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SUMMARY

Apoptosis is prevalent during development of the central rescue cells within the serotonin lineage that normally
nervous system (CNS), yet very little is known about the undergo apoptosis. Furthermore, we observe tumor-like
signals that specify an apoptotic cell fate. In this paper, overproliferation of cells in the CNS when Notch signaling
we examine the role of Numb/Notch signaling in the is reduced. These data suggest that the distribution of
development of the serotonin lineage obrosophila and Numb during terminal mitotic divisions of the CNS can
show that it is necessary for regulating apoptosis. Our distinguish between a neuronal cell fate and programmed
results indicate that when Numb inhibits Notch signaling, cell death.

cells undergo neuronal differentiation, whereas cells that

maintain Notch signaling initiate apoptosis. The apoptosis Key words: Numb, Notch, Apoptosis, Serotonergic neurons,
inhibitor p35 can counteract Notch-mediated apoptosis and Drosophila

INTRODUCTION GMC-2 produces EW2, the more lateral serotonergic neuron.
GMC-3 produces EWS3, a neuron that synthesizes the
The Drosophilacentral nervous system (CNS) develops fromneuropeptide corazonin. The GW neuron projects an axon
a small number of precursor cells that divide to produce gpsilateral and posteriorly, and the three EW interneurons all
variety of neurons and glial cells. During the specification oproject axons anteriorly to the posterior commissure (Fig. 1)
cell fates, subsets of cells are induced to undergo programméslossing et al., 1996; Higashijima et al., 1996; Dittrich et al.,
cell death or apoptosis (Abrams et al., 1993). Elucidating both997; Schmid et al., 1999).
the intrinsic and extrinsic signals that establish cell fates Several genes have been shown to be essential in the
and trigger apoptosis is fundamental to understanding CN@ifferentiation of the NB7-3 lineage. Sequential expression
development. This paper examines the regulation of apoptosi$ the segmentation transcription factors, Hunchback
in the ventral nerve cord @rosophilg specifically within in  Krippel-Pdm1, within neuroblasts has been shown to be
the cell lineage that produces the serotonergic neurons. Timportant in the development of several lineages, including
serotonin lineage is a relatively simple lineage, producing onlNB7-3 (Brody and Odenwald, 2002). The subsequent GMCs
four neurons. However, additional cells are observed when themd neuronal progeny maintain the expression of the
lineage is examined in the apoptosis deficientt@é (Isshiki  transcription factors that are present in the NB at their birth. In
et al., 2001; Novotny et al., 2002). This suggests that thiéne case of NB7-3, Hunchback (Hb) is expressed only in GMC-
mitotic divisions of the serotonin lineage also produce severd! and its progeny, and is both necessary and sufficient to define
cells that undergo apoptosis. the fates of these cells (Isshiki et al., 2001; Novotny et al.,
The segmentedDrosophila nerve cord develops from 2002). Krupple (Kr) is expressed in both GMC-1 and GMC-2
stereotyped division of 30 neuroblasts (NB) in eachand is necessary and sufficient to establish the fate of the EW2
hemisegment (Doe, 1992; Goodman and Doe, 1993). A pair gerotonergic neuron (Isshiki et al., 2001). Pdm1 is expressed
serotonergic neurons in each hemisegment arise from NB7g@imarily in EW2 (Fig. 1) (Lundell and Hirsh, 1998).
(Lundell et al., 1996). NBs are stem cells that undergo severBlifferentiation of the NB7-3 lineage is also affected by
asymmetric divisions producing a specific number of gangliomutations invingless(wg) and other members of the Wingless
mother cells (GMCs). Each GMC divides once to form twosignaling pathway such asngrailed(en), hedgehodghh) and
neuronal or glial progeny (Hartenstein et al., 1987). Theatched (ptc) (Patel et al., 1989; Lundell et al., 1996). In
divisions of the NB7-3 lineage have recently been determineaddition, mutations in the transcription factagagle (eg
using a combination of molecular markers and clonal analysi®ittrich et al., 1997; Lundell and Hirsh, 1998) amatkebein
(Isshiki et al., 2001; Novotny et al., 2002). NB7-3 produceghkb) (Lundell et al., 1996) also disrupt NB7-3 differentiation.
three GMCs. GMC-1 produces two neurons: GW, aeghas been shown to suppress a rough eye phenotype caused
motoneuron, and EW1, the more medial serotonergic neurohy the overexpression dRasl suggesting thaég may be
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involved in Ras signaling (Hay et al., 199lkbis regulated Wakamatsu et al., 1999; Talora et al., 2002), suggesting that
by bothenandhhin the NB7-3 lineage (Lundell et al., 1996; Notch-induced apoptosis may be an important mechanism in
McDonald and Doe, 1997). The exact relationship betweeregulating cell growth. In this study, we demonstrate that
these genes and signal transduction pathways within the NB@uring terminal mitotic divisions of tHerosophilaCNS Notch
3 lineage remains to be determined. signaling can induce an apoptotic cell fate.

In this study, we examine the role of Numb/Notch signaling,
in the differentiation of the NB7-3 lineage. Numb is a
membrane-associated protein that has been shown to partitiVATERIALS AND METHODS
asymmetrically with one daughter cell during binary mitotic
divisions and to be responsible for establishing alternative cerosophila stocks
fates in theDrosophilaCNS, PNS (reviewed by Lu et al., 2000; eg?® andeg"z36%were both provided by G. Technag"z360contains
Cayouette and Raff, 2002; Skeath and Thor, 2003) anagal-4 P-element insertior &f eg eg?®? contains dacZ P-element
myogenic precursor cells (Ward and Skeath, 2000). Numb hagsertion 5 of egand was generated by B. Genisch and G. Korge.
also been suggested to have a role in the differentiation of CN®&MB, gpd@lmandnumﬂi spdd>104were provided by C. Do&lAS-
lineages in vertebrates (reviewed by Lu et al., 2000; Cayouetfitcf" was provided by Y. N. Jaf(3L)HO9 en-gal4and UAS-
and Raff, 2002: Shen et al., 2002 Sommer and Rao, Zooﬂﬁwere obtained from the Bloomington Stock Center.
I\I_umb_ affects cell fate_by inhibi_ting the intercellular. Not(;h Immunohistochemistry
signaling pathway. During cell division, the cell that inheritSpjssected CNS were fixed in 4% paraformaldehyde and incubated
Numb will lack Notch signaling, while the sibling cell that doeswith primary and secondary antisera as previously described (Lundell
not receive Numb will maintain Notch signaling (reviewed byand Hirsh, 1994). Primary antibodies used were: rabbit anti-eg
Lu et al., 2000; Cayouette and Raff, 2002; Sommer and Ra¢:2000, G. Technau), guinea pig anti-Hb (1:600, C. Doe), rabbit anti-
2002; Skeath and Thor, 2003). The mechanism for how NumBdc (1:50, M. Lundell), rat anti-Ddc (1:30, J. Hirsh), rabbit anti-
inhibits Notch signaling is still under investigation, but Numbcorazonin (1:200, C. Doe), rabbit anti-zfh-1 (1:400, R. Lehman), rat
binds to the intercellular domain of Notch (Frise et al., 199683}52“3&112285?2 T((ir-ng)soon)MratEBI,: (?(;‘IT')'PgrrlT(‘jl r(;glb?tooéﬁgcg'c")'
?nneddirgt?é reengducii;?ogga(rgle?ar?ikpgt)tgll n éré\gozl\)/.ed In receptor (1:1000, Cappel). All Texas Red, FITC and Cy5 secondary antibodies

Wi t evid that Numb/Notch Si i | twerg from chkson ITaboratories and used at 1:20Q. Images were
€ present evidence that umb/Notch signaling regulal€gnained using a BioRad 1024 laser-scanning microscope and
apoptosis within the NB7-3 lineage. Notch signaling hasyocessed with Adobe Photoshop.
previously been associated with apoptosis in an array of both
negative and positive effects. Notch has been shown to inhibitUNEL assay
apoptosis in T and B lymphocytes (Pear et al., 1996; Deftos &poptosis was assayed by TUNEL using a TACS 2 TDT-Fluor In Situ
al., 1998; Jehn et al., 1999; Shelly et al., 1999; Morimurit from Trevigen. To reduce background the Strep-Fluor solution
et al., 2000; Jundt et al., 2002). Constitutive Notch activityvas preabsorbed against embryonic tissue and used at a 1:400
has been associated with cell transformation and cancéflution. After the TUNEL procedure, tissue was washed with an
presumably by inhibiting apoptosis (reviewed by ArtavanisVidin/Biotin blocking kit from Vector.
Tsakonas et al., 1999; Miele and Osborne, 1999; Mumm and
Kopan, 2000). Notch has also been implicated in inhibitin
apoptosis in the brain. In the cerebellum of mice, NotchRESULTS
mediates the onset of neurogenesis and prevents apoptosis ] ) )
of neuroepithelium (Litolf et al., 2002). A number of Molecular markers uniquely identify the progeny of
investigations have linked neurodegeneration in Alzheimer&/B7-3
disease to a reduction in Notch signaling (reviewed by Miel@ll four neuronal progeny of the NB7-3 lineage can be
and Osborne, 1999). Presenilins, which are often mutated imiquely identified with the specific molecular markers shown
individuals with Alzheimer's disease, are also necessary fdn Fig. 1. Several previous investigations have contributed to
Notch processing. It has been proposed that a loss in presenilims knowledge (Lundell and Hirsh, 1992; Bossing et al., 1996;
function may lead to a decrease in Notch signaling and Higashijima et al., 1996; Dittrich et al., 1997; Lundell and
subsequent increase in cell death. Furthermore it has beklirsh, 1998; Schmid et al., 1999; Isshiki et al., 2001; Novotny
shown inDrosophilathat constitutive expression of Notch canet al.,, 2002). NB7-3 begins division in late stage 11 and
inhibit presenilin-induced apoptosis (Ye and Fortini, 1999)produces four progeny that are all positive for Eg expression
Thus Notch signaling may protect neurons from apoptotic cellFig. 1B,C). GW and EW1, the progeny of GMC-1, are
death. distinguishable by their expression of Hb (purple cells in Fig.
By contrast, Notch has also been shown to induce apoptosi8). The GW motoneuron is usually the most posterior cell in
during development of thé®rosophila retina (Cagan and the cluster, often reduced in size and shows expression of Zfh-
Ready, 1989; Wolff and Ready, 1991; Rusconi et al., 2000; Y& (purple cells in Fig. 1C). EW2 and EW3, the progeny of
et al., 2002), wing (Milan et al., 2002) and PNS (Orgogozo e6EMC-2 and GMC-3, express Zfh-2 (orange cells in Fig. 1B,C).
al., 2002). Constitutive expression of Notch in zebrafish caus&8WV1 and EW2 produce serotonin and are detectable with
cells of the developing retina to enter apoptosis (Scheer et antibodies against either Dopa decarboxylase (Ddc) (Fig. 1D-
2001). Notch has also been shown to induce apoptosis K) or serotonin (data not shown). The two serotonergic cells
vertebrate neural crest cells (Maynard et al., 2000). Recentlgre distinguishable from each other owing to their birth order,
several studies have found a reduction in Notch activity to bEW1 is more medial and expresses Hb, whereas EW2 is more
coincident with cell proliferation and cancer (Verdi et al., 1999/ateral and expresses Zfh-2 (Fig. 1D). EW3 is usually the most
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A A lateral cell and is unique in its production of the neuropeptide
B Ddc/ S ‘ corazonin (Fig. 1E). At stage 15, Pdm1 has been reported to
c / Serotonin

; be expressed in several different progeny (Isshiki et al., 2001;
M Corazonin Novotny et al., 2002), but by stage 17, its expression is limited
@ " i : detectable. Edacz, Hb, Zfh-2 and Pdm1 expression persists
eg to stage 17 and into larval stages. By stage 17 the GW neuron

to EW2 (Fig. 1F) (Lundell and Hirsh, 1998). Not all of these
EW3 EW?2 EW1 M becomes undetectable with EgZ (Fig. 1E,F).

expression begins to decline just as Ddc and corazonin become

w markers are expressed simultaneously during development. Eg

Numb is necessary for development of GMC-2 and
GMC-3 progeny
As the GMC divisions of NB7-3 appear to be asymmetric, we
asked whether Numb might have a role in specifying cell fates
within this lineage. We found that in the mutant allelenld,
the development of EW2 and EW3 was dramatically altered,
but there was only a mild effect on the development of EW1
(Fig. 2). Comparison of stage 17 CNS immunoassayed for
Ddc/zfh-2/Hb from wild-type (Fig. 2A,A and numb (Fig.
2B,B') embryos showed that the number of immunoreactive
A 7gh Ddc cells decreased from two per hemisegment in a wild-type
C Eg-lacZ / Zih-2 / Zfh-1 CNS to one per hemisegment imamb CNS (Table 1C).
The Ddc cells that remained imumld mutants were
immunoreactive for Hb (95%n=65), indicating they were
EW1 cells (Fig. 2B). The EW1 cell was detectable in most
hemisegments, but in 7% of thembB mutant hemisegments
there were no detectable Ddc cells (Fig. 2D, Fig. 4D and Table
1C). Comparison of stage 17 CNS immunoassayed for
Ddc/EgiacZ/corazonin from wild-type (Fig. 2C) angumt
(Fig. 2D) embryos showed that no corazonin-positive EW3
cells were detectable in tnemid mutant (Table 1D). Not only
were EW2 and EW3 undetectable with Ddc and corazonin in
anumb mutant, but they also failed to expressl&gZ at stage
17. In a wild-type CNS three cells per hemisegment were
detected with EdacZ, whereas in @aumB mutant CNS only
one cell per hemisegment was detected withla€g- (Fig.
2C,D and Table 1E). These data indicate thanimmald mutant
development of the EW1 neuron proceeds normally, but the
development of the EW2 and EW3 neurons is significantly
altered.

Previous studies have shown tmatmb mutants alter cell
fates but do not usually affect cell divisions. To examine
whether NB7-3 divides normally in aumB mutant we
Fig. 1. Molecular markers uniquely identify all NB7-3 progeny examined the lineage in stage 15 embryos (Fig. 3). In a wild-
neurons. (A) Schematic representation of the NB7-3 lineage showingype stage 15 hemisegment there were four Eg-positive cells
moleculfli.r markers. of the four neyronal progeny, axona! projections (Fig. 3A). In anumB mutant 66% of the hemisegments had
and positions relative to the midline (M), anterior commissure (A) only two Eg-positive progeny that were both Hb positive, the
and p°Ste”|c|’r Cﬁmm'ssure (lp)_ D%f and”corazon;)n arelcgtop?%n;l% W1 and GW neurons (Fig. 3B and Table 1A). In 22% of the
?hné'%?/r\}i EV\% aer':z aEr\?vguncei?gns' feﬁze%\i‘ilvr;’;quiﬁdi éat::th e a emisegments there was a third Eg positive cell th_at expressed
midline. (B,C) One abdominal segment from the ventral cord of reduced I_evgls of Zfh-2 (Fig. 3C and Table 1A). This cell must
stage 12?89+ embryos, shows the four BaeZ positive neurons be a derivative of GMC-2 or GMC-3, however, by stage 17
of the NB7-3 lineage. The EW2 and EW3 neurons express zfh-2  only 3% of hemisegments had an EW?2 cell (Table 1C) and 0%
(orange cells). (B) The GW and EW1 neurons express Hb (purple 0f hemisegments had an EW3 cell (Table 1D). These results
cells). (C) The GW neuron expresses Zfh-1 (purple cell). (D-F) One suggest that in theumd mutant at least some or possibly all
abdominal segment from the ventral cord of stagedt®/+ divisions of GMC-2 and GMC-3 do occur, but the progeny of
embryos. (D) The two serotonergic neurons (1, 2) express Ddc and these divisions quickly take an alternate fate that renders them
can be distinguished by their differential expression of Hb and Zfh-2,,nqetectable by several different molecular markers.

(E) The EW3 neuron expresses corazonin. (F) The EW2 neuron As mentioned previously, 7% efumb hemisegments had
iéprsecsjlisbzg? |1n I:h‘em? ;/(\)/rr;aelér.cm 'E ngtrJT?lflgrng_th etectable at stage, getectable Ddc cells at stage 17 (Table 1C). Interestingly, at

' ' ’ R ' stage 15, 10% afumbB hemisegments show two Eg cells that

GW

B Eg-lacZ / Zfh-2 /Hb

——stage 15—
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Fig. 2.Numb is required for development of EW2 and EW3.
All images are ventral cord abdominal segments from stage 17
embryos. The yellow numbers 1, 2 and 3 label the EW1, EW2
and EW3 neurons, respectively. M indicates the midline.
(A,B) Immunostaining with Ddc (red), Zfh-2 (green) and Hb
(blue) shows a preferential loss of EW2 cells in embryos
homozygous fonumb. The remaining Ddc-positive cells in
numb are Hb positive, indicating they are EW1 cells.

(A'-B") Same images as (A,B), but showing only Ddc
immunoreactivity. (C,D) Immunostaining with Ddc (red), Eg-
lacZ (green) and corazonin (blue), showing a reduction of Eg-
lacZin num# relative to wild type. Corazonin expression is
completely absent inumi. Midline dopaminergic cells (M)

are visible in wild type but are undetectabl@inmid. Scale bar

in D: 5um for A-D.

wild-type

This suggests that inrumid mutant, division of GMC-1
may sometimes produce two cells with the GW fate, rather
than a single GW and EW1 cell. This 10% transformation
in cell fate to two GW cells, may account for the 7% of
hemisegments that showed no detectable EW1 cell with
Ddc immunoreactivity. Taken together, these results
both express Zzfh-1 (Fig. 3J and Table 1B). Wild-typeindicate that the differentiation of GMC-1 progeny is mostly
hemisegments and mostimB hemisegments only have one independent of Numb function, whereas Numb is essential for
Zfh-1-positive cell, the GW neuron (Fig. 3H,I and Table 1B).the differentiation of GMC-2 and GMC-3 progeny.

Table 1. Statistical analysis of molecular marker expression in the NB 7-3 lineage

Number of of immunoreactive cells/hemisegment

Antibody/stage Genotype 0 1 2 3 4 5 6 n Mean+s.e.m.
A
Eagle/stage 15 Wild type - - 2.6% 18.5% 77.5% 1.3% - 151 3.77+0.04
numb/nump 1.8% 9.9% 66.1% 22.2% - - - 171 2.09+0.05
UAS-NotchCT - 10.9% 69.6% 15.2% 4.3% - - 92 2.13+0.07
spdP109spd @104 - - - 8.8% 41.2% 38.2% 11.8% 34 4.53+0.14
UAS-P35 — - - 1.9% 41.5% 46.2% 10.3% 106 4.65+0.07
UAS-numb - - - 2.1% 56.3% 38.5% 3.1% 96 4.43+0.06
B
Zfh-1/stage 15 Wild type 20.3% 79.7% - - - - - 79  0.80+0.05
numb/nump - 90.5% 9.5% - - - - 84  1.10+0.03
UAS-NotchCT - 10.8% 89.2% - - - - 83  1.89+0.03
C
Ddc/stage 17 or third instar Wild type - 19.0% 81.0% - - - - 290 1.81+0.02
numB/numt 7.1%  89.5% 3.4% - - - - 294  0.96+0.02
UAS-NotchACT 90.3% 9.0% 0.7% - - - - 996 0.10+0.01
spdd&109spdPLo4 - - 5.2% 42.1% 47.4% 5.3% - 19 3.52+0.16
UAS-p35 1.9% 2.9% 89.4% 5.8% - - - 104 1.99+0.04
D
Corazonin/stage 17 or third instar ~ Wild type 2.8% 97.2% — - - - - 72 0.97+0.02
numb/nump 100% - - - - - - 54 0.00+0.00
UAS-NotchCT 99.7% 0.3% - - - - - 624  0.00+0.00
spdP1%9spdd104  46.7% 53.3% - - - - — 15 0.53+0.52
UAS-p35 5.0% 86.0% 9.0% - - - - 100  1.04+0.04
E
EgHacZ/stage 17 Wild type - 1.3% 36.7% 55.1% 5.7% 1.3% - 158 2.69+0.05
numB/numt 8.5%  82.3% 7.1% 2.1% - - - 141 1.03+0.04

For each genotype, hemisegments were counted for the number of NB7-3 cells that expressed the specific antigen. Theeesulisdaas a percentage of
total number of hemisegments counted and as an average number of cells per hemisegments. Abdominal segments 1-7 weialantigeds@xcept
corazonin, where wild-type expression is only found in segment&JA$-NotchCT andUAS-p35were activated bgg-gald

(A,B) Eg and Zfh-1 expression was assayed in stage 15 embryonic CNS.

(C,D) Ddc and corazonin expression was assayed in stage 17 embryonic CN$ifontthandspdd104genotypes and in third instar larval CNS for the other
three genotypes.

(E) EglacZ expression was assayed in stage 17 embryonic CNS.
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numb 1 alters the identity of the serotonergic cell in The number of Eg immunoreactive cells detectable in the
segment A8 UAS-NotchACTallele at stage 15 was variable (Fig. 3D,K; Table
In a wild-type CNS, there is a pair of serotonergic neurondA). Four percent of hemisegments showed four Eg-positive
within each hemisegment, with two exceptions: in A8, the mostells, with the normal distribution of Hb and Zfh-2 expression
posterior abdominal segment, there is a single serotonergiEig. 3D). Fifteen percent of hemisegments showed three Eg-
cell; and in T1, the most anterior thoracic segment, there isositive cells, but most hemisegments showed two Eg-positive
triplet of serotonergic cells (Fig. 4A) (Valles and White, 1988).cells (Fig. 3D). This variable number of Eg immunoreactive
We found that in anumbB mutant there is a change in the cells suggests that the NB7-3 lineage divisions occur when
identity of the A8 serotonergic cell. In a wild-type animal theNotch is ectopically expressed, but that the cells quickly follow
single cell in A8 expressed Zfh-2, indicating that it hasan alternative fate that makes them undetectable, similar to the
characteristics similar to EW2 cells (Fig. 4B). Ir -
numid mutant, there was also a single cell in A8, b Eq/ /Hb
expressed Hb similar to an EW1 cell (Fig. 4E) g

similar to the more anterior segments ofnamt}
mutant (Fig. 2B).

Examination of A8 in a wild-type embryo, at st
15, showed three Eg immunoreactive cells. Two o
cells expressed Hb and one expressed Zfh-2 (Fig
The Zfh-2 expressing cell presumably develops int
Ddc-expressing neuron. EW3 cells were not dete
with corazonin in either segments 7 or 8 (Fig. !
suggesting that GMC-3 does not form in tt
segments. These results suggest that although G
and GMC-2 both produce progeny in A8, only E
develops into a serotonergic neuron and
development of EW1 into a serotonergic neuro
suppressed.

Examination of A8 in aumi3 embryo, at stage 1
also had three Eg immunoreactive cells. Hb expre
was unaltered in two of the cells, but Zfh-2 expres
was dramatically reduced in the third (Fig. 4F). Ti
results suggest that the loss of Numb function ir
prevents EW2 from developing into a mal
serotonergic cell, just as it does in the more ant
segments. Furthermore, the loss of Numb fun
apparently induces GMC-1 to produce a
expressing cell in A8 when it normally would not. 1
suggests that the EW1 fate is a default state i
hemisegments of aumid mutant.

wild-type

UAS-N A€

Fig. 3.CNS phenotypes of stage
15 embryos. (A-G) Embryos were
immunostained for Eg (red), Zfh-2
(green) and Hb (blue). (A) A wild-
type segment showing the four
NB7-3 progeny. 1, 2, 3 and GW
label the EW1, EW2, EW3 and
GW neurons, respectively. M
indicates the midline.

(B) Segments fromumbd mutant
embryos show an absence of EW2
and EW3 neurons, only Hb-
positive neurons remain (EW1 and
GW). (C) Twenty-two percent of

Ectopic expression of  Notch disrupts the
differentiation of NB7-3 progeny

As Numb has previously been shown to inhibit N
signaling, we next asked whether ectopic expressi
Notch within the NB7-3 lineage would produce
similar phenotype to thenumB mutant. Ectopi
expression of Notch was achieved using the UAS/ numb hemisegments have three
system (Brand and Perrimon, 1993), where Eg-positive cells. The third cell
expression of &/AS-NotchCTtransgene was driven by expresses Zfh-2 at reduced levels relative to wild typeU@ES-NotchCT: eg-
aneg-galdtransgene. The extracellular domain of Notclyal4 embryos shows a variable pattern, some hemisegments are identical to the
is absent in th&lotcH*T allele, thus this allele provides wild-type pattern and some hemisegments having a reduced number of Eg-
constitutive Notch activity (Doherty et al., 1996). Inpositive cells. (E-G) Hemisegments frapdd>104 UAS-numb:eg-gal4 and
UAS-NotcACT embryos and larvae, very few Ddc- andeg-gal4/UAS-p3&mbryos show a similar phenotype of five to six Eg-positive
corazonin-containing cells were detected (Fig. 5C arf@!!s: The ectopic cells express Zfh-2. (H-K) Embryos were immunostained
Table 1C,D). This phenotype is extremely penetra \enth Eg (red) and Zfh-1 (gregn). (H) AW|_Id-type segment showing the four
most CNS show no serotonergic or corazoni ]%7-3 progeny and expression of Zfh-1 in the GW neuron. _

. - . ) Hemisegments fromumid mutant embryos show that the expression of
Conta'r.“”g cells, the examp_le presented in Fig. 5C is -1 in GW is unaltered. J shows an example wfi@B hemisegment were
exception. Some of these flies actually eclosed as aduffgi remaining cells express zfh-1, indicating a transformation of EW1 to a
but died within several days. This phenotype is similaty cell fate. (K)UAS-Notch: eg-galémbryos show a variable number of
to numb in that EW2 and EW3 are undetectable, but igells similar to D and two Zfh-1 staining cells indicating a transformation of
different in that EWL1 is also undetectable. EW1 to a GW cell fate. Scale bar in Juf®.

UAS-P35 UAS-numb spdoG’”_"_
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wild-type numb’ of EW1, EW2 and EW3. As the previous results show that
Numb is required for the development of EW2 and EWS3,
Numb is most probably responsible for repressing Notch
signaling in EW2 and EW3. However, as the effect ofiamd
mutation on EW1 development is minor, some additional
mechanism must be primarily responsible for repressing Notch
signaling in EW1.

Ddc sanpodo 194 produces ectopic Ddc cells and can

rescue the numb 1 mutant phenotype

Because the ectopic expression of Notch produced a phenotype
that inhibited development of the NB7-3 lineage, we next
investigated the phenotype associated with a losslai€h
function in the NB7-3 lineage. To produce a lossNatch
function we used a mutant allele ggnpodo(spdg. spdohas
been reported to be a tropomodulin-like molecule (Dye et al.,
1998) but its functional capacity has not yet been shown.
Previous experiments indicate thapdo mimics loss-of-
function Notch mutations (Buescher et al., 1998; Dye et al.,
1998; Park et al., 1998; Skeath and Doe, 1998; Ward and
Skeath, 2000). It is advantageous to usspeo mutation,
instead of aNotch mutation, becausspdois not involved in
Notch-mediated lateral inhibition during early neurogenesis
and thus does not have the severe morphological defects of a
Notchembryo (Salzberg et al., 1997).

In a homozygouspdd*1%mutant embryo at stage 15, 50%
of the hemisegments had one or two ectopic cells
immunoreactive for Eg (Fig. 3E and Table 1A). The additional
cells were also immunoreactive for Zfh-2 suggesting that they
_ _ ) ) ) are derivatives of GMC-2 or GMC-3. After stage 16 the
Fig. 4. Comparison of serotonergic cells in segment A8 from wild- homozygousspdd®104 mutant CNS became quite fragile and

type anchumid mutant embryos. (A,D) Ddc immunoreactivity of &ifﬁcult to dissect, nevertheless we were able to isolate

stage 17 embryos showing the entire ventral cord and demonstratin 104
that A8 cells are not absentnomid embryos. T1-T3 are thoracic agments of stage 17 CNS_ frospdd® . mutants. These
segments. A1-A8 are abdominal segments. E is the embryonic CNS showed random ectopic expression of Ddc cells and

posterior Ddc cluster that is only visible during embryogenesis. ~ altered morphology. In the position of the NB7-3 lineage the
(B,E) A magnification of A8 from the same CNS as in A,D, showing thoracic clusters showed numerous Ddc immunoreactive cells
immunoreactivity of Ddc (red), Zfh-2 (green) and Hb (blue). The  (Fig. 5D), and there were three to five Ddc immunoreactive
single Ddc-expressing cell in A8 shows Zfh-2 expression in wild-  cells in each abdominal cluster (Fig. 5E and Table 1C). These
type and Hb expression iumb embryos. (C,F) Stage 15 embryos  clusters of Ddc-expressing cells showed two cells that were
immunostained with Eg (red), Zfh-2 (green) and Hb (blue). (C) A immunoreactive for Hb, with the remaining cells expressing
wild-type A8 hemisegment shows three Eg cells, two are Hb positive ¢, o (Fig. 5F). A wild-type CNS has only one Ddc cell that

and one is Zfh-2 positive. (D) Aumid A8 hemisegment shows that . ; irs{hes104
Eg and Hb expression are unaltered, but Zfh-2 expression is reduce. presses Hb (Fig. 1D), suggesting that i mutant

o . i ere is a transformation in cell fate such that, GMC-1
(S;‘Cg_le bars: in D, 15m for AD: in E, 10um for B,E;in F, 4m for produces two EW1 cells, rather than a single EW1 cell
and the GW cell. Corazonin immunoreactivity was poorly
developed in spdd&104 mutants, only 50% of the
hemisegments had a corazonin-immunoreactive cell (Table
numid phenotype. Interestingly, 89% of tH#AS-NotchCT  1D) and there was no evidence of ectopic corazonin-
hemisegments had two cells that were immunoreactive for Zfteontaining cells. This phenotype of ectopic Ddc cells in
1 (Fig. 3K and Table 1B). This suggests that most EW1 cellspdd194is opposite to the absence of Ddc cells observed in
were converted to a GW cell fate in th#AS-NotcA€T  numb and UAS-NotcACT phenotypes.
genotype. This would explain the inability to detect EW1 cells We then asked whether tepd¢®194 allele could rescue the
with Ddc immunoreactivity (Fig. 5C). This transformation in numB mutant phenotype. Because tedd104 homozygous
cell fate is similar to the 10% of hemisegments innbnd  phenotype is so severe, we attempted the rescue with just one
mutant that had two Zfh-1-positive cells. Therefore in bothcopy of thespdd?104 allele. Thespdd?194 heterozygote alone
the numid and UAS-NotcACT genotypes, the number of showed a phenotype that was similar to wild-type at stage 17
hemisegments that have no detectable Ddc immunoreactivifiig. 5G). When thespd$194 allele was combined with the
is proportional to the number of hemisegments that show twhomozygousiumbB mutation we found evidence that EW2 and
Zfh-1 immunoreactive cells (Table 1B-C). EW3 were partially rescued. 23% of hemisegments showed both
These results suggest that Notch signaling must bEW1 and EW2 Ddc neurons and 7% of hemisegments showed
inactivated within the NB7-3 lineage for normal developmentn EW3 corazonin-containing neuron (Fig. 5H; Table 2). This is

Ddc
Hb
Eg

Hb
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Fig. 5.Numb/Notch regulation of NB? wild-type numb? UAS-NACT
3 development. All panels with the .

exception of F show segments of the
ventral cord immunostained for Ddc
(red) and corazonin (green). (A) The
wild-type larval pattern shows that
corazonin is not expressed in segme
A7 and A8. (B)numbB mutant embryo:
show the absence of EW2 and EW3.
(C) TheUAS-Notch: eg-galfarval
pattern shows the absence of EW1,
EW?2 and EW3. (D-F¥pdd&104mutant
embryos show ectopic Ddc-expressil
cells, D is a thoracic hemisegment ai
E shows abdominal segments. (F) A
spd&1%4mutant embryo
immunostained for Ddc (red), Zfh-2
(green) and Hb (blue), shows two Dc
cells immunoreactive for Hb and thre
Ddc cells immunoreactive for Zfh-2.
(G) A spdd*104heterozygous embryo
shows a pattern that is wild type but
expression of markers in EW2 and
EWS3 is incomplete at this stage.

(H) numB/numb:spd&1%9+ embryos
show rescue of theumt mutant
phenotype. Arrows indicate
hemisegments that have two Ddc-
expressing cells, arrowheads indicat
hemisegments with no Ddc-expressil
cells (indicative of theumb
phenotype) and asterisks mark the
midline dopamine cells. E and L
indicate whether the image is from a stage 17 embryo or third instar larva, respectively. M indicates the midline. $cBlelbamifor
B,G,H; in C, 15um for A,C; in D, 10um for D; in F is 3um for F; in E, 1Qum for E.

a substantial increase over the number of hemisegments in th@tch-mediated apoptosis in the NB7-3 lineage
numid mutant that have a wild-type pattern of EW neurons. Th@revious studies with the apoptosis deficient H&9 have
ability of spdo to rescue thenumi@ mutant phenotype shown that supernumerary Eg cells were produced within the
demonstrates thatpdois epistatic tonumb, which has been NB7-3 lineage (Isshiki et al., 2001; Novotny et al., 2002). This
demonstrated in other lineages (Dye et al., 1998; Skeath anelsult suggests that there are cells within the NB7-3 lineage
Doe, 1998; Ward and Skeath, 2000). These results imply that theat undergo apoptosis. The ectopic NB7-3 progeny we
function of Numb in the NB7-3 lineage is to inactivate Notchobserve by inhibiting Notch signaling wigpd&104andUAS-
signaling during differentiation of EW2 and EW3 neurons. Numbmight be due to an inhibition of apoptosis and the rescue
We next asked whether ectopic expression of Numb wouldf cells in the NB7-3 lineage that normally undergo apoptosis.
be sufficient to inhibit Notch signaling and produce aConversely, the loss of NB7-3 progeny we observe by
phenotype similar to thepd#1%4mutation. Ectopic expression enhancing Notch signaling withumi or UAS-NotchCT,
of Numb was achieved usindAS-Numliransgene driven by might be due to Notch-mediated apoptosis.
aneg-galdtransgene. At stage 18AS-Numbeg-galdembryos To test this hypothesis, we first examined the NB7-3 lineage
had one or two ectopic cells immunoreactive for Eg in 42% ofor apoptosis using TUNEL analysis, which measures DNA
the hemisegments, similar to tepdd>1%4phenotype (Fig. 3F fragmentation, a hallmark of programmed cell death. In wild-
and Table 1A). However, at stage 17, we did not detect artype embryos we examined the occasional hemisegments that
ectopic Ddc or corazonin-containing cells using severahad five immunoreactive Eg cells rather than the standard four
different gal4 drivers to activatdAS-Numlifdata not shown). Eg cells. In these hemisegments we found that the extra Eg-
Although UAS-Numbis sufficient to produce ectopic NB7-3 positive cell undergoes apoptosis (Fig. 6A,A his indicates
cells at stage 15, it is apparently insufficient to induce terminghat during the mitotic divisions of the NB7-3 lineage some
differentiation of Ddc and corazonin-containing neuronscells are eliminated by apoptosis. iomi3 mutant embryos,
Taken together, the results presented thus far show thak examined the hemisegments that had three immunoreactive
inhibiting Notch signaling with eithespdd®194or UAS-Numb  Eg cells and found that the cell, which we previously showed
produces ectopic cells in the NB7-3 lineage, whereato be Zfh-2 positive (Fig. 3C), underwent apoptosis (Fig. 6B).
enhancing Notch signaling with eitheumid or UAS-NotchCT  We also found a small fraction nfimd hemisegments where
alters the fate of NB7-3 progeny so that they becoméhe EW1 and GW neurons were apoptotic (Fig. 6C). It is likely
undetectable with several different molecular markers. that these hemisegments correspond to the 7%uafld
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eventually undergo apoptosis. This would explain the lack of
ectopic Ddc and corazonin-containing cells in stag&JA%-
Numb embryos. Taken together, the results of our TUNEL
analysis shows that apoptosis occurs in the wild-type NB7-3
lineage and that novel apoptosis can be induced by either a loss
of numbfunction or the ectopic expressionbtch

We next addressed whether inhibition of apoptosis could
produce ectopic Ddc and corazonin-containing neurons. We
first examined the apoptosis deficient 1iH89 (White et al.,
1994), which had previously been shown to produce ectopic
NB7-3 cells at stage 15 (Isshiki et al., 2001; Novotny et al.,
2002). We found tha99 mutant embryos showed a wild-type
pattern of expression for Ddc and corazonin at stage 17 (data
not shown). Apparently, the extra cells produced at stage 15 in
H99 mutants are unable to mature into Ddc- and corazonin-
containing neurons. Therefore, we tried another approach and
examined the effect of ectopic expression of the apoptosis
inhibitor, p35. Ectopic expression of p35 was achieved using a
UAS-p35transgene driven by agg-galdtransgene. At stage
15, UAS-p3%eg-gald embryos produced ectopic Eg cells in
56% of all hemisegments (Fig. 3G; Table 1A). This phenotype
is similar toH99 (Isshiki et al., 2001; Novotny et al., 2002),
spdd>104 and UAS-Numbembryos (Fig. 3E-G; Table 1A). At
stage 17\UAS-p35/eg-galémbryos produced a pattern of Ddc
and corazonin immunoreactivity that was mostly wild-type
with occasional ectopic cells (Fig. 7A,D; Table 1C,D). Two
corazonin-containing cells were found in 9% of the
hemisegments instead of the normal one per hemisegment (Fig.
7A). Corazonin-containing cells were also found in A7, where
corazonin is normally not expressed (data not shown). Triplets
of Ddc-expressing cells were observed in 6% of the
hemisegments (Fig. 7D). These ectopic cells suggest that p35
can, to a limited degree, rescue cells of the NB7-3 lineage that
would normally undergo apoptosis.

We next examined whether ectopic expression of p35 could
rescue thenumtB mutant phenotype. We found partial rescue

Fig. 6. TUNEL analysis of
apoptosis in the NB7-3
lineage. Stage 15 embryc
were immunostained for
TUNEL (green), Eg (red)
and Hb (blue). All panels
are arranged with anterio
at the top and the midline
towards the right. (A-A A
wild-type hemisegment
showing an extra NB7-3
Eg cell that is apoptotic.
(B) A numi hemisegmen
showing three Eg cells; tt
two GMC-1 progeny and
an apoptotic cell. (C) A
numid hemisegment
showing apoptosis of the
two GMC-1 progeny, thes
cells are immunostained
for all three labels.

(D-D') A UAS-
NotcH\CT.eg-gal4
hemisegment showing fol
Eg cells; the two GMC-1
progeny and two apoptoti
cells. (E-E) A UAS-
NotcH\CT.eg-gal4
hemisegment showing si>
cells; the two GMC-1
progeny and four closely
associated cells that are
apoptotic and appear as
mitotic pairs. Only one of
the apoptotic cells
maintains Eg expression.
(F-F) A UAS-numb:eg-
gald hemisegment showir

wild-type

numb'

— UAS-N ACT

UAS-numb

six Eg cells; the two GMC- of the numB phenotype (Fig. 7B); 28% of hemisegments
1 progeny and paired GMC-2 and GMC-3 progeny (outlined). Only showed at least two Ddc neurons and 34% of hemisegments
one cell in this hemisegment is apoptotic. Scale bpm5 showed at least one corazonin-containing neuron (Table 2).

Interestingly, A8 showed two Ddc cells (Fig. 7B), presumably

the EW1 cell was present due to themld mutation and the
hemisegments that have no detectable Ddc neurons at stageEM72 cell was rescued with p35. As themld phenotype can
(Table 1C and Fig. 2D, Fig. 4D). Thus, a losswibfunction  be rescued both by the inhibition of apoptosis with p35 and by
initiates novel apoptosis within the NB7-3 lineage. the inhibiton of Notch signaling withspdd104 we

The UAS-NotchCT.eg-gal4 mutant also induced apoptosis hypothesize that in a wild-type animal Numb inhibits both

within the NB7-3 lineage. Fig. 6D;Bhow a hemisegment in Notch signaling and apoptosis in the NB7-3 lineage.
which two Eg cells, that were not GMC-1 progeny, were To test directly if Notch signaling induces apoptosis within
TUNEL positive. Fig. 6E,Eshows a hemisegment that had thethe NB7-3 lineage, we examined whether inhibiting apoptosis
two GMC-1 progeny and four closely associated TUNEL-with ectopic expression of p35 would rescue the phenotype
positive cells. The four TUNEL cells are arranged in distinciproduced by the ectopic expressiomNattich When botHJAS-
pairs, suggesting they are mitotic siblings. These cells are mgs35 and UAS-NotchCT were expressed simultaneously with
likely the GMC-2 and GMC-3 progeny. One of the foureg-gal4 p35 was able to protect cells from Notch-induced
TUNEL cells is marked with Eg immunoreactivity, presumablyapoptosis (Fig. 7C). However, only 18%(46) of larval CNS
apoptosis in the other three cells has either prevented showed the rescued phenotype depicted in Fig. 7C, the
eliminated Eg expression. We did not find evidence ofmajority of CNS appeared identical to th#éAS-NotchCT
apoptosis in GMC-1 progeny 0dAS-NotcACT embryos. phenotype alone (Fig. 5C). Of the larval CNS that showed
Interestingly, we also found apoptosisUWAS-Numb:eg-gal4 rescue there were no patterns of partial expression (Table 2),
embryos. Fig. 6FFshow aUAS-Numkhemisegment that had all hemisegments showed the wild-type number of Ddc- and
six cells immunoreactive for Eg, where one of the GMC-2/Zorazonin-expressing cells with occasional ectopic cells. This
progeny is apoptotic. Apparently, expressionUfS-Numb  all-or-nothing phenotype suggests that there is some global
initially allows the recovery of ectopic Eg cells, but these cellsrigger that determines whethHdAS-NotchACTor UAS-p35will
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Fig. 7.Notchmediated apoptosis in the
NB7-3 lineage. (A-D) Abdominal segments
of the ventral cord showing

immunoreactivity of Ddc (red) and

corazonin (green). E and L indicate whether
the image is from a stage 17 embryo or a
larva, respectively. M indicates the midline.
(A) A eg-gal4/UAS-p3%hird instar larval
nerve cord shows a wild-type pattern of cells
plus ectopic corazonin-containing cells
marked with arrowheads. (B) A
numid/numid.eg-gal4/UAS-p3&mbryos

show evidence that p35 can rescue the
numi mutant phenotype. Arrows indicate
hemisegments that have two Ddc-expressing
cells, and the arrowheads marks a
hemisegment with ectopic corazonin-
containing cells. A8 shows two Ddc-
expressing cells. (C) NAS-NotchCT/+:eg-
gal4/UAS-p35hird instar larval nerve cord
has a pattern identical to wild type. (D) A
en-gald/+:UAS-p35/4third instar larval
CNS shows two abdominal hemisegments
with triplets of Ddc-expressing cells.

(E-E) An entirespdd+ first instar larval
CNS showing overproliferation of Ddc
expressing cells.'Es a DIC image of the
same CNS as in E, showing the top surface
and a protrusion that matches the largest
area of cell proliferation in E. Scale bars: in
C, 15um for A-C; in D, 5um for D; in E,
30um for E,E.

Ddc/

Table 2. Quantification of rescue experiments Our results suggest that Notch-induced apoptosis is an
% of hemisegments essential mechanism for regulating cell fates within the CNS.
(actual number) In support of this hypothesis, we observed in heterozygous

Ddc Corazonin spdd*104 larval CNS, tumor-like overproliferation of Ddc-

Genotype (EW1 + EW2) (EW3) expressing cells that protrude from the surface (Fig. 'JE,E
numbB/numb: 3.4 (294) 0 (54) These areas of cell growth appeared in random positions
numbB/numB : spd#104+ 23 (244) 7 (244) throughout the CNS and varied in size and frequency. Ten
Biﬂ;%lga& 1eUASar|Jf/fl/eg-gal4 02$ Egg%) 03431 ég;% percent of the CNS showed regions of cell proliferation as large
UAS-NCT/+ - eg-ga|4/UASp35 97 (64) 38 (54) as those in Fig. 7F and another 30% of the CNS showed smaller

foci of cell proliferation. We do not know the origin of these
For each genotype, abdominal hemisegments were counted for the numb&ells, but because we have seen overproliferation in the brain
of NB7-3 cells that had at least two Ddc-expressing cells and at least one  |[obes they cannot originate exclusively from the NB7-3
corazonin cell. The results are presented as a percentage of total number Oflineages. They may not even originate from Ddc-expressing
hemisegments counted. Stage 17 embryos were analyzed in the rescue of th. : : . . e
numb phenotype. Third instar larvae were analyzed in the rescue bftfe Iﬁ’leages, as induction of D(.jc expression is a characteristic .Of
NotcHCT phenotype. Th&JAS-NotchCT/+:eg-gal4/UASp35enotype human s_mall-cell lung carcinomas (Bepl_er et al., 1987). This
produces two distinct CNS phenotypes, those that show rescue and those trabservation that a reduction in Notch signaling can promote
look like UAS-NotcHCT phenotype. Only the fraction of CNS that showed abnormal cell growth, suggests that Notch-induced apoptosis
evidence of rescue were counted. may have an important role in preventing overproliferation of

cells during CNS development.

have the dominant effect on development of the NB7-3 lineage.

Whenen-galdwas used to drive expression of both transgene®)ISCUSSION

100% 6=14) of larval CNS showed the rescued wild-type

pattern. eg expression fades during late embryogenesisThe results of this study demonstrate that the intercellular
whereasnexpression persists into larval stages. Therefore thHotch signaling pathway can be modulated during terminal
extended expression eh-gal4may maintain sufficient levels divisions of the CNS to direct a choice between neuronal
of p35 to prevent apoptosis, whereas declining expression development and programmed cell death. Fig. 8 summarizes
eg-gald may cause levels of p35 to drop such that Notcheur results and presents a model of how Numb/Notch signaling
induced apoptosis predominates. may be used to specify cell fates in the NB7-3 lineage.
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“IN] Serotonin found in the more anterior segments. In a wild-type fly, this
=== Neuron cell appears to be a derivative of GMC-2, because it expresses
: Zfh-2, but in anumB mutant, this cell appears to be a
derivative of GMC-1, because it expresses Hb. A single
@ r—p Hb/Ddc-expressing cell in A8 is identical to the phenotype in
the more anterior segments ohamB mutant. This suggests
that in a numBd mutant an EW1 cell is the default

N p Serotonin developmental pathway for this lineage. One possibility is that
Neuron the redundant Notch-inactivating mechanism we proposed for

K
- > < EW1 is only induced in the presence aftanbmutation. This
@ e ADOPIOSS would explain why the A8 EW1 cell is only seen in thanb

Motor
Neuron

Hb

mutant and not in a wild-type animal. If this were true, then
the preservation of EW1 cells imambmutant would be due
~TN| . to the mutation itself. Until a putative redundant factor is
- leUTON identified itis _|mp055|ble_to deterr_nlne whether it is e_xpressed
normally in wild-type animals or is expressed onlynimb

< N mutant animals.

@ sl APOPLOSIS Like GMC-1, most GMCs divide producing two progeny
cells. However, GMC-2 and GMC-3 of the NB7-3 lineage only

produce one neuron. It has previously been suggested that the

mitotic sisters of EW2 and EW3 may undergo apoptosis

(Isshiki et al., 2001; Novotny et al., 2002). This idea is

supported by our detection of apoptotic cells with TUNEL in

only one daughter cell receiving Numb protein. Daughter cells that the Wlld.-ty.pe_N.B7-3 Ilneag.e and our eXpe”ment.S with the

receive Numb inactivate Notch signaling, which leads to a neuronal apoptos!s |nh|b|t.o'r p35, which can .produce ectopic Ddc and

cell fate. The broken green line in EW1 indicates that Numb is not aROrazonin-containing cells. The origin of the ectopic cells
absolute requirement for this cell fate. In the progeny that do not ~ Within NB 7-3 has not been formally determined by lineage
receive Numb, Notch signaling is maintained. In GMC-1 progeny, tracing; however, the hypothesis that they are mitotic sisters of

Notch signaling induces the differentiation of the GW motoneuron. EW2 and EW3 is supported by the observations that GMC-2

In GMC-2 and GMC-3 progeny, Notch signaling activates apoptosisand GMC-3 progeny often appear as mitotic pairs (Fig. 6E,F)

Previous work has shown that Hb is necessary for development of thg\d that ectopic NB7-3 cells are immunoreactive for Zfh-2

GMC-1 lineage and that Kr is necessary for development of the (Fig. 3E-G).

GMC-2 lineage (Isshiki et al., 2001; Novotny et al., 2002). During the divisions of GMC-2 and GMC-3, genetic
alterations in the expression of Notch leads to a switching
between a neuronal cell fate and apoptosis. A reduction of

The division of GMC-1 produces two distinct neuronal cellNotch signaling with eithespdd194 or UAS-Numbembryos
fates: the EW1 interneuron and the GW motoneuron. In thiproduces ectopic NB7-3 cells that express Zfh-2. Conversely,
division, genetic alteration in the expressiorNaitchleads to  the overexpression of Notch in eitHéAS-NotcACT or numb
switching between these two cell fates. A loss of Notch activitgmbryos led to an increase in TUNEL labeling of GMC-2 and
in spdomutants leads to two Ddc/Hb-expressing EW1 cells andEMC-3 progeny. Additionally, inhibiting apoptosis withAS-

the overexpression of Notch leads to two Zfh-1 expressing GW35 or reducing Notch activity witlspdd194 can rescue the

cells. Therefore, Notch signaling must be inactivated duringquumb phenotype. We hypothesize that during the divisions of

development of the EW1 neuron. Numb appears to have a minGMC-2 and GMC-3, Numb partitions asymmetrically into

role in this inactivation. In anumd mutant, 7% of the EW2 and EW3 where it inactivates Notch signaling and leads
hemisegments do not develop an EW1 neuron, and a similes neuronal development. The mitotic sisters of EW2 and EW3
number ofnumB hemisegments show two Zfh-1-expressingdo not receive Numb, maintain Notch signaling and undergo

GW cells. This transformation from an EW1 cell fate to a GWapoptosis. The difficulty in detecting wild-type hemisegments

cell fate is what one would expect if Numb were inhibitingthat have more than four immunoreactive Eg cells, suggests

Notch. However, most EW1 neurons develop normally in d@hat any other cells produced during divisions of the NB7-3

numb mutant and do not convert to the GW cell fate. Therefordjneage quickly undergo apoptosis.

inactivation of Notch signaling in EW1 is mostly independent Ectopic Eg cells in the NB7-3 lineage can be induced at

of Numb function. One possible explanation is that EW1 has stage 15 byH99 (Isshiki et al., 2001; Novotny et al., 2002),

factor that is redundant for Numb function, which can inhibitUAS-Numbspdd&194andUAS-p35(Fig. 3E-G). However, the

Notch signaling and is capable of masking the effectoiald  ability of these alleles to produce ectopic Ddc and corazonin-

mutation in most hemisegments. The unique expression of Hibntaining neurons at later stages is variable. We were unable

in GMC-1 progeny could be responsible for establishing thiso detect significant ectopic Ddc or corazonin-containing cells
redundancy. However, if a redundant Numb-like factor doem eitherH99 or UAS-NumbCNS. We have shown fddAS-
exist, it is insufficient to protect EW1 during expression of theNumbthat the ectopic Eg cells detected at stage 15 can undergo

UAS-NotchCT transgene. apoptosis spdd>104 mutants produce only ectopic Ddc cells,

The A8 segment is unique in that it only has a singldut the reduction in the number of corazonin-containing cells
serotonergic neuron instead of the pair of serotonergic neuroirs general suggests that either GMC-3 does not consistently

._. Numb @ Inactivated Notch O Notch Signaling

Fig. 8. Specification of NB7-3 cell fates by Numb/Notch signaling.
GMC terminal divisions in the NB7-3 lineage are asymmetric, with
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form in these mutants or that GMC-3 progeny may convennidline dopamine cells, but further investigation into the
from a corazonin-containing cell fate to a serotonergic cell fatesignificance and whether apoptosis is involved in this lineage
UAS-p35mutants produce both ectopic Ddc and corazoninwill require lineage analysis to determine the origin of the
containing cells at low frequency, but the allele is much morenidline dopamine cells. Neitheg (Fig. 2C) noren(Lundell et
efficient at rescuing the EW neuronsnamb andUAS-Notch  al., 1996) is expressed in midline dopamine cells. As the UAS
mutants. Therefore, apoptosis is harder to reverse in cells thateles in this paper were induced with eitbgrgaldor en-gal4
normally undergo apoptosis, than in the cells geneticallghe phenotype of dopamine cells in these experiments was not
induced to undergo apoptosis. The ability of these variouaffected by these genetic backgrounds.

alleles to produce ectopic Ddc- and corazonin-containing cells

could be influenced by mutant affects they cause outside theThis work was supported by NIH grant RR 13646 to M.J.L. and a
NB7-3 lineage or may reflect different roles they have in théllH MBRS Rise Fellowship GM 60655 to E.P. We thank J. Urban,
apoptotic pathway. The mechanism by which Notch induce§- Tlfc“”au' Cf Doe, Y. N. Ja}[‘ f‘?”d K. a"atthewsho‘( :(he Bloogn'”gtg‘”
apoptosi i the NE7-3 ineage remains to be determined, bk CEM'S [ Provisen of 1y socke, e bank , Liban, .
the apoptotic genereaper, grim and hid may be involved

. provision of antibodies. We thank J. Sunter for helping with the DIC
because all three of these genes are deleted iH3Ballele image. We thank R. Karcavich and C. Doe for communicating

(White et al., 1994). o . . unpublished results, and E. Wheeler and C. Cronmiller for their

Notch-induced apoptosis in the NB7-3 lineage will probablycomments on the manuscript.
be regulated by other factors in addition to Numb. The Ras
signaling pathway has been shown to inhibit Notch-induced
apoptosis in thérosophila pupal retina (Cagan and Ready, REFERENCES
1989). Wingless has been shown to mediate Notch signaling
(Axelrod et al.. 1996: Brennan et al.. 1999: Wesley 1990Abrams, J. M., White, K., Fessler, L. |. and Steller, H(1993). Programmed

’ ', : " ; " .'_cell death durinddrosophilaembryogenesidDevelopmeni17, 29-43.

Lawre.nce et al., 2001; Ramain et al., 200.1) and mUtat.lonS Iﬂtavanis-Tsakonas, S., Rand, M. D. and Lake, R. J(1999). Notch
the Wingless pathway can lead to ectopic serotonergic cellSsignaling: cell fate control and signal integration in developnftience
(Patel et al., 1989). It will be a challenge to determine how 284 770-776.
these different signaling pathways interact to specify apoptosfelrod, J. D., Matsuno, K., Artanavanis-Taskonas, S. and Perrimon, N.
within the NB7-3 Iineage. (1996). Interaction between Wingless and Notch signaling pathways

Th lik . f Dd . I mediated by Dishevelle&cience271, 1826-1832.

€ tL_Jmor' ke expanSIOrllO40 c-expressing cells WeBepIer, G., Jaques, G., Koehler, A., Gropp, C. and Havemann, K1987).
observe in heterozygomd& larvae suggests that Notch-  Markers and characteristics of human SCLC cell lines. Neuroendocrine
induced apoptosis may be essential for regulating cell markers, classical tumor markers, and chromosomal characteristics of
proliferation. Thisspdo phenotype is reminiscent of three %iT;‘]’“]‘i%t Puman smal cell lung cancer cell fiiesCancer Res. Clin
tumor'SUppr_essor ge_neﬁscs Iarge(dlg), lethal gla_mt larvae Berdnik, D., Torok, T., Gonzalez-Gaitan, M. and Knoblich, J. A.(2002).
(Igl) andscribble (scrib), which produce tumors in the CNS  The endocytic proteina-Adaptin is required for Numb-mediated
and imaginal disks (Gateff, 1978; Manfruelli et al., 1996; asymmetric cell division iDrosophila. Dev. CelB, 221-231.
Woods et al., 1996; Bilder et al., 2000)_ Interestingly, thes@ilder, D., Li, M. and Perrimon, N. (2000). Cooperative regulation of cell
three genes work in a common pathway that regulates Ce”polarity and growth byDrosophilatumor suppressorsScience289, 113-
pOIa”_tyv 'and_lgl and dlg have been shown to b_e essent'?" forBossir;g, T., Technau, G. M. and Doe, C. 1996).huckebeinis required
the distribution of Numb and other asymmetric determinants for glial development and axon pathfinding in the neuroblast 1-1 and
(Ohshiro et al., 2000; Peng et al., 2000). Further investigation neuroblast 2-2 lineages in tfi&osophila central nervous systeriech.
will be necessary to determine sipdo s part of this same Brgr?(;/.sAE)y I—5|3a?1£(11 Perrimon, N.(1993). Targeted gene expression as a means
“?eCh"?‘”'sm and exaCtly h_O\Elde mUta.mS. inhibit Notch ofaftering cell fates and é]enerating dominant phenotypmgelopment 18,
signaling. Spdo expression is ubiquitous throughout 401.415.
embryogenesis and persists through the larval stages and im@nnan, K., Tateson, R., Lewis, K. and Arias, A. M(1999). The Abruptex

adults (Dye et al., 1998). If apdo mutation can alter the  mutations of Notch disrupt the establishment of proneural clusters in

; Drosophila Dev. Biol.216, 230-242.
response of the Notch receptor to environmental cues thgrtody, T. and Odenwald, W. F.(2002). Cellular diversity in the developing

'ndu,(?e apOPtOS'S’ one would expect to see overpm“ferat'on M phervous system: a temporal view fr@rosophila. Developmerit29, 3763-
additional tissues. 3770.

Finally, although not discussed explicitly, our figuresBuescher, M., Yeo, S. L., Udolph, G., Zavortink, M., Yang, X., Tear, G.
demonstrate that Numb/Notch signaling  also affects 3% “HG, TLV T SREN B8 Ho O R onstochasic and require
deveIOp.ment of the midline d_opamlner_glc cells. The eXpr_eSSIOH inscuteable-mediated asymmetry of ganglion mother cgéésies Devl2,
of Ddc is essential to the biosynthesis of both serotonin andgsg-1g70.
dopamine. In the images presented, anti-Ddc antibody detectsgan, R. L. and Ready, D. K1989).Notchis required for successive cell
not only the serotonergic neurons, but also midline dopamine decisions in the developirigrosophilaretina. Genes Dev3, 1099-1112.
neurons. As a consequence of using Ddc as a marker for th@youette, M. and Raff, M. (2002). Asymmetric segregation of Numb: a

in i b f ob . Id b d mechanism for neural specification frobrosophilato mammals.Nat.
serotonin lineage, a number of observations cou € Madeyeyroscis, 1265-1269.
about the development of midline dopamine cells. We foungeitos, M. L., He, Y. W., Ojala, E. W. and Bevan, M. J(1998). Correlating
that in anumB mutant very few midline dopamine cells were  Notch signaling with thymocyte maturatidmmunity9, 777-786.
detectable with Ddc (Fig. 2, Fig. 4D, Fig. 5Bpdci0émutants DG, e, BOteal, b Bt o o e neurons Indtophiia.
producg ectop|c. doPamme cells (data not ShOWF‘) and can rescu entral nerve cord depends on the combination function of the zinc finger
dopamine Ce"S_ n th_ﬂumH mutant phenotype (Fig. 5H). Thus,  proteins Eagle and HuckebeDevelopment 24, 2515-2525.
Numb/Notch signaling also has a role in the development dfoe, C. Q.(1992). The generation of neuronal diversity in Bresophila



4120 M. J. Lundell and others

embryonic central nervous system.Determinants of Neuronal Identity  Morimura, T., Goitsuka, R., Zhang, Y., Saito, |., Reth, M. and Kitamura,
pp. 119-154. New York: Academic Press. D. (2000). Cell cycle arrest and apoptosis induced by Notch 1 in B &ells.

Doherty, D., Feger, G., Younger-Shepard, S., Jan, L. Y. and Jan, Y. N. Biol. Chem275 36523-36531.

(1996). Delta is a ventral to dorsal signal complementary to Serrate, anothktlumm, J. S. and Kopan, R.(2000). Notch signaling: From the outside in.
Notch ligand, inDrosophilawing formation.Genes DeVvi10, 421-434. Dev. Biol.228 151-165.

Dye, C. A, Lee, J., Atkinson, R. C., Brewster, R., Han, P. and Bellen, H. Novotny, T., Eiselt, R. and Urban, J(2002). Hunchback is required for the
J. (1998). TheDrosophila sanpodagene controls sibling cell fate and specification of the early sublineage of neuroblast 7-3 inDilosophila
encodes a Tropomodulin homolog, an actin/tropomyosin associated protein. central nervous systerbevelopmeni29 1027-1036.

Developmeni25 1845-1856. Ohshiro, T., Yagami, T., Zhang, C. and Matsuzaki, F(2000). Role of

Frise, E., Knoblich, J. A., Younger-Shepard, S., Jan, L. Y. and Jan, Y. N. cortical tumor-supressor proteins in asymmetric divisionDafsophila
(1996). TheDrosophila Numb protein inhibits signaling of the Notch neuroblastScience408 593-596.
receptor during cell-cell interaction in the sensory organ lindzmge. Natl. Orgogozo, V., Schweisguth, F. and Bellaishe, ¥2002). Binary cell death

Acad. Sci. USA3, 11925-11932. decisions regulated by unequal partitioning of Numb at mitosis.
Gateff, E. (1978). Malignant neoplasms of genetic origin Dmosophila Developmenti29 4677-4684.

melanogasterScience200, 1448-1459. Park, M., Yaich, L. E. and Bodmer, R. (1998). Mesodermal cell fate
Goodman, C. and Doe, C(1993). Embryonic development of tBeosophila decisions inDrosophilaare under the control of the lineage genamh

central nervous system. [Fhe Development ddrosophila melanogaster Notch andsanpodoMech. Dev75, 117-126.

(ed. M. Bate and A. Martinez-Aris), pp. 1131-1206. Plainview, NY: Cold Patel, N. H., Schafer, J. B., Goodman, C. S. and Holmgren, D. R989).

Spring Harbor Laboratory Press. The role of segment polarity genes duriig@sophilaneurogenesissenes
Hartenstein, V., Rudloff, E. and Campos-Ortega, J. A(1987). The pattern Dev. 3, 890-904.

of proliferation of the neuroblasts in the wild-type embrydabsophila Pear, W. S., Aster, J. C., Scott, M. L., Hasserjian, R. P., Soffer, B., Sklar,

melanogaster. Roux’s Arch. Dev. Bitb6, 473-485. J. and Baltimore, D. (1996). Exclusive development of T cell neoplasms
Hay, B. A., Maile, R. and Rubin, G. M. (1997). P element insertion- in mice transplanted with bone marrow expressing activated Notch alleles.

dependent gene activation in theosophilaeye.Proc. Natl. Acad. Sci. USA J. Exp. Med183 2283-2291.

94, 5195-5200. Peng, C., Manning, L., Albertson, R. and Doe, C. Q2000). The tumor-
Higashijima, S., Shishido, E., Matsuzaki, M. and Saigo, K(1996). Eagle, suppressor gendgl anddlg regulate basal protein targetingDmosophila

a member of the steroid-receptor gene superfamily, is expressed in a subseteuroblastsScience408 596-599.
of neuroblasts and regulates the fate of their putative progeny in thRamain, P., Khechumain, K., Seugnet, L., Arbogast, N., Ackermann, C.

DrosophilaCNS. Developmen22, 527-536. and Heitzler, P. (2001). Novel Notch alleles reveal a Deltex-dependent
Isshiki, T., Pearson, B., Holbrook, S. and Doe, C. 2001). Drosophila pathway repressing neural fa@urr. Biol. 11, 1729-1738.
neuroblasts sequentially express transcription factors which specify thRusconi, J. C., Hays, R. and Cagan, R. L{2000). Programmed cell death
temporal identity of their neuronal proge®@ell 106, 511-521. and patterning iDrosophila Cell Death Differ.7, 1063-1070.
Jehn, B. M., Bielke, W., Pear, W. S. and Osborne, B. A1999). Protective  Salzberg, A., Prokopenko, S. N., He, Y., Tsai, P., Pal, M., Maroy, P.,
effects of Notch-1 on TCR-induced apoptogisimmunol.162, 635-638. Glover, D. M., Deak, P. and Bellen, H. J(1997). P-element insertion

Jundt, F., Anagnostopoulos, I., Forster, R., Mathas, S., Stein, H. and alleles of essential genes on the third chromosomeDmisophila
Dorken, B. (2002). Activated Notchl signaling promotes tumor cell melanogastermutations affecting embryonic PNS developm@&gnetics
proliferation and survival in Hodgkin and anaplastic large cell lymphoma. 147, 1723-1741.

Blood 99, 3398-3403. Scheer, N., Groth, A., Hans, S. and Campos-Ortega, J. A2001). An
Lawrence, N., Langdon, T., Brennan, K. and Martinez-Arias, A.(2001). instructive function for Notch in promoting gliogenesis in zebrafish retina.
Notch signaling targets Wingless responsiveness of a Ubx visceral Developmenfi28 1099-1107.
mesoderm enhancer Drosophila Curr. Biol. 11, 375-385. Schmid, A., Chiba, A. and Doe, C. Q(1999). Clonal analysis @rosophila
Lu, B., Jan, L. and Jan, Y. N.(2000). Control of cell divisions in the nervous =~ embryonic neuroblasts: neural cell types, axon projections and muscle
system: symmetry and asymmetyinu. Rev. Neuros23, 531-556. targets.Developmeni 26, 4653-4689.

Lundell, M. J. and Hirsh, J. (1992). The zfh-2 gene product is a potential Shelly, L. L., Fuchs, C. and Miele, L(1999). Notch-1 inhibits apoptosis in
regulator of neuron-specific DOPA decarboxylase gene expression in murine erythroleukemia cells and is necessary for differentiation induced by
Drosophila Dev. Biol.154, 84-94. hybrid polar compoundsl. Cell Biochem73, 164-175.

Lundell, M. J. and Hirsh, J. (1994). Regulation of the DOPA Decarboxylase Shen, Q., Zhong, W., Jan, Y. N. and Temple, $002). Asymmetric Numb
gene duringDrosophila Development. InAdvances in Developmental distribution is critical for asymmetric cell division of mouse cerebral cortical
Biochemistry Vol. 3 (ed. P. Wasserman), pp. 55-86. Greenwich, CN: JAI stem cells and neuroblasBevelopmeni29 4843-4853.

Press. Skeath, J. B. and Doe, C. Q(1998). Sanpodo and Notch act in opposition to
Lundell, M. J. and Hirsh, J. (1998).eagleis required for the specification of Numb to distinguish sibling neuron fatesDmosophilaCNS. Development

serotonin neurons and other neuroblast 7-3 progeny DrdsophilaCNS. 125 1857-1865.

Development25 463-472. Skeath, J. B. and Thor, S(2003). Genetic control ddrosophilanerve cord
Lundell, M. J., Chu-LaGraff, Q., Doe, C. Q. and Hirsh, J.(1996). The developmentCurr. Opin. Neurobiol13, 8-15.

engrailedand huckebeingenes are essential for development of serotoninSommer, L. and Rao, M.(2002). Neural stem cells and regulation of cell

neurons in thérosophilaCNS. Mol. Cell. Neurosci7, 46-81. number.Prog. Neurobiol 66, 1-18.

Lutolf, S., Radtke, F., Aguet, M., Suter, U. and Taylof, (2002). Notchlis  Talora, C., Sgroi, D. C., Crum, C. P. and Dotto, G. R2002). Specific down-
required for neuronal and glial differentiation in the cerebellum. modulation of Notchl signaling in cervical cancer cells is required for

Developmeni29 373-385. sustained HPV-E6/E7 expression and late steps of malignant transformation.
Manfruelli, P., Arquier, N., Hanratty, W. P. and Sémériva, M. (1996). The Genes Devl6, 2252-2263.

tumor suppressor genkethal(2)giant larvae (I(2)gl) is required for cell  Valles, A. M. and White, K. (1988). Serotonin-containing neurons in

shape change of epithelial cells durinDrosophila development. Drosophilamelanogaster; development and distributibnComp. Neurol.

Developmenii22 2283-2294. 268 400-413.

Maynard, T. M., Wakamatsu, Y. and Weston, J. A(2000). Cell interactions  Verdi, J. M., Bashirullah, A., Goldhawk, D. E., Kubu, C. J., Jamali, M.,
within nascent neural crest cell populations transiently promote death of Meakin, S. O. and Lipshitz, H. D.(1999). Distinct human Numb isoforms
neurogenic precursorBevelopmenti27, 4561-4572. regulate differentiation vs. proliferation in the neuronal line&gec. Natl.

McDonald, J. A. and Doe, C. Q(1997). Establishing neuroblast-specific gene  Acad. Sci. US®6, 10472-10476.
expression in th®rosophilaCNS: huckebeiris activated by Wingless and Wakamatsu, Y., Maynard, T. M., Jones, S. U. and Weston, J. A1999).

Hedgehog and repressed by Engrailed and GoosebBavglopmentl24, NUMB localizes in the basal cortex of mitotic avian neuroepithelial cells

1079-1087. and modulates neuronal differentiation by binding to NOTCNeuron23,
Miele, L. and Osborne, B(1999). Arbiter of differentiation and death: Notch ~ 71-81.

signaling meets apoptosis. Cell Physiol 181, 393-409. Ward, E. J. and Skeath, J. B.(2000). Characterization of a novel subset of

Milan, M., Perez, L. and Cohen, S. M(2002). Short-range cell interactions  cardiac cells and their progenitors in B®sophilaembryo.Development
and cell survival in thé®rosophilawing. Dev. Cell2, 797-805. 127, 4959-4969.



Numb/Notch regulation of CNS apoptosis 4121

Wesley, C. S.(1999). Notch and wingless regulate expression of cuticle Dlg protein is required for junction structure, cell polarity, and proliferation

patterning genedviol. Cell. Biol. 19, 5743-5758. control inDrosophilaepithelia.J. Cell Biol.134, 1469-1482.

White, K., Grether, M. E., Abrams, J. M., Young, L., Farrell, K. and Ye, Y. and Fortini, M. E. (1999). Apoptotic activities of wild-type and
Steller, H. (1994). Genetic control of programmed cell deatbiiosophila Alzeheimer’s disease-related presenilinsOrosophila melanogasterd.
Science264, 677-683. Cell Biol. 146, 1351-1364.

Wolff, T. and Ready, D. F.(1991). Cell death in normal and rough eye mutantsYu, S. Y., Yoo, S. J., Yang, L., Zapata, C., Srinivasan, A., Hay, B. A.
of Drosophila Developmeni13 825-839. and Baker, N. E.(2002). A pathway of signals regulating effector and initiator

Woods, D. F, Hough, C., Peel, D., Callaini, G. and Bryant, P. §1996). caspases in the developiBgosophilaeye.Development29, 3269-3278.



