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ABSTRACT: We developed a system for time-
lapse observation of identified neurons in the central
nervous system (CNS) of theDrosophila embryo. Using
this system, we characterize the dynamics of filopodia
and axon growth of the motorneuron RP2 as it navigates
anteriorly through the CNS and then laterally along the
intersegmental nerve (ISN) into the periphery. We find
that both axonal extension and turning occur primarily
through the process of filopodial dilation. In addition, we

used the GAL4-UAS system to express the fusion protein
Tau-GFP in a subset of neurons, allowing us to correlate
RP2’s patterns of growth with a subset of axons in its
environment. In particular, we show that RP2’s sharp
lateral turn is coincident with the nascent ISN. © 1998

John Wiley & Sons, Inc. J Neurobiol 37: 607–621, 1998

Keywords: Drosophila;growth cone; time lapse; motor-
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An understanding of axon pathfinding involves a de-
scription of the changing morphology of growing
axons together with knowledge of the molecular
mechanisms underlying those changes. While patterns
of growth for identified neurons can be reconstructed
from axonal morphologies in fixed embryos, a de-
scription of the dynamics of axon growth requires
time-lapse observation. In recent years, the combina-
tion of nontoxic fluorescent dyes and low-light-level
imaging has permitted neurons to be observed navi-
gating in vivo for extended periods without affecting
normal pathfinding. Such studies have been carried
out in both vertebrates (Eisen et al., 1986; Harris et
al., 1987; Kaethner and Stuermer, 1992; Sretavan and

Reichardt, 1993; Godement et al., 1994; Halloran and
Kalil, 1994) and invertebrates (O’Connor et al., 1990;
Myers and Bastiani, 1993). An important advantage
of invertebrates and simple vertebrates such as the
zebrafish (Kaethner and Stuermer, 1992) is that indi-
vidual neurons can be identified and observed grow-
ing along stereotypic pathways. This allows growth
cone behavior and cytoskeletal rearrangements to be
correlated with identifiable extracellular guidance
cues. For example, in the grasshopper limb bud, Bent-
ley and colleagues were able to correlate patterns of
growth cone behavior with changing extracellular
substrates (O’Connor et al., 1990), and documented
the changing arrangements of both microtubules (Sa-
bry et al., 1991) and microfilaments (O’Connor and
Bentley, 1993) during known steering events. How-
ever, one limitation with the grasshopper as a model
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system is that hypotheses about the role played by
specific genes cannot be readily tested by mutant
analysis.

In this article, we describe the development of a
system for time-lapse observation of living neurons
navigating in the embryo ofDrosophila melano-
gaster,an invertebrate suited to genetic and molecular
manipulations. InDrosophila,mutations in a number
of identified genes result in axon pathfinding errors
and abnormal development of axon pathways (e.g.,
Goodman, 1996; Desai et al., 1997). Time-lapse ob-
servations in these mutants will shed light on the role
played by specific gene products in general growth
cone dynamics and specific steering events, and in
doing so lead to a better understanding of the cellular
events underlying the development of gross defects in
the nervous system. Time-lapse observations have
previously been used inDrosophila to document the
dynamic behavior of filopodial exploration in the em-
bryonic body wall (Keshishian et al., 1993). In this
article, we describe the dynamics of filopodia and
axon growth of the motorneuron RP2 in wild-type
embryos, as it navigates anteriorly through the central
nervous system (CNS) and then makes a distinct
lateral turn along the intersegmental nerve (ISN) out
to its target, muscle 2 (Sink and Whitington, 1991a)
(Fig. 1).

We have found the process of filopodial dilation, in
which a filopodium persists and thickens to become
the newly formed neurite, to be an important mecha-
nism for both axonal elongation and turning. Filopo-
dial dilation, first seenin vitro (Letourneau, 1975;
Hammarback and Letourneau, 1986), was described
in detail by O’Connor et al. (1990) and has subse-
quently been observed in otherin vivo systems (Ma-
son and Godement, 1992; Myers and Bastiani, 1993).

In this article, we show that filopodial dilation also
occurs inDrosophila,during both RP2’s anterior pro-
gression and its lateral turn into the ISN.

In addition to the wild-type characterization, we
have used the GAL4/UAS transcriptional activation
system (Fischer et al., 1988; Brand and Perrimon,
1993) to observe RP2 navigating in an embryo in
which a subset of cells, including the motorneuron
aCC, express green fluorescent protein fused to the
microtubule binding protein, Tau (Prasher et al.,
1992; Chalfie et al., 1994; Brand, 1995). This has
allowed us to correlate specific morphological fea-
tures of RP2’s growth cone with the surrounding
axonal environment. In particular, we find that RP2’s
lateral turn, often mediated by the dilation of a single
filopodium, is coincident with the nascent ISN.

MATERIALS AND METHODS

Preparation, Staging, Dissection, and
Culturing of Embryos

Oregon-R wild-type embryos ofD. melanogasterwere col-
lected from yeast-pasted agar plates, chemically dechorion-
ated by 5 min agitation in 50% commercial bleach, and
washed inDrosophila saline (6.50 g NaCl, 0.14 g KCl,
0.20 g NaHCO3, 0.12 g CaCl2, 0.01 g NaH2PO4 z 2H2O in
889 mL dH2O). Accurate staging was achieved by choosing
embryos at the midpoint of germ-band retraction—a time
when the germ band is moving rapidly—and then incubat-
ing them whole (i.e., undissected) at 25°C in saline for a
given period of time. Stages given in this report are speci-
fied as the number of minutes after this morphological stage,
which corresponds to midstage 12 in Campos-Ortega and
Hartenstein’s staging scheme (1985).

For time-lapse observations, embryos were dissected at
the desired stage (usuallyt 5 45–50 min) as previously
described (Sink and Whitington, 1991b) and cultured in a
humidified chamber formed between the slide and the ob-
jective using a perspex ring sealed with white petroleum
jelly. Embryos were cultured in either saline (n 5 18) or
M3 (with L-alanine replacingb-alanine, 888 mg of K.glu-
tamate and KHCO3 omitted) (Shields and Sang, 1977) sup-
plemented with 10% fetal calf serum (FCS) (n 5 4). The
culture medium was maintained at approximately 25°C
during time-lapse observations.

DiI Injections

For time-lapse observations, the soma of RP2 was identified
under Nomarski optics using a Leitz3100 water-immersion
objective. A 30–60 MV microelectrode pulled on a Brown-
Flaming horizontal puller (Sutter Instrument Co.) was
placed against the cell membrane, with care being taken to
avoid puncturing the cell. Under fluorescent illumination,

Figure 1 Schematic of one segment of the CNS and body
wall of theDrosophilaembryo, showing the mature projec-
tions of motorneurons RP2 and aCC. aCC pioneers the
anterior root of the intersegmental nerve, arborising on
muscle 1. RP2’s axon exits the CNS via the posterior root of
the ISN and arborises on muscle 2. Anterior is up. lc
5 longitudinal connective; ac5 anterior commissure; pc
5 posterior commissure.
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attenuated with a 10% neutral density filter and using a
TRITC filter set (Chroma Technology), a 0.01% DiI solu-
tion in 1:9 dimethyl sulfoxide (DMSO):ethanol was ionto-
phoretically injected by applying a 0.5- to 1.0-nA DC de-
polarizing current until dye was seen to begin diffusing
across the cell body (typically 1–2 s). At this time, the
fluorescent illumination and current were immediately
turned off. For measurements of axon growth in whole
embryos, cells were injected and photoconverted as previ-
ously described (Merritt and Whitington, 1995).

Time-Lapse Observations

Time-lapse observations were carried out on a Zeiss Axios-
kop equipped with a UniBlitz shutter, an ASI focus control-
ler, and a COHU 4913 integrating camera connected to a
Scion LG-3 frame grabber. This hardware was controlled
with a modified version of the NIH Image software (avail-
able by anonymous ftp at zippy.nimh.nih.gov) running on a
Macintosh Quadra 800 computer.

At 1-min intervals, the shutter was opened for 0.5–2 s,
the excitation light passed through a 1% neutral density
filter, and the emitted signal was integrated on the COHU
on-chip integrating CCD at 24 frames/s. An ASI focus
controller was used to monitor and change thez position to

keep the region surrounding RP2’s lateral turn in focus. This
meant that at later stages, RP2’s soma and its axon, which
extended ventro-laterally out of the CNS, were out of focus.

Only time-lapse sequences in which RP2 followed a
normal trajectory—turning laterally and extending out of
the CNS into the periphery—have been used for the char-
acterizations and statistics reported here. These 22 se-
quences were collected using either M3 medium (n 5 4) or
saline (n 5 18). Injected cells showed a range of behaviors.
Of the 41 attempted time-lapse sequences using saline, there
were 18 in which RP2 showed vigorous growth and pro-
jected normally, seven in which RP2 extended as far as the
ISN but either did not form a lateral branch or formed a
branch but subsequently retracted it, six in which RP2
continued to extend filopodia but made no forward progress,
nine in which RP2 showed rapid retraction/fragmentation,
and one in which RP2 showed vigorous growth but, in
addition to extending the usual lateral branch, also formed a
lateral branch in the next anterior segment [see Fig. 6(D)].

Lengths of filopodia and axons were measured by im-
porting image sequences into Director 4.0 (MacroMedia)
and positioning markers along the lengths of processes.
Measurements were restricted to those frames in which the
extent of the filopodium/axon was clear. When measuring
the time taken for filopodia to reach their maximum length
(Fig. 8), only those filopodia whose initial outgrowth was in
focus (13 out of 31) were included. Following dilation

Figure 2 Time course of development of RP2 in whole
embryos. Embryos were chosen at midstage 12, incubated
for periods separated by 30-min intervals, and fixed, and
RP2 was injected with DiI and photoconverted (see Mate-
rials and Methods for details). At 30 min, RP2 has just
begun axonogenesis with the extension of a broad process in
the anterolateral direction. At 60 min, this process has
extended further and is narrower. At 90 min, the axon has
extended anteriorly into the vicinity of the ISN. At 120 min,
the axon has begun to turn laterally, and by 180 min, the
lateral branch has extended into the periphery. Bar5 10
mm.

Figure 3 Rates of axonal extension in whole embryos and
in vivo. Solid line shows mean lengths of RP2’s axon in
whole embryos fixed at successive developmental stages
(error bars give standard deviations). Dotted line shows
mean length of axons in time-lapse sequences, calculated at
30-min intervals. Sample sizes for whole embryos were: 30
min, n 5 7; 60 min,n 5 29; 90 min,n 5 15; 120 min,
n 5 11; 150 min,n 5 6, and for time-lapse sequences, 60
min, n 5 4; 90 min,n 5 12; 120 min,n 5 13; 150 min,
n 5 12; 180 min,n 5 7; 210 min,n 5 2.
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events, markers indicating the tip of the axon were advanced
as soon as the process was clearly thickened and stable.

Construction of UAS-Tau-GFP Flies

Green fluorescent protein with mutations S65T and I167T
was amplified by PCR from plasmid pS65T,I167T (a kind
gift from J. Pines) and ligated to the first 382 amino acids of
bovine Tau (as reconstructed in pBT43-12 by Butner and
Kirschner (1991) and Callahan and Thomas, 1994). The
Tau-GFP fusion was then subcloned into pUAST (Brand
and Perrimon, 1993) and transgenic lines generated by
injection of DNA, prepared using the Qiagen midiprep
protocol, as previously described (Brand and Perrimon,
1993). Several independent transformants were obtained.

The excitation spectrum of wild-type GFP has two
peaks: one at 395 nm and a second, lower peak at 475 nm.
The two point mutations in the GFP coding sequence, S65T
(Heim et al., 1995) and I167T (Heim et al., 1994), shift the
excitation spectrum of GFP toward a single excitation peak
near 475 nm with a peak of emission near 508 nm. Tau-
GFP65/167is visible by epifluorescence using most conven-
tional fluorescein isothiocyanate (FITC) filter sets, and is
ideal for imaging by confocal microscopy, using the 488-nm
line produced by either an argon ion or krypton/argon
mixed-gas laser. The Tau-GFP65/167 fusion protein fluo-
resces more brightly than Tau-GFPwild type or Tau-GFP car-
rying either the S65T or I167T mutation alone (Brand,
1995; A. Brand, unpublished data).

Time-Lapse Observations of DiI-Labeled
RP2 in ftzng-GAL4, UAS-Tau-GFP
Embryos

ftzng-GAL4/TM3 flies were crossed with flies carrying a
single UAS-Tau-GFP insert, homozygous on the second
chromosome. Embryos were collected, dechorionated, and
dissected as previously described. Embryos expressing Tau-
GFP were examined for hemisegments in which the ISN
was clearly visible. RP2 was then injected with a 0.001%
DiI solution in 100% ethanol. At 2-min intervals, an image
of RP2 was captured with a TRITC filter set (Chroma Tech.)
and 1–2 s integration with a 10% ND filter, followed 30 s

later by an image of the Tau-GFP–positive cells using an
FITC filter set (XF100; Omega Optical) with 4–10 s of
integration and no ND filter. FITC and TRITC images were
then contrast-enhanced and overlayed in either Photoshop
4.0 (Adobe) or NIH Image.

Tau-fusion proteins can interfere with mitosis in rapidly
dividing tissues, such as the imaginal discs. For example,
the pupal thorax is eliminated in flies expressing tau-b-
galactosidase driven by engrailed-GAL4, leading to 100%
lethality. Tau-GFP causes milder phenotypes: Flies express-
ing tau-GFP are viable, but exhibit a posterior wing defect
(A. Brand, unpublished data). However, we have seen no
obvious defects in the embryonic CNS when expressing
tau-GFP, and in the example presented in this article, we
believe that the Tau-GFP/DiI time-lapse sequences are ef-
fectively wild type. Both the positioning of Tau-GFP la-
belled pathways and RP2’s dynamic behavior appeared
normal. In addition, the levels of fluorescent excitation of
the Tau-GFP fluorochrome did not appear to hinder the
development of the Tau-GFP–positive pathways such as the
MP1/dMP2 pathway, or the normal lateral contraction of the
CNS. Furthermore, flies expressing Tau-GFP were viable
and fertile.

RESULTS

Dynamics of Motorneuron RP2’s Axonal
Outgrowth

Prior to the collection of time-lapse data, the time-
course of outgrowth of RP2 was reconstructed from
axonal morphologies in whole embryos fixed at stages
separated by intervals of 30 min (Fig. 2). RP2’s early
development within the CNS can be divided into three
periods:

1. axonogenesis and the formation of a short
anterolateral process (30–60 min) (Fig. 2)

2. anterior growth up to the ISN (60–90 min)
(Fig. 2)

3. lateral extension down the ISN and out of the
CNS (120–180 min) (Fig. 2)

Figure 4 Time-lapse sequence of RP2’s axon navigating out of the CNS. RP2 was injected with
DiI, and images were captured at 1-min intervals for a period of 135 min. RP2’s axon begins as a
short anterolateral process extending out from the soma. A filopodium extends anteriorly (0–5 min)
and dilates (arrows, 5–10 min), reorienting the growth cone in an anterior direction. Further
filopodial extensions (arrow, 35 min) and dilation (35–40 min) result in continued axonal advance
in an anterior direction. At 80 min, a filopodium emerges from behind the leading edge of the axon
(arrow) and extends laterally for;20 mm (arrow, 90 min). This filopodium dilates and the anterior
branch is gradually resorbed back into the axon as the lateral branch is elaborated. By 135 min, the
growth cone has extended well into the periphery (and ventrally out of focus) and the axon has
attained a mature morphology, i.e., more even width, smoother bends and reduced filopodial
activity. Bar5 10 mm.

In Vivo Dynamics of Axon Guidance inDrosophila 611



At any given stage, there is considerable variation
in axon length, particularly during the period in which
RP2’s axon turns laterally (120 min) (Fig. 3). Average
rates of axon growth increase once RP2 is extending
along the ISN (Figs. 2 and 3).

Time-lapse images were collected at 1-min inter-
vals in a dissected fillet preparation, in which the body
wall is flattened onto the slide and the dorsal surface
of the CNS is revealed. Time-lapse observations were
consistent with observations from whole embryos,
both in terms of the morphologies and patterns of
growth, and the relative rates of growth before and
after joining the ISN, although the rates of axonal
elongation were slower (see below). The time-lapse

observations presented here are based on 22 se-
quences (see Materials and Methods) beginning at
stages 60–90 min (n 5 20) and 100–120 min (n
5 2). In most cases (n 5 12), RP2’s anterolateral
process had already formed but the axon had not yet
migrated anteriorly [Fig. 4: 0 min; Fig. 5(A): 0 min].
In the other cases (n 5 10), RP2’s axon had already
extended anteriorly to the vicinity of the ISN. RP2’s
anterolateral process is typically very motile and is the
center of much filopodial activity. Filopodia show no
obvious biases in distribution around the cell and can
apparently arise from all parts of the soma and axon
[e.g. Fig. 6(B)].

RP2’s axon then migrates anteriorly to the ISN. In

Figure 5 (A) Time-lapse sequence of RP2, in which the lateral branch forms from the tip of the
growing axon (69 min). Note the dilation of an anterior filopodium (arrows, 15–26 min) and a long
filopodium at 39 min, which rapidly reached;20 mm but did not dilate. The filopodium at 69 min
retracts and reextends at 180° to original direction (arrowhead, 76 min). A second lateral filopodium
forms (arrow, 76 min), and dilates as the original filopodium is resorbed (88–111 min). (B) Detail
of an anterior filopodial dilation sequence. A filopodium extends (10–14 min), pauses (14–19 min),
and is then partially retracted (19–22 min) as the shaft thickens first at the base (arrow, 20 min) and
subsequently to a distance approximately half the length of the original filopodium (26 min). At time
28 min, a secondary process (apparently thicker than a filopodium) extends from the side of the
thickened shaft (wide arrow), and a new filopodium extends from the tip (arrow). Bars: (A) 10mm,
(B) 5 mm.
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8 of 12 cases, this anterior progression was observed
to occur by a process of filopodial dilation—a filop-
odium extends some distance anteriorly [Fig. 4: 5
min; Fig. 5(A): 15 min], persists, and thickens to
become the newly formed neurite. New filopodia
could then extend anteriorly from this more advanced
position [Fig. 4: 35 min; Fig. 5(B): 28 min] and again
dilate. In some cases, the extension and dilation of a
single filopodium was sufficient to bring the neurite
into the vicinity of the ISN. The average maximum
length of filopodia that dilated (and whose extent was
clear) was 5.36 2.6 mm (n 5 11). In theother four
sequences, a dilation was not recorded owing to a lack
of image quality (n 5 3) or inadequate temporal
resolution (n 5 1).

A typical dilation sequence is shown in Figure
5(B). A filopodium extends anteriorly (10–14 min)
and pauses (14–19 min). The filopodium then begins
to thicken at the base (20 min). As the shaft continues
to thicken, the tip of the original filopodium is par-
tially retracted so that at 26 min the neurite has
advanced to approximately half the length of the
original filopodium. At 28 min, a filopodium emerges
from this more advanced position.

Filopodial dilation was also the method by which
RP2’s axon turned laterally. Of the 20 sequences in
which we were able to observe RP2 turning (two had
already turned), only 10 were in clear focus, and in

each of these cases filopodial dilation was observed.
Lateral dilations followed similar patterns to dilations
during the anterior progression but typically involved
longer filopodia, and therefore provided a clearer
view of this process. Lateral filopodia that dilated
(and whose extent was clear) averaged a maximum
length of 12.46 3.6 mm (n 5 7).

Figure 7 shows three sequences demonstrating a
range of behaviors seen during dilation. In Figure
7(D), a filopodium is seen extending laterally and
ventrally, out of focus, as dilation proceeds. The
thickening of the shaft begins at the base (5 min) and
is then seen at discontinuous locations along the shaft
(e.g., 11 and 18 min). Figure 7(E) shows another
sequence in which thickening begins at the proximal
end of the filopodium (4 min).

Another common feature of dilation sequences is
the emergence of secondary filopodia and/or thicker
processes from the side of the thickening shaft: These
are oriented in the same general direction as the
original filopodium [Fig. 5(B): 28 min; Fig. 7(E):
10–12 min]. These processes often appear to be an-
terogradely translocated such that their base is moved
forward along the thickening shaft [Fig. 7(E): 10–12
min]. Figure 7(D) shows a similar anterograde move-
ment of a slight swelling on the shaft of the filopo-
dium (17–19 min). In Figure 7(F), we see the exten-
sion of a second filopodium (6 min) and third

Figure 6 Selection of axon morphologies from four different time-lapse sequences. (A) RP2’s
axon forms a typical fan shape at the ISN. (B) Filopodia can continue to extend from the mature
axon, one of which extends across the commissure (arrow). (C) Antero-medial branch forms by the
thickening of a filopodium (arrows, 0–7 min). (D) Aberrant ectopic branch forms in next anterior
segment. Bars5 10 mm.
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filopodium (7 min) whose bases are translocated for-
ward (8–11 min).

The relative timing of formation of RP2’s lateral
branch was quite variable. In some cases, a lateral
filopodium arose from the anterior tip of the axon
[Fig. 5(A): 69 min] and the axon turned immediately
along its lateral path. In other cases, the growth cone
extended well past the point at which the turn would
eventually occur, only to be later resorbed as the
lateral branch formed and matured (Fig. 4: 75–135
min). This inappropriate branch, which ranged from
anterior to medio-anterior, was quite common (n
5 16) and could often emerge or reemerge long after
the lateral branch had formed. The formation of this
branch was, in some cases, clearly via the thickening

of a single filopodium [Fig. 6(C)]. Another common
morphological feature at this stage was a widening of
RP2’s growth cone into a fanlike shape [Fig. 6(A); see
also Fig. 10: 56 min].

A common feature of all time-lapse sequences was
the vigorous motility of the growth cone, trailing
neurite, and cell as a whole. Time-lapse sequences in
which the axonal environment of RP2 was made
visible with Tau-GFP suggest that much of RP2’s
large-scale cellular movement simply reflects the
movement of the entire cellular environment. In neu-
rites, the bases of filopodia and larger branches were
jostled both anterogradely and retrogradely.

As the leading edge of the axon continues out of
the CNS, the trailing neurite becomes thinner and
more even in diameter, adopts a smoother profile with
fewer lateral processes, and becomes straighter with
fewer acute angles. Filopodial activity is also reduced
but does not entirely cease [Fig. 6(B)].

Rates of Axon Elongation

Average rates of axon elongation duringin vivo time-
lapse sequences were approximately half those in
whole embryos prior to fixation. Control experiments
in which embryos were dissected and cultured in the
absence of illumination showed a similar reduction in
rate (data not shown), suggesting that this slowing of
axon growth is due to culturing and not DiI labeling or
photoillumination.

Growth rates in whole embryos were deduced by
calculating RP2’s mean axonal length in embryos
fixed at 30-min intervals. RP2’s rate of axon growth
changes at 90 min, increasing from 13.8 to 34.7mm/h
(Fig. 3). This change in rate coincided with the mean

Figure 8 Peak filopodial length versus duration. The ex-
tension of four lateral filopodia that subsequently dilated
(solid lines) is contrasted with 13 filopodia which did not
dilate (crosses) where only the end point is plotted. The
dotted line represents the unusually long filopodium indi-
cated in Figure 5(A): 39 min.

Figure 7 Three examples of lateral dilation. (D–F) Detailed closeups of the boxed regions in
(A–C), respectively. (D) A filopodium extends laterally and ventrally out of focus. Thickening of the
shaft can be seen to initially occur at the base (arrowhead, 5 min) and then at discontinuous locations
along the shaft of the filopodium (arrowheads in 11, 17, 18, and 19; and at various locations in
frames 21–31 min). At frames 17, 18, and 19 min, a small swelling is apparently translocated
anterogradely at a rate of approximately 2mm/min. (E) A filopodium extends (3 min, arrowhead),
pauses (3–5 min), extends again (6–10 min), and then retracts (11–12 min). Thickening begins at
the proximal end of the filopodium (arrowhead at 4 min) and then laterally along the filopodium (5–9
min). At time 10 min, a secondary filopodium emerges from the side of the shaft and elongates,
while its base is translocated forward at a rate of approximately 2mm/min (arrowheads at 10, 11,
and 12 min). (F) A sequence in which three filopodia are involved in the lateral turn. A filopodium
which has previously extended laterally (arrowhead at 1 min) retracts (1–5 min), and then reextends
(down arrowhead at 6 min). Subsequently a second filopodium (up arrowhead at 6 min) and third
filopodium (arrowhead at 7 min) emerge and extend laterally. The original filopodium appears to
remain stationary (down arrowhead at 9 min) as the bases of the other two filopodia are translocated
forward (up arrowheads at 8–11 min). By 12 min, the original and third filopodia have retracted as
the second filopodium continues to extend laterally. Bars5 5 mm.
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distance from RP2’s soma to the lateral turn (19.8
6 2.3 mm), suggesting that the growth rate increases
once the axon is extending along the ISN.

Time-lapse sequences showed a similar trend. For
each time-lapse sequence, a time was chosen when
the first lateral filopodium had begun extension, and
axonal growth rates calculated before and after that
time. Rates up to the ISN averaged 7.56 3.4 mm/h,
with a range of 3.7–15.1mm/h, while rates along the
ISN averaged 19.96 7.8 mm, with a range of 8.8–
32.8mm/h. Thus, time-lapse rates up to the ISN were
on the average 54% of rates seen in whole embryos,
while rates along the ISN were 57%.

Filopodial Dynamics

Filopodia were identified by an apparent uniform
width of approximately 0.25mm (as measured in
fluorescent images), uniform brightness, and rapid
rates of extension and retraction. Statistical analysis
[with the one exception shown in Fig. 5(A): 39 min]
was restricted to those filopodia whose extent was
clear—i.e., filopodia whose tip and base were both
visible. A total of 32 such filopodia were obtained
from 8 of the 22 time-lapse sequences.

Filopodia were generally short-lived (4–17 min)
but could persist for over 60 min. Peak lengths
reached by filopodia averaged 7.4mm, and ranged
from 3.5 to 20mm [Fig. 8; Fig. 4: 90 min; Fig. 5(A):
39 min], implying that filopodia can potentially sam-
ple the environment several cell diameters away from
their base (e.g., RP2’s soma is typically about 7mm in
diameter).

Filopodia extended and retracted at similar rates
(Fig. 9), with a maximum rate of 5mm/min for both
retraction and extension. Filopodia often underwent
repeated cycles of extension and retraction, particu-
larly in directions of future axon growth. Filopodia
could partially retract and reextend in new directions,
such as in Figure 5(A) (76 min), in which the filop-
odium is seen to turn 180°. Filopodia often followed
long curved paths [Fig. 5(A): 39 min] and could
undergo large lateral movements, bending in the mid-
dle and near their base.

These figures for maximum length (20mm) and
maximum rates of extension (5mm in 1 min) are
similar to those previously reported by Keshishian et
al. (1993) for the dynamic behavior of filopodia at the
leading edge of the developing segmental nerve
(SNa).

Filopodia could apparently arise from all parts of
the soma and axon and project in all directions, but
tended to explore some directions more frequently
than others: anteriorly along the forming longitudinal

connectives (Fig. 4: 5 and 35 min), across the com-
missures [Fig. 6(B), where the filopodium was de-
duced to have crossed the midline] and antero-medi-
ally from the corner of the lateral turn [Fig. 6(C)].
Directions of future growth were often explored by
multiple filopodia [Fig. 5(A): 76–88 min; Fig. 7(F):
5–9 min].

Filopodia extending laterally down the ISN prior to
dilation tended to be longer than average (12.4 vs. 7.4
mm) and to reach their maximum length more quickly
and without long pauses or intermediate retraction
(Fig. 8). Such rapid extension did not, however, in-
variably result in dilation. For example, the filopo-
dium shown in Figure 5(A) (39 min) rapidly extended
to a length of 20mm but did not dilate.

Time-Lapse Observations in Embryos
Expressing Tau-GFP

Certain aspects of RP2’s dynamic behavior were
strongly suggestive of underlying cellular features
providing substrates for RP2’s growth cone. For ex-
ample, it appeared likely that RP2’s lateral filopodia
were extending along axons in the nascent ISN. To
test this, we used the GAL4-UAS activation system to
produce embryos in which a subset of axonal path-
ways, including the ISN, was fluorescently labeled.
To do this, flies were transformed with a UAS con-
struct in which the microtubule binding protein,
bovine Tau, was fused to a GFP double mutant,
GFP65/167 (see Materials and Methods for details).
This mutant is brighter than the wild-type GFP and
has absorption and emission spectra more similar to

Figure 9 Distribution of changes in the length of filopodia
over a 1-min interval. Frame-to-frame changes in length
over the lifetime of each of the 32 filopodia included in the
statistical analyses are pooled in this histogram. Rates of
extension and retraction are similar with a maximum rate in
both directions of 5mm/min.
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Figure 10 Time-lapse sequence of RP2 (red) and Tau-GFP–labeled cells (green). RP2 was injected
with DiI in embryos expressing Tau-GFP. At 2-min intervals, an image of RP2 was captured using a
TRITC filter set, followed 30 s later by an image of the Tau-GFP positive cells using an FITC filter set.
The ftzng regulatory region directs expression of GAL4 in a subset of cells including (MP1, dMP2,
vMP2, aCC, and pCC). The GAL4 protein subsequently drives expression of the fusion protein
Tau-GFP, which binds to microtubules. GFP-labeled features visible include nascent ISN (arrow at 16
min), the MP1/dMP2 pathway (wide arrow at 28 min), and pCC/vMP2 pathway (arrow at 28 min), and
two highly motile cells which appeared to be macrophages (arrows at 0 min). RP2 can be seen to extend
a lateral filopodium along the ISN which subsequently dilates (arrowheads, 16–28 min). RP2’s growth
cone adopts a typical fan shape at the junction of the ISN and longitudinal pathways (arrow at 56 min)
and can be seen to extend a mediolateral process between the MP1/dMP2 pathway and the proximal
region of aCC’s axon (arrow at 72 min). Bar5 10 mm.

Figure 11 Dilation of lateral filopodium in Tau-GFP embryo. The neuron is shown before and
after dilation of a lateral filopodium. As seen at 0 min, the filopodium is coincident with the
Tau-GFP–labeled ISN. Bar5 10 mm.
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FITC epifluorescence. The use of Tau targets the GFP
fluorescence to microtubules, producing a strong sig-
nal in axons (Brand, 1995).

To drive expression of the UAS-Tau-GFP reporter,
we used the ftzng-GAL4 effector (D. Van Vactor and
C. S. Goodman, unpublished data; used in Lin et al.,
1994, 1995) in which the GAL4 gene is placed under
the control of the neurogenic enhancer of thefushi-
tarazu gene (Hiromi et al., 1985). This control ele-
ment directs expression in a segmentally repeated
subset of cells which includes the pioneers of the
longitudinal connectives (vMP2, dMP2, MP1, and
pCC), the pioneer of the ISN (aCC) and a subset of
the RP motorneurons—including RP2 (Doe et al.,
1988; VanBerkum and Goodman, 1995). As has been
previously reported for the ftzng-GAL4 effector (Lin
et al., 1995), we found that the levels of the reporter
produced at a given stage varied greatly between
different cells. At early stage 13, dMP2 and vMP2
consistently expressed Tau-GFP at high levels, mak-
ing the pCC/vMP2 and MP1/dMP2 pathways brightly
fluorescent. In contrast, the ISN was usually only
clearly visible in a few hemisegments per embryo.
Having found such a hemisegment, RP2 was labeled
with DiI and a time-lapse sequence collected. At
2-min intervals, an image of RP2 was captured using
a TRITC filter set, followed 30 s later by an image of
the Tau-GFP–labeled cells using an FITC filter set.

Using this technique, we collected seven sequences
in which both the ISN and RP2’s axon, as it navigates
laterally out of the CNS, were visible. In each case,
the lateral growth of RP2’s axon was coincident with
the ISN, and remained closely associated during sub-
sequent cellular movements (Fig. 10). In those cases
in which the dilation of a lateral filopodium was clear
(Fig. 11), the filopodium was aligned with the ISN.
GFP time-lapse sequences also showed that the com-
mon fan-shaped widening exhibited by RP2’s growth
cone in the vicinity of the ISN corresponded to the
triangular region bounded by RP2’s axon, the ISN,
and the MP1/dMP2 pathway (Fig. 10: 56 min). Fi-
nally, it was clear that the antero-medial process,
another common feature of time-lapse sequences, was
aligned with the MP1 pathway and the more proximal
part of the ISN (Fig. 10: 72 min), in the region in
which these two pathways fasciculate.

DISCUSSION

We developed a system for time-lapse observation of
the growth cones of identified neurons in the CNS of
theDrosophilaembryo. Our goal in usingDrosophila
is to study the general growth cone dynamics and

specific axon pathfinding events of identified neurons
in a well-characterized cellular environment, in both
wild-type and mutant backgrounds. As a first step
toward this goal, we characterized the wild-type, dy-
namic behavior of the motorneuron, RP2, as its axon
migrates out of the CNS. In addition, we identified a
specific steering event in which RP2’s axon negotiates
a sharp lateral turn by means of the dilation of lateral
filopodia. Using one of the tools ofDrosophila—the
GAL4/UAS activation system—we determined that
these lateral filopodia are coincident with the nascent
ISN, suggesting that axons in the ISN might be pro-
viding a substrate for these filopodia.

In whole embryos, RP2’s axon extends anteriorly
toward the ISN at an average rate of 14mm/h and then
along the ISN at a rate of 35mm/h. These rates of
axon growth are comparable to other systems: e.g.,
16–52mm/h in vivo in Xenopus(Harris et al., 1987),
40–50mm/h in vivo in the mouse (Godement et al.,
1994), and 17mm/h (O’Connor et al., 1990) and 8
mm/h (Myers and Bastiani, 1993) in the grasshopper.
As reported for the grasshopper (O’Connor et al.,
1990; Myers and Bastiani, 1993), cultured growth
rates were slower than those in whole embryos.

The neurons ofDrosophilaare much smaller than
those of the grasshopper, develop more quickly, and
have filopodia which are shorter and less numerous.
Despite these differences, patterns of growth and
steering are similar in these two insects. O’Connor et
al. (1990) described three types of axon migration and
steering during ingrowth of the Ti1 pioneer neurons in
the grasshopper limb bud: (a) veil extension—a flat
organelle-free veil forms between filopodia and then
undergoes engorgement; (b) filopodial dilation—a
single filopodium thickens to become a newly formed
neurite, advancing the axon in one saltatory jump; and
(c) branch regression—multiple axonal branches form
but only one is subsequently retained. In this study,
we found filopodial dilation to be a major mechanism
of both axonal migration and turning. Branch regres-
sion was also seen, with the formation and resorption
of inappropriate branches being common. Veil exten-
sion, however, was not evident in this study.
O’Connor et al. (1990) indicated that this mode of
growth appears to occur primarily on homogenous,
flat substrates. The lack of veil extension may reflect
the heterogeneous nature of RP2’s cellular environ-
ment. Alternatively, it is possible that veil extension
does occur but is on a scale too small or too rapid to
be detected by the resolution of this system.

The dilation events presented here show both sim-
ilarities and differences to those described for the Ti1
neurons contacting guidepost cells (O’Connor et al.,
1990; O’Connor and Bentley, 1993). In the grasshop-
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per, the filopodia that contact guidepost cells remain
in contact with the guidepost cell as they dilate. Di-
lation occurs at the proximal end of the filopodium, at
the tip—which expands into a palmate configuration
as secondary filopodia emerge—and at discontinuous
locations along the shaft.

We have observed thickening of the proximal ends
of filopodia and thickening at irregular intervals along
their shafts. However, we do not see a stabilization of
the tip of the filopodium and a subsequent expansion
of that tip into a palmate configuration. In our system,
the filopodium usually continues to extend and/or
retract as dilation proceeds. Nevertheless, the forward
translocation of secondary filopodia and reextension
of new filopodia from the tip of the thickened shaft
does sometimes result in a palmate morphology in
which a relatively narrow shaft is tipped with multiple
filopodia [Fig. 7(F): 9 min].

Another feature of dilation seen in the grasshopper
but not apparent in our observations is the retrograde
transport of aggregations during dilation (O’Connor
and Bentley, 1993). We do, however, see an apparent
forward translocation of features along the dilating
shaft. We cannot discount the possibility that these
events are actually the disappearance of one feature
and the reappearance of a similar feature further along
the dilating shaft; however, this seems unlikely given
the frequency at which this phenomenon is seen. This
phenomenon may reflect a recruitment of cytoskeletal
material to the tip of a dilating filopodium, thereby
facilitating further filopodial exploration in a favor-
able direction.

As seen in other systems (O’Connor et al., 1990;
Kaethner and Stuermer, 1992; Halloran and Kalil,
1994), axonal migration rates differed markedly dur-
ing different stages of growth; 14mm/h anteriorly,
and then 35mm/h laterally. Time-lapse sequences,
which show a similar trend, suggest that these differ-
ing rates may be due to differing lengths of dilating
filopodia. Those filopodia that extended along the ISN
and subsequently dilated were typically longer than
the filopodia that extended and dilated during the
anterior progression (12.4 vs. 5.3mm).

Given the importance of filopodial dilation in
RP2’s navigation, we wondered whether those filop-
odia that dilated exhibited different dynamic behavior
from other filopodia. Of all the filopodia that dilated,
only the filopodia that extended laterally along the
ISN showed a noticeable difference. These filopodia
tended to be longer than average (12.4 vs. 7.4mm),
and to reach their maximum length quickly and with-
out intervening pauses or retraction (Fig. 8). Other
filopodia could reach similar lengths and extend as
rapidly but tended to advance in shorter bursts of

extension, interspersed with periods of retraction. One
exception to this rule was the filopodium shown in
Figure 5(A) (39 min), which apparently attained its
maximum length in one rapid period of uninterrupted
extension but did not dilate. Such selective elongation
of filopodia extending along paths of future growth
has previously been observed in fixed grasshopper
embryos (David Bentley, personal communication) in
both the CNS (Shankland, 1981) and along limb seg-
ment boundaries [Figs. 3(B) and 4(C) in Caudy and
Bentley, 1987].

While the cytoskeletal rearrangements that occur
during dilation have been described, relatively little is
known about the signals that cause this dilation or the
manner in which these signals are translated into
cytoskeletal rearrangements (however, see Suter et
al., 1998). Establishing reproducible dilation eventsin
vivo can assist the analysis of this problem. For ex-
ample, in the grasshopper, Bentley and colleagues
were able to use known dilation events (e.g., filopodia
from the Ti1 neuron contacting the Cx1 cell) to doc-
ument the changing distributions of microtubules (Sa-
bry et al., 1991) and actin filaments (O’Connor and
Bentley, 1993) during dilation. In our system, the best
candidate for such a turning assay is the dilation of
lateral filopodia. For this reason, we wished to iden-
tify possible substrates that might be involved in this
dilation event with a view to ultimately perturbing
them at a molecular level. Unlike the Ti1 neurons,
RP2’s axon navigates in an environment already pop-
ulated by axon tracts. Using the ectopic expression of
the fluorescent fusion protein Tau-GFP, we were able
to show that RP2’s lateral filopodia and the ensuing
neurite are aligned with axons in the ISN. Further
experiments such as ablation of neurons contributing
to the ISN will be required to demonstrate a depen-
dent relationship between RP2’s lateral extension and
specific axons in the ISN.

The authors thank Corey Goodman for the generous gift
of the ftzng-GAL4 fly stock. They are most grateful to John
Pines for his gift of plasmid pS65T,I167T, and to Catherine
Davidson for help in generating the Tau-GFP transformants.
For Internet access to time-lapse sequences, digital anima-
tions of the time-lapse sequences presented in Figures 4, 5,
7, and 10 are available as Quicktime movies at http://
www.une.edu.au/molbio/PWlab/TimeLaps.html.
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