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Little has been understood about the underlying mechanisms that generate the morphological diversity of dendritic trees. Dendritic
arborization neurons in Drosophila provide an excellent model system to tackle this question, and they are classified into classes I–IV in
order of increasing arbor complexity. Here we have developed transgenic green fluorescent protein markers for class I or class IV cells,
which allowed time-lapse recordings of dendritic birth in the embryo, its maturation processes in the larva, and lesion-induced reactions.
The two classes used distinct strategies of dendritic emergence from the cell body and branching, which contributed to differences in their
basic arbor patterns. In contrast to the class I cells examined, one cell of class IV, which was a focus in this study, continued to elaborate
branches throughout larval stages, and it was much more capable of responding to the severing of branches. We also investigated the
cellular basis of field formation between adjacent class IV cells. Our results support the fact that class-specific inhibitory interaction is
necessary and sufficient for tiling and confirmed that this intercellular communication was at work at individual dendrodendritic
interfaces. Finally, this inhibitory signaling appeared to play a central role when arbors of adjacent cells started meeting midway between
the cells and until the body wall became partitioned into abutting, minimal-overlapping territories.
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Introduction
Terminal morphologies of dendritic trees are not only complex,
but they are also variable to a considerable extent from one neu-
ronal type to another, probably manifesting a unique physiolog-
ical role of each type (Ramón y Cajal, 1995; MacNeil and Mas-
land, 1998; Elston, 2000). One of important questions about
dendritic pattern formation is how individual types of neurons
control branching and achieve distinct complexities. Another
question centers around how the dendritic territory of each type
is shaped. For example, in the vertebrate retina, a receptive field
belonging to a cell of one particular type of ganglion or amacrine

cells overlaps only a little with other cells of the same type, and no
parts of the retina fail to be covered by a receptive field of that cell
type (Wässle et al., 1981; Devries and Baylor, 1997; MacNeil and
Masland, 1998). This complete but nonredundant innervation of
a field is referred to as “tiling.”

The Drosophila peripheral nervous system (PNS) organizes a
stereotyped pattern of identified sensory neurons (Bodmer and
Jan, 1987; Jan and Jan, 1993; Campos-Ortega and Hartenstein,
1997). Sensory neurons include cells with multiple dendritic
(MD) projections, i.e., MD neurons, and one major subtype of
MD neurons is the dendritic arborization (DA) neuron that ex-
tends highly branched dendrites underneath the epidermis (see
Fig. 1A). At least one subset of DA neurons may sense mechanical
stimuli on the basis of analogy to the roles of morphologically
similar cells in Manduca (Grueber et al., 2001). In contrast to
stratified dendrites of densely packed neurons in other systems in
Drosophila and other animal species, dendrites of sparsely distrib-
uted DA neurons grow and branch within two dimensions, which
makes analysis of panoramas straightforward. Dendritic trees of a
single or adjacent DA neurons were recently imaged in whole-
mount third-instar larvae (Grueber et al., 2002). This study
shows that 15 DA neurons in each hemisegment A2–A6 can be
classified into four categories, classes I–IV, in order of increasing
arbor complexity, and that tiling occurs between class III and
class IV cells. Because these data were collected from mature
larva, but not from younger ones, how branching complexities of
individual class cells are controlled and how the dendritic exclu-
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sion between class III and class IV neurons is accomplished re-
mains to be solved.

Toward a full understanding of how dendrites of each class
acquire their distinct shape, we generated markers for class I or IV
neurons and performed time-lapse imaging of dorsal dendritic
arborization neuron D (ddaD) and ddaE (class I) and ddaC (class
IV) neurons. The two classes were found to use distinct strategies of
dendrite outgrowth and branching in development, and ddaC cells
possessed a much greater capability of responding to voided regions
that were generated by microsurgery. Our results of cell ablation and
branch-severing experiments strongly suggest that ddaC–ddaC-
specific inhibitory recognition plays a pivotal role in dendritic tiling
and provide experimental evidence for this intercellular communi-
cation functioning at each dendrodendritic interface. In addition,
the inhibition appeared to be crucial in tiling until the body wall
became subdivided into minimal-overlapping territories.

Materials and Methods
GAL4 enhancer trap screening. Two collections of pGawB insertions (total
of 4750 strains) were screened for markers for DA neurons (Schüpbach
and Wieschaus, 1998; Hayashi et al., 2002). Each GAL4 line was crossed
to yw; UAS-GFPN-lacZ (Shiga et al., 1996), UAS-GFP[S65T], and col-
lected embryos were stained with anti-�-galactosidase antibody (Ha-
yashi et al., 2002). In 191 strains, all or a subset of DA neurons seemed to
be labeled at stage 15–17, and each of those lines was crossed to UAS-
GFP[S65T] or UAS-GFPN-lacZ UAS-GFP[S65T], and fluorescent cells
were examined in very late embryos or in first-instar larvae. Dendrites

were visible in 61 strains, and 4 of the 61 were
further characterized and included in this
study.

DA marker strains, green fluorescent protein
reporters, and other Drosophila strains. The
four strains examined in this study were IG1–1,
IG1–2, NP2225, and NP7028; all of them have
pGawB insertions on the second chromosome.
“NP” stands for strains that were established by
the NP consortium (Hayashi et al., 2002)
(http://flymap.lab.nig.ac.jp/�dclust/getd-
b.html), and IG1–1 and IG1–2 were derived
from the collection of Schüpbach and Wie-
schaus (1998). GAL4 expression in IG1–2 de-
creased after hatching. UAS transgenes of
green fluorescent protein (GFP) variants fre-
quently used were GFP[S65T] (Bloomington
stock center #1521), mCD8::GFP (Lee and Luo,
1999), GFP-actin (Verkhusha et al., 1999), tau-
GFP (Brand, 1995), Venus, and Venus-pm (de-
scribed next). Generated recombinant chro-
mosomes of GAL4 insertions and one or two
GFP transgenes were IG1–1 GFP[S65T]
mCD8::GFP, IG1–2 GFP[S65T], NP7028
GFP[S65T], and NP7028 mCD8::GFP. Using a
given GAL4 line, expression of membrane-
bound reporter proteins (mCD8::GFP and
Venus-pm) and that of unfused forms
(GFP[S65T] and Venus) gave essentially simi-
lar patterns, except that terminal branches
looked thicker when visualized with
membrane-bound reporters. ddaD and ddaE
were observed in NP2225/mCD8::GFP that
gave lower epidermal fluorescence than
NP2225/GFP[S65T]. GFP-actin tended to ac-
cumulate around growing tips, whereas Tau-
GFP was distributed to all branches of ddaD
and ddaE, but only to major branches of ddaC
(data not shown).

Fluorescence intensity of dendrites and cell-
type specificity depended on copy numbers of

GAL4 or GFP, or both, and the developmental stage. An increase in the
copy number of GAL4 or GFP intensified the fluorescence as expected
but tended to kill cell-type specificity. For example, we observed ddaC
mostly in NP7028 GFP[S65T]/GFP[S65T], but two to three additional
DA neurons sometimes showed up in homozygotes of NP7028
GFP[S65T] or NP7028 mCD8::GFP. GAL4 –109(2)80 GFP[S65T], a
pan-DA marker (Gao et al., 1999), and MHC-CD8-GFP-Sh (Zito et al.,
1999) have been described previously. All fly embryos and larvae were
grown at 25°C.

Molecular cloning. Inserted into pUAST (Brand and Perrimon, 1993)
were cDNA for Venus, a yellow fluorescent protein variant that under-
goes fast and efficient maturation at 37°C (Nagai et al., 2002), or a
membrane-bound form of Venus, Venus-pm, and transgenic flies were
made. The Venus-pm construct was made by adding a sequence encod-
ing the 21 N-terminal amino acids of Lyn to the N terminal of Venus
(Sawano et al., 2002; K. Nagai and A. Miyawaki, unpublished data).

Larval anesthesia and time-lapse analysis. Anesthetizing of larvae has
been described briefly (Zito et al., 1999). Larval development lasts for �4
d at 25°C. A larva, which is younger than 55 hr after egg laying (AEL), was
transferred to an apple agar plate or to a drop of 50% glycerol in PBS on
a plate, and the plate was placed in a glass chamber. Kimwipe, moistened
with ether, was put next to the plate; and the chamber was then sealed.
Larvae were anesthetized by ether fumes for 1– 4 min. Cuticles became
less fragile when larvae were in 50% glycerol in PBS. Each larva was then
mounted on a slide between spacers made of vinyl tapes. During imaging,
the larvae were immersed in 50% glycerol PBS under a coverslip. There-
after, each larva was immediately placed in a drop of 50% glycerol PBS on
an apple agar plate with yeast paste and kept in a moist chamber. Larvae

Figure 1. Markers for DA neurons. A–D, Multiple dendrite neurons in the dorsal cluster in the Drosophila embryo just before
hatching. In this and all subsequent figures, anterior is to the left and dorsal is at the top. Data of other clusters are not shown. A,
B, A pan da marker. An image of Venus-pm/�; IG1–2/� ( A) and schematic representation of cell bodies of ddaA-ddaF and dorsal
bipolar dendrite (dbd) neuron ( B). C, ddaD and ddaE are highlighted in NP2225/mCD8::GFP. D, Among DA neurons in the dorsal
cluster, only ddaC is reproducibly visualized in NP7028 GFP[S65T]/GFP[S65T]. E, Larva of 45.5– 47.5 hr after egg laying (AEL). ddaE
is strongly labeled in homozygotes of IG1–1 GFP[S65T] mCD8::GFP. F, A diagram of the dorsal cluster in a hemisegment, showing
a spatial relationship between dendritic arbors of ddaB-E and epidermal denticles (black symbols). For simplicity, cell bodies are
illustrated as if they were not clustered. Branches of ddaD and those of ddaE reach the anterior three rows and the most posterior
row of denticles, respectively. The space between the most posterior row of a hemisegment and the most anterior one in a posterior
neighbor is referred to the neutral zone, where ddaB and C are innervated. Scale bars: A–D, 20 �m; E, 50 �m.
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older than �55 hr AEL were exposed directly
to ether fumes; otherwise it was difficult to
anesthetize them, although the direct exposure
reduced their viability. Dechorionated em-
bryos were mounted in halocarbon oil, and
time-lapse analysis was done as described pre-
viously (Gao et al., 1999; Oda and Tsukita,
1999). For 10 –15 min, time-lapse recordings
of larvae, third-instar larvae were cut along one
lateral side and mounted in saline on special
slides with an oxygen-permeable membrane
(Yellow Spring Instrument) as described
(Girdham and O’Farrell, 1994). After this sur-
gery, larvae often shrank up, and this shrinkage
made observation of dendritic tiling along seg-
ment boundaries difficult.

Laser ablation and image collection and pro-
cessing. In our surgery experiments, embryos
and larvae were mounted as described above,
and neurons were ablated or dendrites were
severed by using a laser system (Micropoint,
Photonics Instruments). Because embryos
were not anesthetized, laser energy was ad-
justed so that a cell was killed quickly by several
to 10 pulses at a frequency of 12 Hz. Within
10 –30 sec after the surgery, a number of fluo-
rescent bumps were seen on ablated cells or on
detached branches of ddaC cells, and fluores-
cence of cell bodies was no longer detected after
1 min. Confocal images were collected by using
488 or 514 nm lasers (Bio-Rad or Zeiss) and
processed by using Photoshop (Adobe
Systems).

Results
Isolation of DA markers
We conducted a GAL4 enhancer trap
screening and searched for GAL4 inser-
tion lines that may work as either pan-DA
or a subset of DA markers. Each candidate
line was crossed with a strain having UAS-GFP transgenes, and
labeled cells were identified by observing patterns of individual
dendrite arbors in whole-mount embryos and first-instar larvae
(see details in Materials and Methods). Four DA marker strains
were under study here: IG1–1, IG1–2, NP2225, and NP7028.
IG1–2 drove GFP expression in all MD neurons but not in chor-
dotonal (CH) or external sensory neurons with monopolar den-
drites in all clusters (Fig. 1A,B). Except for IG1–2, the other three
strains labeled a subset of CH neurons as well, which sometimes
made images of the ventral, ventral-prime, and lateral clusters
difficult to interpret. Thus we focused mostly on the dorsal clus-
ter in abdominal segments 2– 6 that has each class of DA neurons
but no CH neuron. The dorsal cluster has two class I cells (ddaD
and ddaE) and one class IV cell (ddaC). NP2225 and IG1–1 are
class I markers. NP2225 marked ddaD, ddaE, and ventral poste-
rior da (vpda) (a cell in the ventral cluster), and IG1–1 labeled
ddaE and vpda (Fig. 1C,E). NP7028 labeled all three class IV
neurons, ddaC, ventral-prime anterior da (v�ada), and ventral da
B (vdaB) (Fig. 1D). NP2225 and NP7028 were mainly used in
subsequent studies unless described otherwise.

Distinct modes of initial dendrite formation and branching of
ddaD, ddaE, and ddaC in the embryo
Dendrite formation of individual DA neurons was studied by 10
min time-lapse recordings in the embryo. ddaD and ddaE neu-
rons were found to differ from ddaC neurons in their ways of

initial dendrite formation and branching (Fig. 2). In both ddaD
and ddaE, a first-order branch with a simple growing tip emerged
at 13–14 hr AEL, which was followed by one or two additional
first-order branches (Fig. 2A, arrowheads). Within 1 hr, a num-
ber of lateral/second-order branches sprouted from the side of
the first-order branches and underwent repeated cycles of exten-
sion and retraction until a subset was stabilized by �18 hr AEL
(Fig. 2B). These observations are consistent with those reported
for a pan-DA marker (Gao et al., 1999).

When cell bodies of ddaC were first visible at 15.5–16.5 hr
AEL, all of the neurons had already initiated dendrite formation
(Fig. 2C). Every ddaC cell body was associated with two or three
growing dendrite roots. In contrast to the morphologically sim-
ple tips of ddaD and ddaE, ends of ddaC dendrites looked like
growth cones with numerous filopodia. ddaC increased in arbor
complexity by repeated bifurcation of the ends (Fig. 2C, arrows);
thus it was difficult to distinguish first-order and higher-order
branches. The above different styles of the two classes resulted in
distinct arbor patterns.

ddaD and ddaE, but not ddaC, almost fixed the shape of
overall dendritic arbors at early larval stages
After hatching �20 –22 hr AEL, dendrite development of a given
DA neuron was observed in larvae that had been anesthetized
with ether fumes. We traced 20 pairs of ddaD and ddaE by taking
a series of two or three images 13–15 hr apart, beginning at 24 –25
hr AEL (Fig. 3A,B). Although the two neurons continued growth

Figure 2. Dendritic emergence and branching in ddaC, ddaD, and ddaE in the embryo. A, B, ddaD and ddaE in
NP2225/mCD8::GFP. A, Images 20 min apart are shown of 10 min time-lapse recordings of an embryo at 13–14 hr AEL. Two primary
branches are indicated with single and double arrowheads, and one of them was partially in focus in this series (single arrowhead).
B, Time-lapse series of another embryo at 15–16 hr AEL show dynamic behavior of lateral branches. C, 10 min time-lapse record-
ings of ddaC in NP7028 GFP[S65T]/GFP[S65T] (15.5–16 hr AEL) for a total of 140 min and seven images were shown. Bifurcation of
a dendritic end is indicated (arrow). Scale bar: A–C, 10 �m.
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in a coordinated manner with expansion of the body surface,
these cells essentially stabilized the shape of overall arbors at early
larval stages. Only two to three lateral/second- or higher-order
branches were generated per cell during the initial 13–15 hr of
larval development (Fig. 3B, double arrowheads), and new
branches were hardly seen for the next 13–15 hr. Dendrite obser-
vation from 50 hr AEL onward was difficult in the NP2225 larva
because of an increase in the number of GFP-expressing epider-
mal cells. Patterns of dendrite arbors of ddaE of mature third-
instar larva were compared with those at earlier stages by using
IG1–1 (Fig. 1E), and our results confirmed that ddaE achieved its
final complexity possibly by 50 hr AEL (data not shown).

Dendrite growth of a total of 33 ddaC cells in larvae was
tracked by taking a series of two or three images at 15 hr or much
longer intervals (Fig. 3C–E). In contrast to ddaD and ddaE, ddaC
showed a considerable increase in the extent of branching com-
plexity during larval stages. A subset of branches extended their

terminals toward either segmental
boundaries or the dorsal midline, or ven-
trally. Consequently those from ipsilateral
or contralateral segmental homologs
started filling in the open space between
them, and branch terminals of ddaC and
v�ada came close to each other (details are
explained later).

In addition to branch formation at or
close to ends of branches, ddaC produced
lateral fine branches far behind the ends
(Fig. 3E, double arrowheads). Neither
around the terminals nor in a domain
more proximal to the cell body, branches
of the same cell hardly overlapped. This
isoneuronal (same cell) avoidance could
be achieved by contact-mediated repul-
sion, which would be difficult to monitor
by time-lapse recordings of anesthetized
animals at intervals of several hours. To
attain higher temporal resolution, we
tracked dendritic terminals at 10 –15 min
intervals in mature larvae (�4 d old) that
had been cut along one lateral side and
mounted. This protocol captured five sets
of two images 15 min apart, displaying a
dendrodendritic contact and subsequent
retraction of fine processes (Fig. 3F, ar-
rows). Apart from retraction of the fine
processes after isoneuronal contacts, we
infrequently found pruning of branches
in the cell types examined (Fig. 3A,B,D,E,
arrows).

In response to severing of branches,
other isoneuronal branches of ddaC,
but not those of ddaE, filled in voided
fields with minimum overlap
To address whether competitive interac-
tion occurs between growing isoneuronal
branches, we severed branches by using a
laser beam and examined how other
branches of the same cell reacted to the
voided areas. When branches of ddaC
were severed at 40 – 43 hr AEL, lateral
branches sprang from neighboring iso-

neuronal dendrites on the side of the severing and appeared to
grow into voided regions that would have been supposedly cov-
ered by detached branches (18 of 18 cells) (Fig. 4A,B, bracket and
single arrowheads). These newly formed branches exhibited mu-
tual exclusion and minimum overlap with each other. This result
suggests competitive interaction between isoneuronal branches
of ddaC in normal development. In 8 of the 18 cells, we found
branches that extended from the cut end (Fig. 4A,B, arrows), and
these branches may have sprouted out from the wound.

ddaE also showed non-crossing outgrowth of isoneuronal
dendrites; however, its branches did not show the type of plastic-
ity exhibited by ddaC. This was shown by cutting branches at
20 –22 hr AEL, when ddaE was still forming lateral branches (n �
8), or at 40 – 42 hr AEL when the overall shape of arbors was
almost fixed (n � 6). The operated ddaE extended its remaining
branches as far as the normal cell did; nonetheless, neighboring

Figure 3. Formation of higher-order branches in ddaC, ddaD, and ddaE in the larva. A, B, ddaD and ddaE in NP2225/mCD8::GFP.
C–F, ddaC in NP7028 GFP[S65T]/GFP[S65T]. Indicated are formation or elongation of lateral branches (double arrowheads), prun-
ing or retraction of branches (arrows), and a dendrodendritic contact (single arrowhead in D). A, B, Two images 15 hr apart starting
at 24 –25 hr AEL. C–E, Three time-lapse images taken at 23–24 hr AEL, 39.5– 40.5 hr AEL, and 63.5– 64.5 hr AEL, respectively. E,
Dendritic tiling between ddaC and its contralateral homolog and between ddaC and v�ada in the ventral prime cluster are indicated
(top bracket and bottom brackets, respectively). F, 15 min recordings of dendritic terminals in a third-instar larva. Scale bar: A–C,
F, 20 �m; D, E, 50 �m.
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dendrites extended only short lateral
branches or those that hardly sprouted
laterally (Fig. 4C,D). The neighboring
dendrites did not redirect their growth to-
ward the open area either.

Dendritic terminals of adjacent ddaCs
encountered each other and then kept
closely apposed throughout subsequent
larval stages
Terminal portions of ddaC branches,
which extended toward segmental
boundaries after hatching, formed an ar-
ray at regular spaces by 35 hr AEL (Figs.
3D,E, 5A,B). This “ladder” pattern con-
sisted of 7–10 dendrite terminals running
almost parallel along the anteroposterior
axis. Dendrites from a pair of neighboring
segments either interdigitated or met each
other underneath the epidermis that
forms the naked cuticle; thus we tenta-
tively called the basal area of this epider-
mal region the “neutral” zone (Figs. 1F
and its legend, 5B, brackets, 6A,D).
Within the neutral zone, dendrite termi-
nals coincided with grooves at the ends of
muscle fibers (Fig. 5C,D) that were at-
tached to the basal side of specialized epi-
dermal cells or tendon cells (Becker et al.,
1997).

Close observation of the dendritic lad-
der showed that terminals of dendrites
from adjacent cells were closely apposed
or had turned away before crossing each
other (heteroneuronal avoidance) (Fig.
5A, arrow). Sometimes it was difficult to
identify dendritic tips, and thus those tips
appeared to form dendrodendritic con-
tacts (Figs. 3D, arrowheads, 5A,B). Minimal overlap was also
seen between dendrites extending from ddaCs in contralateral
hemisegments and between ddaCs and v�ada (class IV) in the
ventral prime cluster (Fig. 3E, brackets) (Gao et al., 2000; Grueber
et al., 2002). By 35 hr AEL, these dendrites met approximately
midway between the two cells, as did dendrites of ipsilateral he-
misegmental ddaCs, and the body wall was partitioned into abut-
ting, nonoverlapping territories. To summarize our time-lapse
recordings of ddaC, we saw neither heteroneuronal nor isoneu-
ronal dendrites heavily overlap or intertwine initially and then
withdraw, suggesting that the dendritic avoidance occurs
throughout larval development.

Ablation of ddaC caused dendrite in-growth of adjacent
ddaCs, but that of other DA neurons did not
To examine putative roles of recognition between adjacent
ddaCs, we ablated ddaC in one segment in the embryo and ob-
served how it affected the bounds of dendritic fields. Even in the
absence of ddaC, dendrite terminals of ipsilateral adjacent ho-
mologs navigated across the neutral zones at regular spaces on
both sides of the operated hemisegments (all of 14 ablations) (Fig.
6A). Some of those dendrites transgressed bounds of the neutral
zones and overgrew into the area that was normally covered by
the ablated cell (Fig. 6A, arrows). This overgrowth took place at
11 of 14 anterior borders and at 12 of 13 posterior borders of the

operated hemisegments (Fig. 6B,C, and legend; Table 1). Two
other cells that normally abut on the ablated ddaC also invaded
the territory: ddaC in the contralateral hemisegment (Gao et al.,
2000) (Table 1) and v�ada of the same class IV (data not shown).

The above result showed that ddaC is necessary for preventing
its neighboring homologous cells from breaking the bounds of
their dendritic fields. To address whether ddaC is sufficient for
normal boundary formation of its neighbors, we performed a
complementary ablation experiment using a pan-DA marker. In
this experiment, all of the DA neurons in one dorsal cluster ex-
cept for ddaC were ablated. As long as ddaC survived, we did not
detect obvious in-growth (8 of 8 ablations at 16 –17 hr AEL and
10 of 10 ablations at 25–30 hr AEL) (Fig. 6D). This result corrob-
orated the hypothesis that recognition specifically between adja-
cent ddaCs, but not between ddaC and cells of other classes, plays
a pivotal role in preventing ddaC terminals from invading other
areas. Dendritic fields of ddaD and ddaE did not overlap each
other, but killing ddaD did not affect the field shape of ddaE in the
same hemisegment or in an anterior neighbor (data not shown).

Loss of one of the two ddaC terminals, coming close to each
other, triggered in-growth of the other one
In addition to the above results of the cell ablation experiments,
we attempted to demonstrate the inhibitory interaction at the
level of a single dendrodendritic interface. In larvae just after
hatching (20 –25 hr AEL), we looked for pairs of terminals of

Figure 4. Responses of ddaC and ddaE to severing branches. A, B, NP7028 GFP[S65T]/GFP[S65T]. C, D, IG1–1 GFP[S65T]
mCD8::GFP/�. Dendrite shafts (arrows) proximal to cell bodies of ddaC (A, 40 – 42 hr AEL) and of ddaE (C, 20 –22 hr AEL) were
severed and observed 2 d later (B and D, respectively). In response to severing of the branches, other isoneuronal branches of ddaC
filled extensively in the voided field (arrowheads in A and B and bracket in B), but those of ddaE did not (arrowheads in C and D). In
B, another DA neuron, perhaps ddaB, was also weakly labeled. A terminal of posterior adjacent ddaC was indicated (double
arrowheads in B). D, ddaE before the severing was shown with the same magnification (inset). Scale bar: A, 50 �m; B, 100 �m;
C, D, 20 �m.
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adjacent cells that came close to each other (Fig. 7A–C, green
arrows). We then removed one terminal of the pair by cutting a
proximal dendrite root and tracked how the other terminal be-
haved. The remaining terminals of either ipsilateral or contralat-
eral homologs invaded territories that were normally covered by
the detached branches (compare Fig. 7, compare A,D,G; B,E,H;
C,F, I). This in-growth of heteroneuronal branches was seen in
12 of 14 cases. As observed in severing experiments of ddaC at 40
hr AEL, neighboring isoneuronal branches extended toward the
severing site and grew into voided regions that were supposed to
have been covered by the detached branches (Fig. 7, compare
blue arrowheads in pairs of A and D, B and E). These isoneuronal
branches looked as if they stood in the way of the in-growing
heteroneuronal branches (Fig. 7E, blue arrowhead) or covered
bounds of the neutral zones (Fig. 7D,F, purple arrowheads). All

of these data support the hypothesis that inhibitory signaling is
evoked between the growing tips when they encounter each other
in development.

Sensitive periods for the lesion-induced in-growth of
ddaC dendrites
During a series of severing experiments, we found that adjacent
ddaCs often extended their dendrites beyond the neutral zone
and entered the open area when branches were cut at 20 –25 hr
AEL (12 of 14 severings) but not at 40 – 43 hr AEL (0 of 18)
(compare Figs. 4B, 7). This comparison suggests that ddaC in the
embryo and the young larva is able to respond to loss of its neigh-
bor but that this dendritic plasticity is lost at subsequent larval

Figure 5. Observation of dendritic terminals of ddaC and coimaging with muscles. A, B,
Images of two larvae of NP7028 GFP[S65T]/GFP[S65T] at 26 –29 and 51–53 hr AEL, respectively.
Close-up views of dendrodendritic contacts between adjacent ddaC neurons. In the neutral zone
(bracket in B), terminals were closely apposed or turned away before crossing each other (ar-
row) and sometimes it was difficult to identify dendritic tips (arrowheads). C, D, Venus-pm/�;
NP7028 GFP[S65T]/MHC-CD8-GFP-Sh in a third instar larva. A muscle attachment site in C (box)
was magnified in D. Dendrites passed through splits of muscle bundles ( D). Scale bars: A, 20
�m; B–D, 50 �m.

Figure 6. Ablation-induced ingrowth of adjacent ddaC. A, ddaC was ablated at 20 hr AEL in
the embryo of NP7028 GFP[S65T]/GFP[S65T] and observed 2 d later. Dendrites of adjacent ddaCs
broke through the neutral zones (brackets) and invaded the area that was normally covered by
the ablated homolog (arrows). Arrowhead points at an unknown cell. B, C, Positions of dendritic
terminals of ddaC were plotted in illustrations of the hemisegment. Each dot represents a single
terminal. B, Positions of terminals in the control larva. Orange dots indicate dendritic ends of
ddaC in the middle (circle). Violet dots and green dots indicate ends of an anterior adjacent ddaC
and a posterior adjacent ddaC, respectively. C, Positions of terminals of adjacent ddaCs when
ddaC in the middle (circle with a broken line) was ablated. Violet dots on the left and green ones
on the right are as described in B. D, All of the DA neurons in the dorsal cluster except for ddaC
were ablated in embryos homozygous for 109(2)80 GFP[S65T] at 16 –17 hr AEL, and observed 2
d later. In the middle hemisegment, only ddaC was left. Brackets indicate the neutral zones and
dendrites of adjacent hemisegments did not transgress the borders. Scale bars: A, D, 50 �m.
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stages. To examine this hypothesis, we ab-
lated ddaC at different larval stages and
recorded the positions of dendritic ends of
adjacent ddaCs 2 d later. When the cell
was ablated between 25 and 30 hr AEL,
dendrites of its ipsilateral segmental ho-
molog overgrew into the voided region
(Table 1). In contrast, ablation at 35– 40
hr AEL or even later did not cause the
transgression. Besides the reaction of ipsi-
lateral ddaC, in-growth of the contralat-
eral DA neuron(s) was also much less dra-
matic and less penetrant when ddaC and
ddaF were ablated after 35 hr AEL (Table
1, see details in the footnote). This stage
sensitivity of ablation-induced in-growth
was not restricted to ddaC; it was also the
case with one class IV cell in the ventral
cluster, vdaB, in terms of invasion by a
contralateral homolog (data not shown).

Discussion
Recent studies have identified and charac-
terized molecules that are important for
regulating different aspects of pattern for-
mation of dendrites (reviewed in Scott
and Luo, 2001; Jan and Jan, 2001; Whit-
ford et al., 2002). On the other hand, how
distinct neuronal types generate consider-
able morphological heterogeneity of den-
dritic trees remains essentially unknown.
To tackle this question, it would be ideal
to monitor dendritic development of
multiple cell types under study from its
birth till maturation inside whole-mount
animals. Our transgenic markers for da
neurons are suitable for this purpose and
allowed time-lapse observations of ddaD
and ddaE (class I) and ddaC (class IV) at a
single-cell resolution.

Distinct modes of dendritic branching
The two classes of neurons used distinct
strategies of dendritic emergence from the
cell body and branching, which resulted in
differences in their arbor patterns. ddaC
increased in an arbor complexity mostly

Figure 7. Loss of one of the two ddaC terminals, coming close to each other, triggered ingrowth of the other one. A–C, Dorsal
clusters in larvae of NP7028 GFP[S65T]/GFP[S65T] just after hatching (20 –25 hr AEL). Each green arrow indicates a dendrodendritic
contact ( A) or a pair of terminals that were getting close to each other (B, C). Yellow arrows represent proximal dendritic roots that
were severed. D–F, Images of 16 –20 hr after severing of the roots as pointed in A–C, respectively. G–I, Tracings of dendrites of
injured neurons (black), those of ipsilateral homologs (green), and those of contralateral ones (purple). The remaining terminals of
either ipsilateral or contralateral homologs invaded territories that were normally covered by the detached branches (yellow
arrowheads in D, E, G, and H and brackets in F and I). Isoneuronal branches in A and B filled in voided fields as shown in D and E,
respectively (blue arrowheads), and some of them covered bounds of the neutral zones (purple arrowheads in D and F). Brackets in
D and E indicate the neutral zones. At 31–33 hr AEL between B and E, we confirmed that the branch, which was targeted at 23–25
hr AEL (yellow arrow in B), was actually destroyed (data not shown). Scale bars: A–C, 20 �m; D–F, 50 �m.

Table 1. Sensitive periods for ablation-induced ingrowth of dendrites of adjacent DA neurons

Ablated cell(s) Observed adjacent cell(s)

Ingrowth into the field of the ablated cell(s)a

Embryo

Ablation at

25–30 hr AEL 35– 40 hr AEL 45–50 hr AEL

ddaCb Anterior ddaC 11/14 3/13 0/15 0/14
ddaCb Posterior ddaC 12/13 10/13 0/12 0/12
ddaC and ddaFc Contralateral DA neurons 9/10 n.d. 2/14 n.d.

ddaC in one hemisegment was ablated at different stages, and ingrowth of dendrites from homologous neurons in either ipsilateral or contralateral hemisegments was quantified in terms of the number of hemisegments invaded.

n.d., Not determined.
aAs for arbors of either an anterior or posterior ipsilateral hemisegment, ingrowth was judged by whether terminals broke through the neutral zone and invaded into the field of the ablated cell (Fig. 6 A,C). Ingrowth into the ddaC field in
a contralateral hemisegment was judged on the basis of territorial bounds between contralateral ddaCs in neighboring segments.
b ddaC was ablated in �20 hr AEL embryos or in larvae of NP7028 GFP[S65T]/GFP[S65T].
cAblation of only ddaC caused ingrowth of the contralateral homolog, but to a limited extent; thus it was sometimes difficult to judge whether ingrowth occurred. Therefore both ddaC and ddaF were ablated in 16 –17 hr AEL embryos or in
larvae of 109(2)80 GFP[S65T] homozygotes. This ablation protocol has been described previously (Gao et al., 2000).
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by repeated splitting of dendritic ends in the embryo. At larval
stages, ddaC formed lateral branches far behind the ends, which
looked similar to the branching from the side of established shafts
in ddaD and ddaE. Genetic screening for mutants was earlier
performed by using a pan-DA marker, and several mutations
were identified to affect overall branching patterns (Gao et al.,
1999). Use of cell class-specific markers would facilitate the study
of whether each of those loci is required for end splitting and/or
lateral branch formation. Important goals would be to dissect the
molecular basis of each of the two branching modes and to ulti-
mately understand how they are differentially controlled within
the same cell.

Putative mechanisms of filling-in reaction of ddaC dendrites
In contrast with ddaD and ddaE that stabilized the shape of their
entire arbors at early larval stages, ddaC continued to elaborate
branches. Furthermore, ddaC exhibited a much greater capability
of responding to open spaces. Severing of ddaC branches resulted
in dramatic growth and sprouting from neighboring isoneuronal
branches, and those late-emerging branches filled in voided re-
gions, which is reminiscent of a study of cutting sensory arbors of
a pressure-sensitive neuron in leech (Gan and Macagno, 1995).
This filling-in response could be triggered by loss of local isoneu-
ronal inhibitory contacts; alternatively, neighboring isoneuronal
may have started competing for a putative growth factor that
might be produced by potential target cells. Indifference of ddaD
and ddaE to open areas could be explained by loss of reactions to
such an extrinsic cue. Whichever mechanism elicits the filling-in
reaction, the contact-meditated inhibition between isoneuronal
branches prevents them from overlapping with each other.

The above and all of the other distinct natures of the two DA
classes studied are probably linked to early genetic specification
of each class. Thus, studies on genetic programming of dendritic
pattern formation would be facilitated by identifying class selec-
tor genes and searching for their downstream targets. A search for
molecules that are expressed in either one of the classes may
isolate regulators that switch between class-specific features; such
candidates may include pdm1 and cut (Brewster et al., 2001;
Grueber et al., 2002).

A central role of inhibitory interaction between terminals of
Class IV cells in tiling and possible roles of other cells
Cell ablation studies using vertebrate retina support the proba-
bility of class-specific inhibitory interaction between heteroneu-
ronal dendrites (Wässle et al., 1981; Perry and Linden, 1982; We-
ber et al., 1998). Due to limitations of cell labeling methods used,
earlier studies could not perform time-lapse tracking of the same
set of branch terminals. Therefore it was difficult to conclude
whether terminal arbors of adjacent neurons initially overlap to a
great extent followed by remodeling, or if they show mutual ex-
clusion throughout development. Our recordings of heteroneu-
ronal dendrites of ddaC support the latter possibility. Further-
more, our pinpoint surgery showed that ddaC-ddaC specific
inhibitory interaction is necessary and sufficient for the dendritic
exclusion. Finally, destroying a single dendro-dendritic interface
showed that the inhibitory signaling occurs between the growing
tips, through a contact-based mechanism or a short-range
communication.

Although our result of the microsurgery highlights a crucial
role of class-specific dendro-dendritic recognition in tiling, they
do not necessarily exclude the contribution of surrounding cells
to refining dendritic patterns. In response to ddaC ablation, all
dendrite terminals of adjacent homologs, which were outgrowing

within the neutral zone, did not necessarily break through. In-
growth from anterior segments tended to be less penetrant than
that from posterior ones. This could be explained by the hypoth-
esis that DA neurons other than ddaC, such as ddaB (Fig. 1F;
Grueber et al., 2002), extend their dendrites toward the anterior
segment boundary and those arbors may serve as physical barri-
ers. Another example of surrounding tissues could be muscles,
which may contribute to terminal extension with regular spacing.

Interpretations of the sensitive period of the
dendritic ingrowth
Microsurgery-induced breaking of the bounds of ddaC was
highly penetrant when lesions were made in the embryo; in con-
trast, the transgression was hardly detected when ddaC was ab-
lated at 35– 40 hr AEL or thereafter. This kind of the sensitive
period for lesion-induced changes in dendritic morphology was
reported also in the kitten retina (Eysel et al., 1985). Interestingly,
our study of Drosophila DA neurons showed that this transition
almost coincides with the stage when arbors of adjacent cells have
come in touch with one another and the body wall has become
almost completely tiled. This coincidence could be interpreted to
indicate that the intercellular inhibitory signaling plays a pivotal
role in establishing territorial bounds up to 35– 40 hr AEL, but
not in maintaining the bounds once they are defined.

What is the underlying mechanism for ddaC-ddaC specific
inhibitory interaction?
Dendritic tiling has been studied well at the cellular level in the
vertebrate retina and evidence has been obtained for cell class-
specific recognitions, possibly through dendro-dendritic con-
tacts (Lohmann and Wong, 2001). However, the underlying
mechanisms remain to be elucidated. Thus we anticipate the fu-
ture defining of the molecular mechanism of the inhibitory in-
teraction specifically between class IV. It is proposed that fla-
mingo, which encodes a seven-pass transmembrane cadherin
(Usui et al., 1999), is required for the competitive interaction
between dendrites of contralateral da neurons (Gao et al., 2000);
on the other hand, dendrites of flamingo mutant ddaC mostly
respect bounds between ipsilateral homologs (Grueber et al.,
2002; K. S. and T. U., unpublished data). Phenotypes that are
caused by the loss of flamingo function are further complicated, as
was shown by the fact that ddaD and ddaE of class I overgrow
their dendrites toward the dorsal midline (Sweeney et al., 2002;
H. Kimura, T. Usui, and T. U., unpublished data).

How do dendrites of ddaC distinguish those of homologous
cells from those of da neurons of other classes? The specific rec-
ognition between ddaC could be due to production by these neu-
rons of a unique set of receptor and ligand to elicit the repulsive
signaling. Alternatively, the cells could express a class-specific cell
adhesion molecule that may recruit common repulsive signaling
complexes to dendro-dendritic contact sites. In conclusion, we
expect that further exploration into shaping of dendritic patterns
of each class of da neurons will bring breakthroughs toward our
understanding of the molecular basis for the diverse morphology
of dendritic trees.
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