the nuclei of all
neurons. C and F are the merged
images of A,B and D,E. Most BrdU-
labeled cells in both wild-type and
rpr null nervous systems label with
Elav.
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hid function show a slightly decreased level of overalladult nervous system was inhibited in the absencerofrhese
apoptosis (Grether et al.,, 1995; Zhou et al., 1997). In theells expresgpr and grim but not hid prior to their death
absence ohid, rpr and grim activity are not sufficient to (Robinow et al., 1997). This expression pattern may be a common
initiate apoptosis in a significant number of cells. These resulfeature of neuronal tissue, ksl expression is not detectable in
suggest thathid activity is quantitatively or qualitatively the embryonic central nervous system outside of the midline glia
different fromrpr andgrim activity. (Grether et al., 1995). In the adult nervous systgim function

Both in vitro binding studies and genetic data support thés apparently not sufficient to induce apoptosis in many of the
model thatrpr, grim andhid kill by binding to aDrosophila  type Il neurons. However, in the embryonic nervous system there
IAP, DIAP1, inactivating its caspase inhibitory activity. In this is significant apoptosis in the absencepof At this stagegrim
model, all three proteins are functionally equivalent. Theactivity must be sufficient for most neural apoptosis, with the
combined activity of the three proteins determines thémportant exception of the death of the neuroblasts.
likelihood that a cell will undergo apoptosis. However there are _ _ _
some findings that suggest functional differences betwmen P53 requires rpr along with other targets to induce
hid and grim. Overexpression dfiid andrpr together in the @poptosis
midline glia has been shown to induce apoptosis much mota flies, as in mammalian tissues, cells undergo apoptosis in
potently than equivalent expression of either protein aloneesponse to DNA damage, and this apoptosis requires the activity
(Zhou et al., 1997). In addition, some caspases appear to bEthe transcription factor p53 (Ko and Prives, 1996; Brodsky et
more important for killing bypr than byhid, suggesting that al., 2000; Ollmann et al., 2000). In flies, the expression of a
there are molecular distinctions betwegn and hid within dominant negative form of p53 largely inhibits X-ray-induced
the cell (Song et al., 2000). Our preliminary data reveal thapoptosis (Brodsky et al., 2000; Ollmann et al., 2000).
deletion ofrpr andhid together has a strong synergistic effectDrosophilap53 (p53), can directly bind to a radiation-inducible
on overall levels of embryonic apoptosis (C. P. and K. W.enhancer in thepr promoter (Brodsky et al., 2000). These data
unpublished). This observation is consistent with distincstrongly suggest that p53 induces apoptosis in response to DNA

mechanisms of action of Rpr and Hid. damage by activatingrpr expression. Unexpectedly, no

) _ _ _ suppression of p53-induced apoptosis was detectaat inull
The requirement for  rpr in steroid hormone-induced animals. However, X-ray-induced apoptosis is reduced in the
death shows tissue specificity absence ofpr. These data indicate thgtr is an important

The steroid hormone ecdysone regulates programmed cedgulator of apoptosis induced by DNA damage, and that other
death at metamorphosis and in the adult central nervous systaypoptotic regulators are also involved. When p53 is strongly
(Baehrecke, 2000). It is interesting to note that rising levels afverexpressed in the eye, these other targets must be sufficient
ecdysone initiate degeneration in the larval midgut and salivaty overcome the absencerpf. The functions ofiid and/orgrim
glands, while falling levels of the hormone are required for thare doubtless also involved in DNA damage-induced death, as
death of the type Il neurons in the newly eclosed adult. Theséray-induced apoptosis is very strongly inhibited H®9
different responses to ecdysone may be mediated by differeammbryos (White et al., 1994).
isoforms of the receptor, as the doomed larval midgut and . ]
salivary gland cells express primarily the B1 isoform of thel he survival of neural stem cells in the absence of
receptor, while the doomed neurons express the A isoforr®’
(Robinow et al., 1993; Talbot et al., 1993). Although thes@wo striking phenotypes are found iipr mutants: the adult
receptor isoforms share both ligand binding and DNA bindingentral nervous system in both males and females is enlarged,
domains, they show functional differences (Bender et al., 199&specially the abdominal part of the ventral nerve cord, and
Schubiger et al., 1998). males are sterile. The hyperplasia of the CNS results in part
Expression ofpr is rapidly induced in the salivary glands from the abnormal persistence of some larval neurons in the
after the prepupal pulse of ecdysone. A binding site for thadult ventral ganglia. More importantly, neuroblasts also
ecdysone receptor complex is present in ijle promoter,  survive inappropriately irpr mutants. In the wild-type animal,
which is essential forpr expression in the doomed salivary most of the neuroblasts in the abdominal neuromeres die at the
gland (Jiang et al., 2000). The type Il neurons also exppess end of embryogenesis, while in ther mutant many of these
before they undergo apoptosis (Robinow et al., 1997). figtius neuroblasts survive and proliferate. The progeny of these
is a strong candidate to be important in both of these deathectopic neuroblast divisions differentiate into neurons that
We found that salivary gland death was not affectedpin  are integrated into the adult nervous system. Why are the
mutant pupae, while the death of type Il neurons waseuroblasts particularly sensitive to the lossrpf? One
significantly inhibited. This disparity may be explained by thepossibility is thatpr is the only apoptosis regulator expressed
differences in the other genes expressed in these tissues. In iehese cellshid is not expressed in the embryonic nervous
salivary glands, the induction afpr expression is rapidly system (Grether et al., 1995). Although widespread expression
followed by hid expression (Jiang et al., 2000). In this tissuepf grim is detected in the embryonic CNS, it is not known if
as in the embryo, it is likely thatid activity compensates for neuroblasts expresgrim. A distinct expression of other
the absence ofpr. Expression of the caspase Dronc is alsapoptotic factors could also account for the specific
increased in response to ecdysone in these tissues (Dorstyrrerjuirement forpr in neuroblast apoptosis.
al., 1999). High levels of Dronc can induce apoptosis (Quinn et Mutations in theDrosophilaApafl homologdark also result
al., 2000) and may contribute to the histolysis of these tissueis. enlargement of the larval CNS (Kanuka et al., 1999; Rodriguez
In contrast to the findings in salivary gland and midgut, thest al., 1999; Zhou et al., 1999). This increased size results at least
ecdysone-regulated death of EcR-A-expressing neurons in tiepart from the survival and proliferation (data not shown) of a
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few neuroblasts in the abdominal neuromeres. This implicatesDrosophilagenehid is a direct molecular target of Ras-dependent survival
dark as being required for sonmpr-dependent apoptosis. It is _ signaling.Cell 95, 331-341. , _
interesting to note thatark mutations, likepr mutations, cause Br@. S. J. Burke, B., Brown, N. H. and Hirsh, J.(1989). Embryonic

I . . expression pattern of a family @frosophilaproteins that interact with a
5|gn|f|cant male Ste”“ty (ROd“gueZ etal, 1999)' central nervous system regulatory elem&gnes DeV3, 1130-1145.

The sterility ofrpr mutant males appears to be behavioral grodsky, M. H., Nordstrom, W., Tsang, G., Kwan, E., Rubin, G. M. and
as they are unable to copulate, although other courtshipAbrams, J. M. (2000).Drosophilap53 binds a damage response element
behaviors appear normal. The cause of the male copulationdt thereaperlocus.Cell 101, 103-113.
defect is unknown, but it is interesting to speculate that thgabsso' D., Ramirez-Weber, . A. and Kornberg, T. B1999). GFP-tagged

L . - .~ balancer chromosomes for Drosophila melanogastech. Dev.88, 229-

reduction in normal cell death in the abdominal neuromeres is 3,
in some way responsible for this behavioral deficit. Indeedgecconi, F., Alvarez-Bolado, G., Meyer, B. 1., Roth, K. A. and Gruss, P.
the focus of male copulatory behavior has been mapped to the€1998). Apafl (CED-4 homolog) regulates programmed cell death in
abdominal nervous system by mosaic mapping techniquegmammalian developmerCell 94, 727-737.

L en, P., Nordstrom, W., Gish, B. and Abrams, J. M(1996).grim, a novel
(Ferveur and Greenspan, 1998). The presence of additiond ell death gene iBrosophila Genes Devi0, 1773-1782.

neurons in the nervous systemrpf mutants might interfere Claveria, C., Albar, J., Serrano, A., Buesa, J., Barbero, J., Martinez-A, C.
with the organization of the appropriate neurons into a and Torres, M. (1998).Drosophila griminduces apoptosis in mammalian
functional neural circuit required for copulation. Alternatively, cells.EMBO J.17, 7199-7208.

the neural circuit in the CNS might be properly constructe@©9: R. and Jacobs, J. R.(1997). Origin and differentiation of
supernumerary midline glia in Drosophila embryos deficient for apoptosis.

but the presence of additional motorneurons might prevent p, “gig| 190, 165-177.

coordinated movement of the abdomen during copulation. porstyn, L., Colussi, P., Quinn, L., Richardson, H. and Kumar, S(1999).
In C. elegansthe majority of developmental apoptosis occurs DRONC, an ecdysone-induciblzrosophilacaspaseProc. Natl. Acad. Sci.

in the nervous system (Metzstein et al., 1998). In worms that YUSA96, 4307-4312.

_ _ : Draizen, T. A., Ewer, J. and Robinow, S(1999). Genetic and hormonal
are mutant for the geneed-3or ced-4 and thus lacking all regulation of the death of peptidergic neurons in the Drosophila central

apoptosis, there are extra neurons (Ellis and Horvitz, 1986). nervous systeml. Neurobiol 38, 455-465.

However, ectopic cell proliferation has not been reported imu, C., Fang, M., Li, Y., Li, L. and Wang, X.(2000). Smac, a mitochondrial
these mutant animals. Neural hyperplasia is also seen in miceprotein that promotes cytochrome c-dependent caspase activation by
carrying engineered mutations in caspases 3 and 9 and in tgﬁ"m'”a“”g IAP inhibition.Cell 102, 33-42.

. . . - is, H. and Horvitz, H. R. (1986). Genetic control of programmed cell death
Apafl caspase activator (Kuida et al., 1996; Cecconi et al.,j "¢ hematode. elegansCell 44, 817-829.

1998; Hakem et al., 1998; Kuida et al., 1998; Woo et al., 1998yans, E., Kuwana, T., Strum, S., Smith, J., Newmeyer, D. and Kombluth,
Yoshida et al., 1998). A detailed analysis of brain development s. (1997). Reaper-induced apoptosis in a vertebrate sy&sBO J.16,
in caspase 3 knockout mice showed a marked increase in7372-7381. _ _ _
proliferating neuroblasts, similar to what is seempinmutants Ve J. and Truman, J. W. (1996). Increases in cyclic',35-guanosine

. . ._monophosphate (cGMP) occur at ecdysis in an evolutionarily conserved
(Pompe|an0 et al, 2000)' These mutants prowde a_graphlccrustacean cardioactive peptide- immunoreactive insect neuronal network.
example of how normal development can be particularly j. comp. Neurol370, 330-341.
disrupted when apoptosis of a stem cell population is inhibitedrerveur, J. F. and Greenspan, R. J(1998). Courtship behavior of brain
and these cells continue to proliferate. In the future,rpne ~_ mosaics in Drosophilal. Neurogenetl2, 205-226. ,
mutant flies will provide a unique model to explore the fate of "@"¢: N., Heitzler, P., Ezekowitz, R. and White, K(1999). Requirement

. . . for croquemort in phagocytosis of apoptotic cellshirosophila Science
ectopic neural stem cells and their progeny in the context of theyg, 19q94_1998_ phagoeyt pop P

nervous system. Goodman, C. and Doe, C(1993). Embryonic development of the Drosophila

central nervous system. [Fhe development of Drosophila melanogaster
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