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trast, contributions to sentinel duty are usual- 
ly greater in males than in females, regardless 
of patterns of philopatry (20-23), perhaps 
because males gain information about the 
distribution of females by watching from 
raised positions. 

Our results have three broader implica- 
tions. First, they show that pronounced sex 
differences in behavioral development can 
occur in effectively monogamous species 
with little sexual dimorphism in body size. 
Differences similar to those we have de- 
scribed here may be expected to occur in 
other cooperative species. Second, our results 
emphasize that comparisons of cooperative 
behavior among helpers need to control for 
the effects of age, weight, sex, and nutritional 
status; attempts to investigate the influence of 
particular variables (such as kinship) on in- 
dividual contributions to cooperative activi- 
ties that do not control for these effects may 
generate misleading results. Lastly, our re- 
sults suggest that differences between male 
and female helpers in their contributions to 
rearing young vary with the direct costs and 
benefits of cooperative activities to each sex 
generated by sex differences in philopatry. 
Previous analyses of cooperative behavior in 
meerkats have shown that individual differ- 
ences in contributions to cooperative activi- 
ties are unrelated to levels of kinship (24, 25), 
and our results are consistent with the sug- 
gestion that mutualistic, direct benefits play 
an important role in the evolution and main- 
tenance of cooperative breeding (26). 
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Leg Patterning Driven by 
Proximal-Distal Interactions and 

EGFR Signaling 
M. I. Galindo, S. A. Bishop, S. Greig, J. P. Couso* 

wingless and decapentaplegic signaling establishes the proximal-distal axis of 
Drosophila legs by activating the expression of genes such as Distalless and 
dachshund in broad proximal-distal domains during early leg development. 
However, here we show that wingless and decapentaplegic are not required 
throughout all of proximal-distal development. The tarsus, which has been 
proposed to be an ancestral structure, is instead defined by the activity of 
Distalless, dachshund, and a distal gradient of epidermal growth factor receptor 
(EGFR)-Ras signaling. Our results uncover a mechanism for appendage pat- 
terning directed by genes expressed in proximal-distal domains and possibly 
conserved in other arthropods and vertebrates. 
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Animal appendages develop along a prox- 
imal-to-distal (PD) axis, from proximal 
body wall to distal tip. This axis is not 
inherited from the embryo and is estab- 
lished anew in each developing appendage. 
In Drosophila legs, the combination of a 
dorsal signal provided by the BMP4 ho- 
molog decapentaplegic (dpp) with a ventral 
signal provided by the Wnt homolog wing- 
less (wg) establishes the PD axis (1), in 
addition to organizing the dorsal-ventral 
appendage pattern (2, 3). Signaling from 
wg and dpp activates the expression of the 
genes Distalless (Dll) and dachshund (dac) 
early in leg development (4, 5). Dll encodes 
a homeodomain protein expressed and re- 
quired in the distal half of the leg, from 
tibia to pretarsus, whereas dac encodes a 
nuclear protein expressed and required me- 
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dially in the femur and tibia. However, the 
leg comprises 10 segments along the PD 
axis, whose specification involves further 
genes (6). Here we describe how, after 84 
hours of development, PD patterning be- 
comes wg- and dpp-independent. Instead, a 
mechanism mediated by genes expressed in 
PD domains, such as Dll, dac, and the 
epidermal growth factor receptor (EGFR) 
ligand vein, activates the expression of fur- 
ther genes and generates distal leg fates 
such as the tarsus. Previous data in Dro- 
sophila and on homologous genes in other 
arthropods and vertebrates suggest that this 
PD patterning mechanism might be con- 
served and ancestral. 

We studied the timing of wg requirements 
for PD development with a temperature-sen- 
sitive mutant (7). Removal of wg function 
before 72 hours after egg laying (hours AEL) 
produces truncated legs lacking the distal 
parts and showing ventral patterning defects 
(Fig. 1, A and B). However, shifts of animals 
from permissive to restrictive temperature at 
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Fig. 1. wg and dpp signaling are not required for 
PD development and rn and bab activation 
after 84 hours AEL. (A) Wild-type leg showing 
femur (asterisk), five tarsal segments (yellow) 
with ventral apical bristles (arrowheads) and 
pretarsal claws at distal tip (arrow). (B) Leg 
from which wg protein was removed before 72 
hours AEL, showing a truncated PD axis lacking 
tibia, tarsal segments, and claws (asterisk labels 
femur). (C) Leg after removal of wg from 84 
hours AEL, showing a normal PD axis despite 
loss of ventral structures such as apical bristles. 
Claws are present (arrow) but ventral pretarsal 
components are missing. (D) Leg deprived of 
Mad function from 84 hours AEL. PD organiza- 
tion is intact, despite defects mirroring those of 
C). The pretarsus lacks claws (arrow) but retains 
ventral elements, and apical bristles remain 
while dorsal structures on the opposite side are 
missing. (E) 80 hours AEL leg disc showing no 
bab expression. (F) bab expression appears in 
the center of the disc as the central tarsal fold 
forms from 90 to 96 hours AEL and is quickly 
restricted to a ring. (G) bab expression at 120 
hours AEL. (H) bab expression is still present 
after removal of wg function from 84 hours 
AEL, although the disc is ventrally defective. 

approximately 84 hours AEL produces legs 
with ventral patterning defects but with an 
otherwise intact PD organization (Fig. 1C). 

To assess the temporal requirements for 
dpp signaling, we identified a temperature- 
sensitive allele of Mothers against decapen- 
taplegic (Mad), the dpp signal transducer (7). 
Removal of Mad function before 72 hours 
AEL also produces truncations of the PD 
axis, whereas removal from 84 hours AEL 
until the end of development renders a nor- 
mal PD organization despite dorsal patterning 
defects (Fig. 1D). Clones of null Mad mutant 
cells (7) show the same results: clones in- 
duced before 72 hours AEL show elimination 
of entire tarsal segments, whereas after 84 
hours AEL, only dorsal pattern features are 
affected. These results show that the input 
from dpp and wg signals into PD develop- 
ment ends by 84 hours AEL. 

Self-maintenance regulatory mecha- 
nisms maintain Dll and dac expression be- 
yond this point (5, 8). However, new genes 
with PD domains of expression and func- 
tion become active, rotund (rn) encodes a 
zinc-finger nuclear protein expressed in a 
transient ring during 84 to 96 hours AEL 
(9) (fig. S1, A and B). Tarsal segment loss 
in rn mutants shows that this period is 
crucial for tarsal development, and a rn- 
lacZ reporter with persistent lacZ expres- 
sion reveals that the ring of rn-expressing 
cells gives rise to most of the tarsus (fig. 
SIC). The bric-a-brac (bab) (10) gene en- 
codes a nuclear protein with a BTB/POZ 
domain required for appropriate tarsal dif- 
ferentiation, whose expression starts in the 
presumptive tarsus shortly after rn, from 90 
hours AEL until the end of development 
(Fig. 1, E to G). At 120 hours AEL, after 

Fig. 2. Dll and dac define tarsal development and gene expression. (A) bab expression (red label, 
yellow in overlap) is unaffected in clones of Mad- cells (absence of green, arrow). (B) The ring of 
bab expression is included within the Dll domain (red) and appears yellow, but central and medial 
(arrow) Dll-expressing cells do not express bab. (C) Dll (red) and dac (green) expression overlap in 
the medial cells (yellow, arrow) of a 120 hours AEL leg disc. (D) rn (green) and dac (red) domains 
abut at 96 hours AEL. (E) rn expression is not activated in Dll- leg discs (arrow; compare with Fig. 
1F). (F) Dll- clones (loss of green) generated at 80 hours AEL. bab expression (yellow) is absent 
autonomously in Dll- cells (arrow), even in single isolated ones (arrowheads). (G) In dac- mutants, 
bab expression is de-repressed and coincides medially with Dll [arrow; staining as in (B)]. (H) bab 
expression (green) is eliminated (arrow) by ectopic expression of dac (red). 

extensive cell proliferation, bab expression expected, removal of wg or dpp signaling in 

occupies a wider area, similar to rn-lacZ, temperature-sensitive mutants or in clones 
corresponding to presumptive tarsal seg- of Mad- cells from 84 hours AEL does not 
ments one to four (Fig. 1G). Because the affect rn or bab expression (Figs. 1H and 
onset of rn and bab expression occurs after 2A and fig. S1D). 
84 hours AEL, wg and dpp signaling should A different patterning mechanism must 
neither be activating rn and bab nor be generate the domains of expression of rn and 

directly required for their expression. As bab and must lead to tarsal growth and dif- 
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Dll- clones [Fig. 2, E and F; (7)]. However, 
neither the Dll-expressing cells in the center 
of the disc (the presumptive distal tip), nor 
the most peripheral Dll-expressing cells, ex- 
press rn or bab (Fig. 2B). These peripheral 

Fig. 3. EGFR-Ras signaling prevents bab expression and promotes distal leg development. (A) vn 
transcript and (B) distribution of activated MAPK in the center of 80 hours AEL leg discs. These 
patterns remain until 96 hours AEL. (C) bab (red) and vn (green) expression at 96 hours AEL. vn is 
expressed in the center of the disc where bab is absent. Note the gap between the two domains 
(arrow), revealing the range of vn action. (D) Legs deprived of EGFR from 80 hours AEL have four 
tarsi, ending in a joint instead of pretarsus (labels as in Fig. 1A). (E) Ectopic EGFR activation 
generates ectopic expression (arrow) of al (green) and Bar (purple; white overlap). (F to I) bab (red) 
and dliml (green) expression in 120 hours AEL discs from wild type (F), DllGal4 UAS-argos (G), 
dominant-negative EGFR (H), and ectopically activated EGFR (I). dliml expression is lost from the 
leg tip, which is invaded by bab expression in (G) and (H), whereas in (I) bab is lost (arrow) and 
dliml is activated ectopically (arrowhead). 

Fig. 4. Proximal-distal leg devel- 
opment in Drosophila. Before 72 
hours AEL, the combination of 
wg and dpp signaling establishes 
the expression of Dll (black) and 
dac (green) in the developing 
disc. After 84 hours AEL, PD de- 
velopment becomes wg- and 
dpp-independent and is driven 
by PD interactions. rn and bab 
expression (yellow) is inserted in 
the Dll-expressing cells in be- 
tween vn at the disc center (red), 
and the medial ring of dac ex- 
pression (green). dac promotes 
femur and tibia development, 
whereas vn promotes distal de- 
velopment through the activa- 
tion of al, dliml, and Bar. From 
96 to 120 hours AEL, the leg 
pattern is completed by defini- 
tion of further PD regions and 
intercalation of joints between 
segments. During pupal meta- 
morphosis the disc everts and 
the fly leg differentiates. 

48 h.AEL 84 h.AEL 240 h.AEL 

wg+dpp clac DII vn 

A \1n 
clac Dll rn,bab B,al,dliml 

cOO 0000W0 
PD axis 

establishment 
PD interactions Differentiation 

cells appear to be medial cells expressing 
both Dll and dac (compare B and C of Fig. 2), 
and double-staining reveals that indeed the 
early rings of rn and bab expression are 
abutted by dac (Fig. 2D). These observations 
suggest that rn and bab expression, promoted 
by Dll, is repressed in medial Dll-expressing 
cells by dac and in the central cells by anoth- 
er factor. In clones of dac- cells induced at 80 
hours AEL, we observe ectopic outgrowths 
and ectopic expression of bab in medial cells 
near the endogenous bab domain [fig. S1F 
(7)]. Staining of entire dac- mutant discs 
reveals this effect clearly: bab expression 
now extends to all medial Dll-expressing 
cells (Fig. 2G). This result agrees with ectop- 
ic expression of dac in the tarsal region, 
which represses bab and eliminates tarsal 
structures (Fig. 2H and fig. S1G). 

The vein (vn) gene is expressed at the 
very center of the leg disc shortly after 72 
hours AEL (Fig. 3A). The onset of vn 
expression requires both wg and dpp sig- 
naling and Dll, but by 84 hours AEL, when 
rn and bab are activated, vn is no longer 
dependent on wg and dpp (fig. S1H). vn 
encodes a neuregulin-like secreted protein 
that is the only ligand of EGFR (11) active 
here. We detect activation of the EGFR-Ras 
signal transducer mitogen-activated protein 
kinase (MAPK) (12) in the center of the leg 
disc from 80 hours AEL to 96 hours AEL, 
in the region devoid of rn and bab expres- 
sion (Fig. 3B). Secretion of the vn protein 
could lead to the EGFR-mediated repres- 
sion of rn and bab several cell diameters 
away from the center (Fig. 3, A to C; fig. 
S1E). Blocking vn signaling with ectopic 
expression of the secreted EGFR antagonist 
argos throughout the Dll domain produces 
mutant phenotypes only near the vn-ex- 
pressing cells, and these phenotypes are 
similar to those of vn, MAPK, and Ras 
mutant conditions: the pretarsus is missing 
at the tip of the leg, and tarsus five is 
missing or abnormal (fig. S1, I and J). bab 
expression invades the center of the disc, 
which loses the expression of the distal tip 
marker dliml (13) (Fig. 3, F and G). Using 
both a temperature-sensitive allele of 
EGFR and a dominant-negative version of 
the EGFR protein, we deprived leg discs of 
EGFR function during 80 to 96 hours AEL 
(7) and observed similar results: loss of 
distalmost structures and bab expression 
covering the disc center (Fig. 3, D and H), 
which has also lost the expression of the 
pretarsal markers dliml and aristaless (al) 
(1), as well as the tarsus five marker Bar 
(14) (fig. S1K). Reciprocally, in legs ex- 
pressing ectopically an activated version of 
EGFR, tarsal structures and the expression 
of bab are lost, whereas ectopic expression 
of dliml, al, and Bar is observed (Fig. 3, E 
and I). Hence, a central gradient of EGFR- 
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ferentiation. The presumptive tarsus is in- 
cluded within the Dll-expression domain 
(Fig. 2B), and Dll function is required for bab 
and rn activation and tarsal development at 
84 hours AEL, as shown by Dll mutants and 
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Ras signaling promotes simultaneously and 

independently [fig. S1L (7)] three effects: 
activation of al and dliml at the very cen- 
ter, activation of Bar in nearby cells, and 
repression of bab from the whole area. 
Regarding tarsal segments 1 to 4, vn acts as 
the repressory element working in parallel 
to dac to restrict the activation of rn and 
bab to the middle of the Dll domain. Tarsal 
segments 1 to 4 are thus defined in those 
Dll-expressing cells not simultaneously ex- 
posed to either the dac protein or EGFR- 
Ras signaling triggered by vn (Fig. 4 and 
fig. S1E). 

Thus, interactions between genes and sig- 
nals expressed in PD domains constitute a 
patterning mechanism for the development of 
new PD fates. We suspect that further PD 
interactions exist in Drosophila legs, for ex- 
ample, during trochanter development proxi- 
mal to the dac domain (7). 

The Drosophila tarsus develops in the 
absence of homeotic genes, suggesting that it 
is an ancestral ground-state limb structure 
(15). Because tarsal development is driven by 
PD interactions, altogether these results 
might suggest that these interactions are an 
ancestral process, possibly to be found in 
other animals. In primitive insect limbs, a 
transition in dpp expression (16, 17) signals a 
wg- and dpp-independent patterning phase, 
whereas the conserved expression of Dll, dac, 
and al suggests a conservation of their func- 
tional roles (18). In vertebrate limbs, expres- 
sion and requirements of Dll, dac, and al 
homologs are similar to those of insects (19- 
21), and experimental embryology has shown 
that insect and vertebrate limbs react to PD 
axis alterations in the same way (22). 

Further work is required to clarify these 
issues and to obtain a complete understanding 
of PD patterning in animal appendages. Our 
results show the importance of an element 
whose role had long been suspected (1, 22), 
that is, the existence of PD interactions that 
complete the initial PD organization generat- 
ed by dorsal-ventral and anterior-posterior 
patterning cascades. 
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PARP-1 is a nuclear enzyme that responds 
to DNA damage and facilitates DNA repair 
(1-3). Once activated, PARP-1 transfers 50 
to 200 molecules of ADP-ribose to a vari- 
ety of nuclear proteins, including histones 
and PARP-1 itself (1-4). PARP-1 activa- 
tion mediates cell death in ischemia-reper- 
fusion injury after cerebral ischemia (5, 6) 
and myocardial infarction (7), inflammato- 
ry injury, reactive oxygen species-induced 
injury (8), glutamate excitotoxocity (9, 10), 
and l-methyl-4-phenyl- 1,2,3,6-tetrahydro- 
pyridine (MPTP) injury (11, 12). The mo- 
lecular mechanisms of PARP-1-induced cell 
death are not known, although one possibility 
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is that PARP-1 signals to downstream cell 
death effectors. 

To examine the mechanism by which 
PARP-1 activation kills cells, immortalized 
mouse embryonic fibroblasts from wild-type 
and PARP-1-knockout (KO) mice (13) were 
exposed to N-methyl-N'-nitro-N-nitrosogua- 
nidine (MNNG), a DNA-alkylating agent that 
potently activates PARP-1 and elicits PARP- 
1-dependent cytotoxicity. Exposure to 0.5 
mM MNNG for 15 min induces nearly com- 
plete cell death in wild-type fibroblasts with- 
in 12 to 24 hours, whereas PARP-1-KO fi- 
broblasts are resistant to the toxic effects of 
MNNG (Fig. 1A). PARP-1 activation con- 
sumes nicotinamide adenine dinucleotide 
(NAD+) through the adenosine 5'-diphos- 
phate (ADP)-ribosylation of nuclear associat- 
ed proteins (8), resulting in an 80% reduction 
of NAD+ levels within 15 min in wild-type 
fibroblasts (Fig. 1B). By 30 min, NAD+ lev- 
els are no longer detectable. In contrast, 
NAD+ levels in PARP-1-KO fibroblasts are 
maintained to greater than 60% of control 
values for up to 24 hours (Fig. 1B). The 
broad-spectrum caspase inhibitors, boc-as- 
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Mediation of Poly(ADP-Ribose) 
Polymerase-1-Dependent Cell 
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Poly(ADP-ribose) polymerase-1 (PARP-1) protects the genome by functioning 
in the DNA damage surveillance network. PARP-1 is also a mediator of cell death 
after ischemia-reperfusion injury, glutamate excitotoxicity, and various inflam- 
matory processes. We show that PARP-1 activation is required for translocation 
of apoptosis-inducing factor (AIF) from the mitochondria to the nucleus and 
that AIF is necessary for PARP-1-dependent cell death. N-methyl-N'-nitro-N- 
nitrosoguanidine, H202, and N-methyl-D-aspartate induce AIF translocation 
and cell death, which is prevented by PARP inhibitors or genetic knockout of 
PARP-1, but is caspase independent. Microinjection of an antibody to AIF 
protects against PARP-1-dependent cytotoxicity. These data support a model 
in which PARP-1 activation signals AIF release from mitochondria, resulting in 
a caspase-independent pathway of programmed cell death. 
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