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Fig. 1.(A) Schematic of En masse mating
mushroom body development .
[adapted, with permission, from Select (fl SO Fly']
Lee et al. (Lee et al., 1999)]. The
tf;ree 00|0er represent tft;ree O;n y W FRTG13, GAL4-201Y, UAS-mCD8-GFP, * X y,w, hs-FLP  FRTG13, tubP-GAL80
classes of MB neurons born at CyO. Py v, w, hs-FLP ' CyO, Ply"]

different developmental windows
as indicated. (B) Schematic of the
genetic scheme for MARCM-
based mosaic screen on
chromosome arm 2R. (C) Three
types of labeled MARCM clones
of MB neurons can be generated

Single male mating to 5 virgin females
Heat shock
Select yellow (y) wandering third instar larvae

by heatjshock Indl.JCtllon of FLP y.w,hs-FLP  FRTG13, GAL4-201Y, UAS-mCD8-GFP, * Dissect larvae and use
recombinase. If mitotic ; P fluorescence microscopy
recombination occurs in a Yory,w FRT-G13, tubP-GAL80 to visualize MBs (live)

dividing neuroblast (Nb), and if

the regenerating neuroblast loses (following mitotic recombination, the genotype in a subset of mushroom body neurons will be:

the repressor for marker y,w,hs-FLP  FRTG13, GAL4-201Y, UAS-mCD8-GFP, *
expression, a labeled neuroblast Yory,w  FRTG13, GAL4-201Y, UAS-mCD8-GFP, *
clone is generated (boxed). If the

ganglion mother cell (G) losesthe e e — — - —

repressor, a two-cell clone is

generated (not shown). If mitotic % % % ‘ s /
recombination occurs in a @ . O . . /

dividing ganglion mother cell, one

postmitotic neuronal progeny (N) /
loses the repressor resulting in a ) > > > >

single-cell clone (arrowhead). L _ .  — =

mutations were identified because of their phenotypes ioell division, cell survival or basic metabolic functions in

neuroblast clones. neuroblasts. Owing to the sheer number of such mutations
and our interest in more specific aspects of neuronal

Genes affecting cell number, membrane protein morphogenesis, we did not pursue mutations whose only

distribution and cell size detectable phenotype was reduced neuroblast clone size.

The most frequently observed phenotype was a reduction of Three mutants were initially identified because, in addition to

MB neurons in neuroblast clones. Neuroblast clones generatad severe reduction in neuroblast clone size, MB neurons
in newly hatched larvae and examined in wandering third instafisplayed little or no axonal and dendritic projections (Table 1;

larvae typically contain 150-200 neurons (Fig. 2A). FrequentlyFig. 2B). Closer examination revealed that these mutants have
(about 1 in 10 mutagenized lines), we detected neuroblaakonal and dendritic projections that appear normal, but the
clones with 50 or fewer cells. This phenotype could be due tmembrane-targeted mCD8-GFP marker, which normally labels
homozygous loss of housekeeping genes that are required feguronal cell body and axonal/dendritic processes equally well
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Fig. 2. Mutations that affect cell number, size,

and membrane protein distributions. All images

are two-dimensional projections of confocal z-
stacks showing mushroom body neuroblast

clones homozygous for wild type (Aykpt (B),
26D19(C), 29B70(D) and am%(E). MARCM

clones were induced in newly hatched larvae,

fixed and stained for a membrane-targeted
mCD8-GFP in wandering third instar larvae.

Insets in A-D are high-magnification single

confocal sections that show the details of the

cell body staining. Image in B is overexposed to
show the very weak labeling of axons and

dendrites by the mCD8-GFP marker. The long
arrow in E indicates an abnormally large cell. As the mushroom body is a three-dimensional structure, the dorsal lolreds abmeett
perpendicular to the X-Y plane because of variation in mounting (see E). In this and all subsequent figures, samples are oriented such that
dorsal is upwards and the midline is towards the right. Unless otherwise mentioned, arrowheads point to the calyx, wieddliii¢hégeld

of MB neurons. Brackets define the axonal peduncle before branching into the lobes. Horizontal and vertical arrows indicate the dorsal and
medial lobes, respectively.

Table 1. A list of mutants identified from this study exhibit abnormal concentration of the mCD8-GFP marker in
intracellular structures (Fig. 2C,D, insets), probably reflecting
defects in secretory pathways. However, the axonal and
dendritic staining was stronger than in clones homozygous for

Mutants Number of alleles Map position

Abnormal membrane marker distribution

weak processgsvkp) Three 48E-49A
Eight single hits One each N.D. wkp.

Lar I A third class of mutants exhibit abnormally large cell size in
ge cells . i . .
amazon (amz) Two 55A-55C1 labeled neuroblast clones in addition to a reduction in cell
11 single hits One each N.D. number (Table 1; Fig. 2E). Two of these mutants failed to

Spotty axons (defective axonal transport) complement deficiencies within 49C1-50D2 and each other, and
roadblock (robl) One 54B16 are likely to be mutations in the same gene, which we have
Two single hits One each N.D. named amazon (amz). Complementation tests suggest the

Abnormal axon and dendrite morphogenesis remaining mutants may be either single hits or else homozygous
roadblock (robl) One 54B16 viable. Mutations of this class might cause an increase in cell
short stop (shot) Three 50C6-12 size by affecting cytokinesis, as is the case with Rhottions
ﬂzgw%ﬁrg)m') ?ch gZeB?/_Itherials and Methods (L€€ €t al., 2000b); however, none of these mutations failed to
Kali One N.D. complementRhoA. Alternatively, they could affect genes that

regulate cell size (Conlon and Raff, 1999).

(Lee and Luo, 1999), is now concentrated in cell bodies and wé&g8adblock mutations affect axonal transport,

distributed very weakly in axons and dendrites. All threeneuroblast proliferation and dendritic branching

mutations failed to complement deficiencies that span 48E-49%/e identified three mutants that exhibit a ‘spotty axon’

and each other. Based on their nearly identical clonal phenotypplenotype: neuroblast or single-cell clones homozygous for

and the lethal complementation data, we conclude that theliese mutations have periodic swellings along their axons

represent three alleles of the same gene, which we named weaiknear the axon terminals (Fig. 3A). These defects are

processe$wkp). Wkp is likely required for efficient transport of reminiscent of mutations that affect axonal transport, such as

membrane protein into axons and dendrites. microtubule-based motor protein kinesins (Goldstein and
We also found a number of mutants (Table 1; Fig. 2C,D) thatang, 2000). We have previously shown that MB neurons
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adult : “{adult

Fig. 3.roadblock (robl) mutants affect axonal transport and neuroblast proliferation. (A,B) Neuroblast clones homozygbl¥fexamined

in wandering third instar larva (A) and in adult (B). Red staining in B represents Fasll immunoreactivity, which labels strongly the last-born
class of df neurons. The dorsal axonsroblMB neuroblast clones (green) are thereforexains, as they are not stained with Fasll. (C) Wild-

type mushroom body neuroblast clone double labeled with Fasll (red). (@)®neuroblast clone examined in wandering third instar larva.

(E) A roblZ neuroblast clone examined in adult. (F,G) Axong @éurons in adult medial lobe from single-cell clones of wild type (F)ldf

(G). Long arrows in all images indicate accumulations of intense mCD8-GFP staining most probably because of accumulation of cargoes alor
the axons. Short oblique arrow in E indicates the cell body region of this neuroblast clone.

homozygous mutant for genes encoding dynein heavy chaalleles in group W failed to complement 7A11. However, when
(Dhc64C) exhibit similar axon swellings (Liu et al., 2000).recombined with FRTG13, they did not exhibit a clonal
Similar phenotypes were also seen in MB neuronphenotype in MB neurons. Within 54C1-4, we fouoadblock
homozygous mutant forLisl (Liu et al.,, 2000), the (robl), which encodes a dynein-light chain shown to be
Drosophilahomolog of humartIS1that has been shown to required for axonal transport and mitosis (Bowman et al.,
be associated with the dynein complex (Faulkner et al., 2000999). Given the phenotypic similarity betwe@&All and
Smith et al.,, 2000). Haplo-insufficiency of humdnS1 Lisl/Dynein heavy chajnwe tested knowrrobl mutants
causes lissencephaly or smooth brain (reviewed by ReindBowman et al., 1999) and found that two loss-of-function
2000). Dhc64Cand Lis1 mutations also produce defects in alleles (robP androbl?) failed to complement 7A11. MARCM
neuroblast proliferation (Liu et al., 2000). Interestingly, oneclones for both alleles also showed reduced cell number and
of the new spotty axon mutantgAll, also has similar spotty axons at the larval and adult stages (Fig. 3D,E). Both
phenotypes. Additionally, neuroblast clones have reduced cellleles have stronger phenotypes tii&dlin that neuroblast
number compared with wild type (=50 in third instar larva,clone size is reduced further and the severity of axonal
Fig. 3A). When examined in adults, neuroblast cloneswellings is greater. We therefore concluded that thé1l
homozygous fo7Allare composed largely giheurons, the phenotypes we observe are due to a hypomorphic mutation in
first-born class of MB neurons (Fig. 1A). They also have fewthe robl gene, and renamed our mutatiobIMB,
a'/B'" neurons as revealed by double labeling with Fasll, In addition to affecting neuroblast proliferation and axonal
which labels @B neurons strongly angineurons weakly, and transport, Lisl and Dynein heavy chain mutants also cause
does not label df' neurons (Lee et al., 1999) (Fig. 3B). defects in dendritic growth and branching of MB neurons (Liu
These observations suggest that the reduced size ef al., 2000). To examine wheth@hbl also affects dendritic
neuroblast clones is probably caused by a cessation oforphogenesis, we quantified dendritic length and branching
neuroblast cell division, such that only early born neurons angoints in single-cell clones homozygous foblZ in adult.
generated (see Liu et al., 2000). Compared with wild type, we found a twofold reduction in
Deficiency mapping for 7Alluncovered two lethal both total dendritic length [robl54+11 un, n=4; wild type:
mutations at 46E1-F2 and 54C1-4. Of the 29 lethall06+11 um, n=6; P=0.0061 (t-test)] and branching points
complementation groups from a previous saturatiorfroblz 6.0+£0.9, n=4; wild type: 12+1.7n=6; P=0.0187
mutagenesis in the 46C-F region (Goldstein et al., 2001), twi-test)], demonstrating that, like Lisind Dhc64C(Liu et
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Fig. 4.short stopmutants cause multiple defects
including neuronal polarity. (A,B) neuroblast
clones homozygous fahotexamined in larva

(A) and adult (B). Long arrows point to
overextended processes from the calyx. Short
oblique arrow in A indicates axon termination in
the peduncle as the intensity of mCD8-GFP
staining progressively decreases as axons ente

the weak axonal lobes (composed of only the
early-born yneurons; the horizontal arrow
indicates where the dorsal lobes should be) and
the long arrow indicates the overextension from %
the calyx. Insets show the normal exposure of ”
the cell body region. (C,D) Neuroblast clones
with single staining of mCD8-GFP (C1,D1),
Nod-fgal (C2,D2) and double labeling (C3,D3)
for sho# (C) and wild type (D). In wild type,
Nod-fgal is confined to the cell bodies, calyx
and sometimes the proximal part of the
peduncle. In shénheuroblast clones, Noggal
often intensely labels the entire peduncle and E
sometimes can be seen in the axonal lobes and| ¢ | B = ool hodis & ealy only
distal end of the axons (double arrows in C, FERm RN
middle and right panels). Overextensions from shctg_ - g
the dendritic field (long arrow) are also strongly

labeled with Nod-fal. (E) Quantification of the 0 20 40 60 80 100

Nod-pgal mislocalization phenotypa=23 for Percentage of Nod-Rgal staining present in different MB structures

wild type andn=14 for shot

al., 2000),robl is cell-autonomously required for dendritic understanding of mechanisms of axonal transport, and may
branching and growth. elucidate additional components of the Lis1 pathway, which is
Although dynein heavy chain and Lis1 exhibit very similarimportant for the patterning of the human cerebral cortex.
phenotypes, consistent with their forming a complex _ ) _
involved in dynein-mediated function (Reiner, 2000), weshort stop mutations disrupt neuronal polarity
have previously found that there was a subtle difference iA number of mutants were identified based on their phenotypes
the axonal transport phenotype. Although the axon swellingm axonal and dendritic morphogenesis (Table 1). Three
are concentrated at the distal ends of axon branches imutations share similar phenotypes: MB axon staining
Dhc64C mutant MB neurons, consistent with dynein becomes progressively weaker further from the cell bodies,
mediating retrograde axonal transport, swellingsLisal  suggesting defects in axonal extension. In addition, there are
mutant neurons occur along the entire axon (Liu et al., 2000abnormal processes projecting out from the dendritic fields of
Axon swellings in single-cell clones ofbl mutants occur MB neurons (the MB calyx) (Fig. 4A). These phenotypes are
preferentially at the distal ends of axon branches (Fig. 3@eminiscent of the first characterized mutation with the
compared with 3F). These observations suggest that tddARCM method in MB neuronsshort stop(shot) (Lee and
function of robl is more central to the function of Luo, 1999). Indeed all three mutations failed to complement a
cytoplasmic dynein, whereas Lisl may play additionaldeficiency that uncovers shot; they also failed to complement
different functions. each other and sHotBased on these genetic criteria and their
Future phenotypic analysis of two other mutants thaphenotypic similarity, we conclude that we have identified
exhibit spotty axon phenotypes (Table 1) combined witlthree new alleles of shot, which we nansba-8.
identification of the corresponding genes may contribute to our Adult neuroblast shétclones also displayed abnormal
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processes projecting out from the calyx (Fig. 4B). They appegradually diminishing further away from the cell body (Baas,
to follow a curved route towards the antennal lobe, mimickind.999; Craig and Banker, 1994). Although direct evidence of
the trajectory of the inner antennal cerebral tract (IACT), whictsimilar microtubule polarity in invertebrate neurons is lacking,
contains the axons of a large subset of projection neurons, tbar studies provide two lines of indirect evidence that
major input to the MB dendrites (Stocker et al., 1990; Jefferisnicrotubule distribution in MB neurons is similar to
et al., 2001). mammalian neurons. First, Nod, a likely minus-end-directed
In addition to these overextension phenotypes, neuroblasticrotubule motor (Clark et al., 1997), when fused \@ipal
clones homozygous feho® (Fig. 4B), as well as for the alleles is highly enriched in MB dendrites but largely absent in MB
we identified (data not shown) exhibit significantly reducedaxons (Lee et al.,, 2000b) (Fig. 4D). This observation is
cell number. Most or all neurons ar@gurons, as their axons consistent with the notion that in MB dendrites microtubules
project to the ylobe, suggesting a defect in the continuousare bi-directional, so a minus-end-directed reporter can enter
generation of new neurons from the neuroblast. efficiently into the most distal parts of the dendrites, but cannot
Originally identified as a mutation in which embryonic be efficiently transported along the axons if microtubules are
motoneurons fail to reach their targets (Van Vactor et al., 1993priented only plus-end distally. Second, dynein is known to be
shothas subsequently been found to affect CNS and PNS ax@minus-end-directed microtubule motor. We observed that, in
growth (Kolodziej et al., 1995; Lee et al., 2000a) and dendriti©@hc64C mutants (Liu et al., 2000) and now iiobl mutants
morphogenesis (Gao et al., 1999; Prokop et al.,, 1998) itFig. 3), axon swellings are preferentially located at the distal
Drosophilaembryos. It also is required for morphogenesis otips of MB axons. This is consistent with the notion that in MB
other embryonic and imaginal epithelial and mesodermadxons microtubules are distributed with their plus end pointing
tissues (Gregory and Brown, 1998; Lee and Kolodziej, 2002atistally.
Strumpf and Volk, 1998)shot is allelic to kakapo, which Little is known about the establishment of microtubule
encodes a large cytoskeletal linker protein similar to vertebratgolarity differences in axons and dendrites during
plakin (Gregory and Brown, 1998; Lee et al., 2000a; Strumpflevelopment. Recent experiments in hippocampal cultured
and Volk, 1998). Recent structure-function analysis suggesteeurons have indicated the importance of polarized
that the actin and microtubule-binding domains must benicrotubule distribution in neuronal polarity development and
present on the same molecule for Shot to function in axomaintenance. A kinesin superfamily member, CHO1/MKLP1,
extension (Lee and Kolodziej, 2002b). is distributed in dendrites and has the ability to transport minus-
We originally characterized shphenotypes in larval MB end distal microtubules in the dendrites. Disruption of
neuronal morphogenesis based on defects in axon fasciculatiotiO1/MKLP1 by antisense oligonucleotides resulted in
and misguidance, as many ‘axons’ project out of the calyxailure of dendritic differentiation in young hippocampal
rather than following the peduncles (Lee and Luo, 1999). Imeurons (Sharp et al., 1997), and conversion of dendritic
light of the finding that shatlso affects dendritic development processes into axon-like processes in mature neurons (Yu et al.
in the embryonic PNS and CNS (Gao et al., 1999; Prokop &000). shot mutants appear to have the opposite phenotype:
al., 1998), we re-examined the processes projecting from tlewnveying specific  dendritic  properties to axonal
calyx. A fusion protein made of a microtubule motor Nod anccompartments. It will be very interesting in the future to
B-galactosidase (Noflgal) is highly enriched in MB dendrites determine how this microtubule/actin cytoskeletal linker
and their tips but largely absent from axons (Lee et al., 2000Ipyotein regulates neuronal polarity in conjunction with proteins
(Fig. 4D). We found that the processes projecting out of theuch as CHO1/MKLP1.
calyx stained strongly for Nodg@l (Fig. 4C). Strikingly, ]
however, in shot neuroblast clones, axons that follow th@mi mutants overextend processes from the
normal route through the peduncle are also strongly labeled féendritic field
Nod-fgal (Fig. 4C). Sometimes the N@dsal fusion protein is We isolated a mutant, 39B17, in which many processes extend
present in both the dorsal and medial lobes all the way to thedeyond the typical MB dendritic field, often as far as the axon
terminals (Fig. 4C,E), despite the fact that total axon stainintpbes. We quantified the number of short and long (defined
become progressively weaker as they are further from the cels less or more than one calyx diameter, respectively)
bodies (reflecting axon growth defects). This is in contrast toverextended processes3@Bl17and for wild type (Table 2).
wild type, where Nod3gal staining rapidly diminishes along Neuroblast clones homozygous f80B17 have a marked
the axonal peduncle (Fig. 4D,E) (Lee et al., 2000b). Thesiacrease of long over-extended processes. Overextended
observations suggest that neuronal polarity, as measured by fh@cesses from the calyx are also evident in adult, projecting
microtubule polarity in axons and dendrites, is perturbed imlong similar tracks as the IACT as in the casshaoitmutant
shotmutants. neurons (data not shown; see below). Mutant neuroblast clones
In neurons, dendrites normally collect input and axons senalso have fewer cells than wild type, which becomes more
output. As such, there are a number of distinctions betweeasbvious in adult clones. These clones contain netthsor o
these two neuronal processes structurally, functionally andorsal lobes, indicating an arrest of neuroblast proliferation
developmentally (Craig and Banker, 1994). In particularpefore the generation of /8" neurons (data not shown; see
differences in microtubule polarity have been suggested asbelow).
hallmark between axons and dendrites. In a number of Deficiency mapping uncovered a lethal mutation in the
vertebrate neurons studied so far, microtubules in axoné/A1-47D2 region for39B17. We tested our mutation for
uniformly orient with their plus end pointing distally. By complementation against a mutant allelfarhingo (fmi), also
contrast, microtubules in dendrites have both plus-end-distkhown as starry night, which encodes a seven transmembrane
and plus-end-proximal orientations, the latter populatiorcadherin (Usuietal., 1999; Chae et al., 1999). Loss-of-function
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Fig. 5.flamingoregulates dendritic
extension. (A-C) Larval neuroblast
clones homozygous fémiVB (A)
and fmF>9 (B) have overextending
processes from the calyx (long
arrows) that are labeled with Nod-
Bgal (C, and high magnification in
the inset). (D) Adult fnf>9
neuroblast clones also have

calyx (long arrow). In addition,
reduction of cell number is evident,
as is the lack of the dorsal lobe.
(E,F) Clonal expression of UAS-fmi
(genotype y,w, hs-FLP, UAS-mCD8-
GFP/Y: FRTG13, fffPYFRTG13,
tubP-GAL80; UAS-fmi/+; GAL4-
OK107/+) rescues the phenotypes
of dendritic overextension and cell

number reduction in both larva (E) 5 <, L @ = 7 - ‘
and adult (F). : fmi=>%; UAS-fmi § adult fmi=s%; UAS-fmi

Table 2. Quantification of dendritic overextension irfmi and hrn mutants

Total Number (percentage) Number (percentage)
Genotype in number of clones with of clones with long
neuroblast clones of clones overextending dendrites overextending dendrites
Wild type 49 23 (47%) 4 (8.2%)
fmiMB 58 33 (57%) 18 (31%)
fmiEs9 39 29 (74%) 23 (59%)
fmiMB + UAS-fmi 11 4 (36%) 0 (0%)
fmiES9+ UAS-fmi 5 1 (20%) 0 (0%)
hrnt 18 14 (78%) 7 (39%)
hrn? 6 4 (66%) 2 (33%)

Long overextension refers to extensions that are greater than the diameter of the calyx.

mutations of fmexhibit defects in planar polarity (Usui et al., processes are dendrites. The remaining overextensions are
1999; Chae et al., 1999) and excessive dendritic outgrowth amither misguided axons in the dendritic field or dendrites in
misguidance in embryonic sensory neurons (Gao et al., 199&hich Nod-@yal transport was inefficient.
Sweeney et al., 200289B17 failed to complement AP, Fmi has recently been shown to regulate dendritic extension
which has a stop codon early in the extracellular domain anid embryonic and larval sensory neurons (Gao et al., 1999; Gao
is believed to be a null allele (Usui et al., 1999). Two additionaét al., 2000; Sweeney et al., 200)i mutant sensory neurons
lines of evidence demonstrate that the overextension phenotyprtend their dorsal dendrites beyond their normal territory.
in 39B17is due to a mutation ifmi. First, MARCM clones of  Although dorsal dendrites from homologous neurons appear to
fmiE59 also exhibited phenotypes of process overextension arrépel each other at the dorsal midline in wild type, they do not
reduction of neuroblast clone size similar to that of 39Biy.  do so in fmimutants (Gao et al., 2000). Our data extend these
4D; Table 2). Second, using MARCM, we created MB clonegprevious findings into dendrites of CNS neurons and suggest a
homozygous mutant foimi39817 or fmF>9 in which a full-  general function for fmin regulating dendritic extension.
lengthfmi cDNA was also expressed under the control of UAS; _ ) )
this UAS-fmi expression was able to rescue the procesEmioverexpression results in axon retraction
overextension and cell number reduction phenotypes in third/hile neuroblast clones expressing wild-type Fmi do not exhibit
instar larvae and adults (Fig. 5E,F; Table 2). Thus, our mutaticsny phenotypes and could indeed rescue fthe mutant
is an allele of flamingand we named this allele . phenotypes (Fig. 5E,F), we found that whole MB overexpression
To determine the nature of the overextended processes, weFmi using GAL4-OK107 results in loss of the dorsal branches
constructed flies carrying fMf#/E59and UAS-NogBgal, and  of axons when examined in adult (Fig. 6B, compare with Fig.
made clones using the MARCM system. Naghl staining is  6A). Fasll staining, which allows us to distinguish the three
observed in a subset of overextended processes (Fig. 5C; dakasses of MB neurons (see above), suggest, fiaindy lobes
not shown), suggesting that a portion of the overextendeare present when Fmi is expressed in all MB neurons. Coupled
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Fig. 6. Flamingo overexpression results in
axon retraction. (A) Adult mushroom body
axon lobes as visualized by pan-MB
expression of mCD8-GFP (green) using
GAL4-0OK107; double labeled with Fasll (in
red) (B) Overexpression of Fmi using GAL4-
OK107 results in the loss of the dorsal lobe
(horizontal arrow). (C-F) Representative
images of mushroom bodies overexpressing
Fmi at different developmental stages as
indicated. APF, after puparium formation.
(G) Quantification of dorsal lobe phenotypes.
n=50, 8, 16, 12, 50 for the five stages
quantified. A is adapted from Billuart et al.
(Billuart et al., 2001). Copyright (2001), with
permission from Elsevier Science.

pathway. Despite considerable efforts,
however, our biochemical studies and

18 hr APF  UAS-fmi |27 hr APF  UAS-fmi |36 hr APF = UAS-fmi IS ELIERIOGIRUUE SR EC I
provide such a link (A. P., E. K. S. and L.

G 100 . L., unpublished).
i =WT The opposite phenotypes (over-
e = weak extension versus retraction) observed in
= 60 . . .
S5 B = medium fmi mutant and Fmi overexpression
235 40 neurons suggest a general role for Fmi as
< 3 B =strong )
_?-.;;, 20 a negative regulator of neuronal process
=5 extension.
larva  18hr 36hr 48 hr  adult
APF  APF  APF Two novel genes that affect axonal
Developmental Stage and dendritic morphogenesis

One mutant, 13B44, exhibited remarkable
phenotypic similarities to fmin many
respects. Neuroblast clones homozygous
with the lack of cell loss, we suspect that either thado’ axons  for 13B44consistently extend their processes out of the calyx
fail to extend dorsally, or they extend and retract, as is the caaad follow the typical arc-like projection (Fig. 7A) found in
for MB neurons expressing double-stranded RNA correspondinfgni neuroblast clones (Fig. 5A; Table 2). Npdyal staining
to Drosophilap190 RhoGAP (Billuart et al., 2001). indicates that this fusion protein is present in the proximal part
To distinguish between these two possibilities, weof some but not all of the overextending processes (Fig. 7B).
performed a developmental study and found a progressita addition, we observed a mild reduction of cell number in
worsening of the phenotype. High level expression of Fmi iarval neuroblast clones (Fig. 7A); adult neuroblast clones
all MB neurons does not result in any detectable phenotypesnsist of mainly early born weurons, with a fewd'/p’
in wandering third instar larvae (Fig. 6C). At 18 hours aftemeurons (Fig. 7B).
puparium formation, wild-type MB geurons undergo pruning  We recovered a second allele (see Materials and Methods)
whereasx' /' neurons retain their larval branches including thethat exhibited identical clonal phenotypes as the oridiBB44
dorsala’ lobe (Fig. 1A). All MBs overexpressing Fmi retain allele (Fig. 7A; Table 2). No deficiency uncovered either allele.
at least a portion of the dorsal lobes, with 63% more than halfle named this new genkeeron (hrn) for its phenotypic
the length of the normal dorsal lobe and 25% full lengthsimilarity with flamingo(stan— FlyBase).
indicating that at least 25% and perhap®dp’ axons extend Another mutant, 41A13, exhibited a 100% penetrant
normally (Fig. 6D,G). Over the next 12-24 hours, dorsal lobegendritic overextension phenotype. Unlikamingo or hrn
become progressively shorter until they are not detectable atutants, these overextended dendrites project in all directions
48 hours after puparium formation (Fig. 6E-G). Althoughand are always strongly positive for Nfdal (Fig. 7C,D),
failure of dorsal lobe extension could in theory also contributéighly reminiscent of clonal phenotypes for the small GTPase
to the phenotypes, these developmental studies indicate tHalhoA (Lee et al., 2000b). A complementation screen identified
dorsal lobe phenotypes mainly result from axon retraction. a number of mutations that failed to complemiait! but that
These phenotypes are qualitatively similar to (albeit strongedid not reproduce thkalil clonal phenotype.
than) inhibition of p190 RhoGAP (Billuart et al., 2001), which  Future identification of the molecular identity lfn and
we have previously shown to be caused by activation of RhoAali, as well as studies of their mechanisms of action including
Drok and phosphorylation of myosin regulatory light changeheir relationship with Flamingo and RhoA, will further our
encoded byspaghetti squastsgh) (Billuart et al., 2001). We understanding of the mechanisms that regulate dendritic
tested whether Fmi may signal through the RhoA/Drok/Sqglextension and dendritic field formation.
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Fig. 7.Phenotypic analysis dferonand kali. (A) Larval
MB neuroblast clones homozygous fon? results in
process extension from the calyx (long arrow).

(B) Dendritic overextension persists in hriones when
examined in adult (long arrow). Nddtal is distributed
in a subset of overextending processes.

(C,D) Neuroblast clones homozygous for kalktend
processes in all directions from the calyx that are
positive for Nod-@al (long arrows). (D) A partial
confocal z-stack that removed axonal lobes overlapping
the overextended dendrites in thg plane.

expressed in neural precursors, homozygous
mutant clones will inherit the wild-type protein
from their heterozygous precursors so they will not
lose the gene activity immediately. This perdurance
of wild-type protein could prevent identification of
genes that function in the early stages of neuronal
morphogenesis, such as in the establishment of
neuronal polarity or initial axon outgrowth.
Perdurance of gene activity could also explain why
most of our mutations were isolated based on their
defects in neuroblast clones, which presumably
dilute the inherited proteins much more rapidly
than do single-cell clones.

Hence, it is possible that the nature of our screen
precludes identification of proteins that are
expressed in neural precursors and are required for
early stages of neuronal development. A priori we
) o expected that some genes required for early
Pleiotropy of gene function in neuronal neuronal differentiation would be turned on only in post-
morphogenesis mitotic neurons, negating perdurance issues. Given the scale of
In this study, we screened labeled MB clones in 460@ur screen and the fact that all the mutations we identified
mutagenized lines on chromosome 2R. The majority ofppear to play a role in neuroblast proliferation or survival, it
mutations we identified are single alleles (Table 1), indicatingeems likely that most of the genes necessary for differentiation
that the screen is not saturated. However, we did identifyn postmitotic neurons also function in neural precursors. Some
multiple alleles for several genes, suggesting that we hawsf these genes in fact play multiple functions in postmitotic
sampled a significant proportion of the ~20% of the fly genemseurons (Table 1). These observations make it essential to
located on this chromosome arm. couple mosaic analysis such as MARCM with careful

The ability to visualize mutant cells in a mosaic animal usingphenotypic analysis to unravel the complex process of neuronal
a method such as MARCM provides great sensitivity inmorphogenesis.
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Interestingly, almost all genes we identified perform multipIeStOCks'
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