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Introduction
It is well established that the microtubule cytoskeleton in nu-
merous cell types plays a role in generating and maintaining 
polarity (Siegrist and Doe, 2007). During cell migration for 
example, the directed polymerization of microtubules into the 
leading edge is required to either establish and/or maintain the 
front and back organization necessary for directed movement 
(Small et al., 2002); this central polarity determinant must also 
be able to rapidly reorganize whenever a cell repolarizes in  
response to guidance cues. Many extracellular cues that guide a 
cell’s movement are soluble factors, but another important cue, 
particularly in vivo as cells move through tissues, will be col-
lisions with other cells. Contact repulsion was first described 
more than 50 yr ago when fibroblasts were observed in vitro 
to rapidly repolarize upon cell–cell contact (Abercrombie and 
Heaysman, 1953, 1954). Since this initial observation, we have 

gleaned little molecular understanding of how cell–cell repulsion 
is regulated and only recently have begun to observe this phe-
nomenon during migratory events in vivo (Carmona-Fontaine  
et al., 2008). In this study, we show that Drosophila melanogaster 
macrophages undergo contact repulsion during developmental 
dispersal in vivo and that this process is important in maintain-
ing an even distribution of these cells within the animal. Using 
fluorescent probes specific to actin and microtubules, we observe 
the interplay of these cytoskeletal networks within hemocytes 
and reveal that the rapid cellular repolarization observed upon 
cell collisions is preceded by alignment of stable arm-like  
microtubule bundles in the colliding cells. We demonstrate that 
these microtubule arms are critical for contact repulsion and 
that their formation is regulated by the plus end microtubule– 
interacting protein Orbit.

Drosophila melanogaster macrophages are highly 
migratory cells that lend themselves beautifully 
to high resolution in vivo imaging experiments. 

By expressing fluorescent probes to reveal actin and micro­
tubules, we can observe the dynamic interplay of these 
two cytoskeletal networks as macrophages migrate and 
interact with one another within a living organism. We 
show that before an episode of persistent motility, whether 
responding to developmental guidance or wound cues, 
macrophages assemble a polarized array of micro­
tubules that bundle into a compass­like arm that appears 

to anticipate the direction of migration. Whenever cells 
collide with one another, their microtubule arms tran­
siently align just before cell–cell repulsion, and we show 
that forcing depolymerization of microtubules by ex­
pression of Spastin leads to their defective polarity and 
failure to contact inhibit from one another. The same is 
true in orbit/clasp mutants, indicating a pivotal role for 
this microtubule­binding protein in the assembly and/or  
functioning of the microtubule arm during polarized  
migration and contact repulsion.
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in these cells. To visualize microtubule dynamics, we generated 
a fusion protein consisting of the microtubule-binding domain 
of human CLIP170 (Diamantopoulos et al., 1999; Perez et al., 
1999) fused to mCherry or GFP. Coexpression of mCherry-
CLIP170 and a fluorescent filamentous actin–binding construct 
(GFP-Moesin; Dutta et al., 2002) specifically within hemocytes 
allowed colabeling of both actin and microtubules in individual 
hemocytes within living embryos. Confocal imaging of these  
cells in situ as they underwent their developmental migrations  
or in vitro when plated out on a coverslip revealed that micro-
tubules arranged themselves into a basket surrounding the  
cell body, with some extending into the lamellae (Fig. 1 a and 
Fig. S1 d). The lamellar microtubules of hemocytes in vivo 
are highly dynamic and display similar cycles of growth, paus-
ing, catastrophe, and regrowth to those observed in cells  
in vitro. (Fig. 1, b and d). Expression of two copies of the fluor-
escent CLIP170 construct in hemocytes in vivo revealed the 
entire length of microtubules (Fig. 1, a and b), whereas reduced 
expression (only a single copy) highlighted the plus end of 

Results and discussion
Colabeling of microtubules and actin  
in Drosophila macrophages reveals the 
dynamic interplay of these two  
cytoskeletal networks
During development, Drosophila embryonic macrophages (hemo-
cytes) disperse from their origin in the head and migrate 
throughout the embryo, such that by the end of embryogenesis, 
they are evenly distributed within the organism (Wood and  
Jacinto, 2007). Much of this dispersal occurs within a space 
between the superficial epithelium and subjacent tissues (ven-
trally, the ventral nerve cord), which is otherwise devoid of 
other cell types (Fig. S1, a–c), obliging hemocytes to interact 
only with one another. The organization and dynamics of the 
actin cytoskeleton in embryonic hemocytes has been well studied  
during their developmental migrations and their response to tis-
sue damage (Stramer et al., 2005; Wood et al., 2006). In con-
trast, nothing is known about how microtubules are distributed 

Figure 1. The N-terminal domain of human 
CLIP170 reveals both stable and dynamic 
microtubules in Drosophila hemocytes. (a) GFP- 
Moesin (actin) and two copies of mCherry-
CLIP170 (microtubules) were expressed in 
stage 15 hemocytes and live-imaged by con-
focal microscopy. Microtubules surrounded 
the cell body (arrow), with some penetrating 
into the lamellae (arrowheads). (b) Time-lapse  
imaging of a hemocyte expressing two copies 
of GFP-CLIP170 revealed microtubules extend-
ing (asterisks), pausing (plus signs), buckling 
(arrows), and reextending (arrowheads) within 
the lamellae. Brackets indicate the length of 
extension from 0 to 30 s. (c) A single copy 
of GFP-CLIP170 labeled the tips of growing  
microtubules (arrows). (d) Time-lapse series 
of the microtubule filament highlighted in c 
(boxed area) revealed cycles of microtubule 
growth, pausing, catastrophe, and regrowth. 
Bars, 10 µm.
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microtubule dynamics in hemocytes as they migrated within the 
embryo (Fig. S1 e). Within a stage 15 embryo, the majority of 
hemocytes (81%; n = 37) displayed a clearly defined microtubule 
arm, which appeared to assign the cell front such that migration 
was always in the direction of the microtubule bundle. To assess 
whether assembly of this structure affects the migratory capacity of 
the cell, we measured directional persistence in migrating hemo-
cytes with and without a well-defined microtubule arm and found 
that hemocytes with an arm have a directional persistence of 89.2 ± 
1.5% (mean ± SEM; n = 18) as opposed to 18.5 ± 1.6% (n = 18) 
for those that lack this structure. We also noted that upon turning 
in response to developmental guidance cues, a hemocyte will 
maintain and reorient the same microtubule arm if the turn angle 
is <40° (92.3% of cells analyzed; n = 26); however, if the angle is 
>40°, the cell generally dismantles its microtubule bundle and 
forms a new one in the future direction of travel (88.8% of cells 
analyzed; n = 27). To determine whether extension of a micro-
tubule arm directs lamellar polarization or is simply its conse-
quence, we examined lamellar and microtubule dynamics within 
hemocytes responding to a polarizing chemotactic cue. We made 
laser wounds to embryos, which rapidly induced hemocyte 
migration toward the site of damage (Stramer et al., 2005, 2008), 
and imaged the microtubule architecture in responding cells. 

each filament as they grew toward the cell periphery, much as 
described in vitro (Fig. 1, c and d; Diamantopoulos et al., 1999). 
Interestingly, the microtubules extending into the lamellae 
colocalized with actin (Fig. 1 a and Video 1), and live imaging 
frequently revealed microtubules polymerizing along a fixed 
track within the lamellae, suggesting their extension along pre-
existing actin filaments (Fig. 1 d).

Macrophage microtubules are bundled  
into a microtubule arm during in vivo 
directed motility
Live imaging of hemocytes as they migrate within the embryo 
showed that as microtubules extend into the lamellae, they are 
driven back apparently by actin retrograde flow and consequently 
converge on one another to form a stable population of centrally 
located microtubule bundles that coalesce to form what we termed 
a microtubule arm (Fig. 2 a and Video 2). This structure was not 
an artifact of CLIP170 overexpression and is absolutely depen-
dent on a cell being polarized because we never observed arms in  
hemocytes plated out from the embryo onto a coverslip, where 
they failed to exhibit a polarized morphology (Fig. S1 d). We re-
peated the experiments using Tau-GFP, a construct widely used to 
label microtubules in Drosophila (Brand, 1995), and found similar 

Figure 2. Microtubules are transiently bundled within the lamellae of migrating hemocytes. (a) Live imaging of a hemocyte expressing GFP-Moesin (actin) 
and mCherry-CLIP170 (microtubules) revealed dynamic microtubules rapidly bundling into an arm (arrow) to polarize the cell’s morphology. (b) After laser 
ablation, a hemocyte (asterisks) in the vicinity of the wound extends a microtubule arm (arrows) before acquisition of a polarized lamellar morphology. The 
dashed lines indicate the wound edge. Time is shown in seconds. Bars, 10 µm.
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we live-imaged cytoskeletal dynamics during hemocyte contact 
inhibition. Confocal imaging showed that when two hemocytes 
came into contact, their microtubule arms rapidly aligned (Fig. 3,  
b and c; and Video 5). Higher magnification time-lapse videos 
revealed that there was initial contact between lamellae and 
alignment of actin filaments, followed by a transient alignment of 
microtubule arms (Fig. 3 c and Video 6). This interaction lasted for  
3 min before arms collapsed, and the cells subsequently re-
polarized and migrated away from one another (Fig. 3 c and 
Video 6). We then examined the turn angles 3 min after micro-
tubule arms contacted and compared this with the turn angles of 
hemocytes that did not collide. Freely moving cells tended to 
maintain their course of direction, whereas cells that had collided 
showed a much greater change in direction (noncolliding, 30% 
turn >90°; n = 122; colliding, 52% turn >90°; n = 44; Fig. 3 d).

To directly test the requirement of microtubules during 
cell–cell repulsion, we expressed a microtubule-severing pro-
tein, Spastin, specifically in hemocytes (Trotta et al., 2004). 

Within minutes of injury, hemocytes in the vicinity of the wound 
reorganized their microtubule cytoskeleton and extended a micro-
tubule arm toward the wound site (Fig. 2 b). Quantitative analysis 
revealed that, on average, it took 4.6 ± 0.3 min (mean ± SEM; 
n = 13) for a hemocyte to assemble a microtubule arm, which 
preceded lamellar polarization and subsequent migration (Fig. 2 b 
and Video 3), suggesting that the arm is actively playing a role in 
polarizing the responding hemocyte rather than simply being a 
consequence of lamellar reorganization.

The microtubule cytoskeleton is also 
required for cell–cell repulsion
Analysis of stage 15 embryos showed that upon contact with 
one another, hemocytes rapidly stopped migrating and repolar-
ized before moving away from each other (Fig. 3 a and Video 4)  
in a process reminiscent of the contact inhibition first observed  
in cultured fibroblasts more than 50 yr ago (Abercrombie and 
Heaysman, 1953). To understand how this repolarization occurs, 

Figure 3. During hemocyte contact repulsion, microtubule arms between colliding cells transiently interact. (a) Time-lapse imaging of stage 15 hemocytes 
expressing GFP-Moesin revealed how a single cell (asterisks) persistently collides (arrows) with neighbors and is immediately repelled from them. Time is 
shown in minutes. (b) Hemocytes expressing both GFP-Moesin (actin) and mCherry-CLIP170 (microtubules) indicate how the microtubule arms between 
contacting hemocytes align before cells retract from one another (arrows). (c) Time-lapse imaging of colliding hemocytes revealed that the lamellar inter-
action (arrowheads) precedes microtubule alignment (arrows). Microtubules were pseudocolored purple in the merged images. Time is shown in seconds. 
(d) Turn angles of colliding and noncolliding hemocytes after a 3-min time period revealed a greater change of direction after cell collision (P < 0.01;  
2 test). Bars, 10 µm.
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P < 0.001; Fig. S3, a, b, and e). To further quantify this deficiency 
in contact repulsion, we measured the length of time that wild-
type versus Spastin-expressing hemocytes remained in contact 
with one another. We found that although wild-type hemocytes 
were rarely in contact with their neighbors for >10 min, Spastin-
expressing hemocytes frequently retained contacts for >15 min  
(Fig. 4 j). Collectively, these results demonstrate that micro-
tubules and, specifically, the microtubule arm we observe in 
hemocytes in vivo are essential to maintain a polarized mor-
phology in hemocytes and, furthermore, are necessary for effi-
cient cell–cell repulsion.

Disruption of the microtubule-stabilizing 
protein Orbit leads to a disorganized 
microtubule cytoskeleton and contact 
repulsion defects
A previous study implicated the microtubule plus end–binding 
and –stabilizing protein Orbit/Clasp in mediating growth cone 
repulsion from the chemorepellent Slit in Drosophila embryos 
(Lee et al., 2004). Given the similarity between the microtubule 
architecture in hemocytes and that seen in neuronal growth 
cones, we wondered whether Orbit might also mediate cell–cell 
repulsion in hemocytes. To address this, we analyzed hemocyte 
migration in orbit2 mutant embryos. Similar to those expressing 
Spastin, orbit2 mutant hemocytes exhibited a delay in migration 
along the ventral midline (Fig. S2, i and j), as well as a more 
severe defect whereby individual hemocytes failed to distribute 
themselves evenly at stage 15 (Fig. 4, d vs. f). Consistent with a  
defect in contact repulsion, quantitative analysis showed that 
orbit2 cells had a reduction in dn indistinguishable from Spastin-
expressing cells (11.70 µm vs. 11.68 µm, respectively; P > 0.1;  
Fig. S3, b, c, and e). Furthermore, similar to Spastin-expressing  

Coexpression of GFP-CLIP170 within these hemocytes re-
vealed that Spastin prevents assembly of a normal microtubule 
cytoskeleton (Fig. 4, a vs. b). Early developmental dispersal of 
hemocytes along the ventral midline in these embryos was de-
layed (Fig. S2, g and h); nonetheless, most hemocytes found 
their way to the ventral midline by stage 14, unlike hemocytes 
in mutants such as Rac that show a more catastrophic defect in 
migration and generally fail even to leave the head (Paladi and 
Tepass, 2004; Stramer et al., 2005). Interestingly, despite not 
being able to form a microtubule arm, these cells were still able 
to respond to wound stimuli, although with less efficiency than 
wild type; tracking experiments revealed individual cells tak-
ing a more tortuous route to the wound and displaying a mean 
directional persistence of 47.4 ± 3.8% (mean ± SEM) as op-
posed to 70.4 ± 3.7% for wild-type cells (Fig. S2, b and c). 
Interestingly, this failure to maintain directional persistence is 
countered by an increase in speed with mutant cells migrating 
at a mean of 4.02 ± 0.3 µm/min (mean ± SEM) when compared 
with wild types (2.36 ± 0.2 µm/min) such that the number of 
Spastin-expressing cells present at a wound 1 h after ablation is 
only slightly reduced relative to wild-type controls (Fig. S2 a). 
A more dramatic migration phenotype was seen from stage 15 
onwards when Spastin-expressing hemocytes failed to disperse 
from the ventral midline (Fig. 4, d vs. e). Live imaging revealed 
that these hemocytes were unable to polarize and remained in  
close contact with one another at stages when they would ordinar-
ily be exhibiting contact repulsion from one another (Video 7).  
To quantify these hemocyte dispersal defects, we performed a 
nearest neighbor analysis whereby the mean distance between each 
hemocyte and its nearest neighbor (dn) was measured. Spastin-
expressing cells showed a significant reduction in dn when 
compared with wild type (11.68 µm vs. 15.69 µm, respectively; 

Figure 4. Disruption of the hemocyte mi-
crotubule cytoskeleton leads to altered cell  
polarity and a failure in contact repulsion.  
(a–c) A hemocyte expressing GFP-CLIP170 
revealed bundles of microtubules (a), whereas 
Spastin-expressing cells contained only small 
fragments (b), and orbit2 mutant hemocytes 
showed a complete loss of microtubule bun-
dling and a loss of the microtubule arm (c). 
(d–f) Wild-type (WT) hemocytes expressing 
GFP-Moesin (d) dispersed evenly within the 
embryo, whereas hemocytes expressing Spastin 
(e) and orbit2 mutant hemocytes (f) remained 
clumped together. (g–i) Orbit-GFP and mCherry-
CLIP170 expressed in orbit2 mutant hemocytes 
rescued microtubule organization with a well-
defined basket of microtubules around the cell 
body (arrows) and a microtubule arm now 
clearly visible (arrowheads). (j) Graph showing 
contact time between neighboring hemocytes 
in wild-type, Spastin-expressing, orbit2 mutant, 
and rescued orbit2 mutant hemocytes (*, P < 
0.01; 2 test). (k) Time-lapse imaging of the 
rescued cells revealed that Orbit localized to 
the tips of microtubules (arrows) and along the 
entire length of microtubule bundles as the 
microtubule arm forms (arrowheads). Time is 
shown in seconds. Bars, 10 µm.
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but we know that they play a role within hemocytes in vivo 
(Zanet et al., 2009; this study). Our findings indicate that micro-
tubule organization is very different in hemocytes in the embryo 
and highlight the importance of complementing in vitro screens 
with in vivo analysis.

Obvious similarities exist between the cytoskeletal arch-
itecture within hemocytes in vivo and that seen in migrating 
neuronal growth cones: both possess a central bundle of micro-
tubules and actin microspikes radiating from the cell body  
toward the cortex. In both cell types, the local modification of 
microtubule dynamics appears capable of regulating directed 
migration. However, in this study, we also show that micro-
tubules are critical for mediating cell–cell repulsive events in 
hemocytes (Fig. 5). That microtubules may have a role in both  
directed migration and contact repulsion initially seems para-
doxical but, in fact, has a simple explanation that may parallel  
microtubule roles in growth cone guidance. Stabilization 
of growth cone microtubules in the direction of a chemotactic 
cue leads to the cell turning toward this signal (Zhou et al., 
2004; Zumbrunn et al., 2001), whereas local depolymeriza-
tion of microtubules results in the opposite event, cell repulsion 
(Buck and Zheng, 2002). Indeed, when microtubule dynamics 
are altered in neurons, growth cones fail to turn in response to 
many different cues (Williamson et al., 1996; Lee et al., 2004; 
Rajnicek et al., 2006). Our data suggest that cell collision is 
simply another guidance cue requiring a dynamic microtubule 
cytoskeleton that rapidly collapses upon cell–cell contact to  
enable cell–cell repulsion and turning.

How might microtubules be directed to disassemble upon 
cell–cell contact, and how does this lead to cell repulsion?  
Previous studies showed that catastrophe of microtubules is  
induced by their growth against an immovable cellular object 
(Janson et al., 2003; Laan et al., 2008). The collision of two grow-
ing microtubules in colliding hemocytes may generate sufficient 
force for their depolymerization, which would lead to stochastic 
cellular repolarization. Another, nonmutually exclusive possibil-
ity is that microtubules play an active signaling role to break cell 
contacts. Fibroblasts undergoing contact inhibition in vitro make 
transient cell–cell adhesions (Gloushankova et al., 1998;  
Omelchenko et al., 2001), and the alignment of cytoskeletal fila-
ments between two colliding hemocytes suggests similar transient 
contacts. Microtubules have also been shown to target focal adhe-
sions in fibroblasts to induce their disassembly (Kaverina et al., 
1999), leading to the intriguing possibility that cell–cell contacts 
might be another form of adhesion regulated by microtubules.

One final question is whether or not the repolarization 
event itself is actively signaled or is a passive consequence of 
microtubule reorganization. It was recently reported that when 
two neural crest cells collide, RhoA becomes transiently acti-
vated at the site of cell–cell contact (Carmona-Fontaine et al., 
2008) and may therefore provide a cell repolarization signal 
during contact inhibition. Intriguingly, microtubules are capable 
of regulating Rho signaling by interactions with Rho guanine 
nucleotide exchange factors (Ren et al., 1998; Glaven et al., 
1999; van Horck et al., 2001; Krendel et al., 2002; Rogers et al., 
2004). These data are interesting in light of our previous finding 
that Rho mutant hemocytes clump and maintain cell–cell contacts 

cells, orbit2 hemocytes were frequently seen in contact with 
their neighbors for >15 min (Fig. 4 j). However, orbit2 hemo-
cytes, like Spastin-expressing cells, were still capable of migrat-
ing to both epithelial wounds and in response to developmental 
guidance cues (Fig. S2, a, i, and j), demonstrating that this con-
tact repulsion defect is not caused by a more general defect in 
motility. Furthermore, just as observed for Spastin-expressing 
cells, Orbit mutant hemocytes migrating to wounds exhibited 
reduced directional persistence (49.4% ± 3.7) and an increase 
in migration speed (3.19 ± 0.12 µm/min) when compared with 
wild-type cells (Fig. S2 d). To understand how a loss of  
Orbit affects the microtubule cytoskeleton, we expressed a single 
copy of GFP-CLIP170 to reveal microtubule dynamics in orbit2 
hemocytes. Microtubules in mutant cells were highly dynamic 
and able to both polymerize and undergo catastrophe. How-
ever, unlike in wild-type cells, microtubule polymerization was 
unpolarized (Fig. S3 f): no microtubules became stabilized or 
bundled, and we saw no sign of a microtubule arm (Fig. 4 c and 
Video 8). Expression of a functional GFP-Orbit fusion protein 
(Lee et al., 2004), specifically in orbit2 hemocytes, rescued the 
formation of this structure (Fig. 4, g–i), and time-lapse analysis  
of these cells revealed GFP-Orbit localizing to the ends of grow-
ing microtubules as well as to the microtubule arm and the bas-
ket surrounding the cell body (Fig. 4 k). In addition to rescuing 
the microtubule architecture, hemocyte-specific expression of 
Orbit was able to restore contact repulsion such that dn and con-
tact time between cells both returned to wild-type levels (Fig. 4 j  
and Fig. S3, d and e). These data demonstrate that Orbit is re-
quired for the stabilization and bundling of microtubules and 
that this architecture is important for both polarity and contact 
repulsion in hemocytes.

Our observation of microtubules in Drosophila hemocytes 
in vivo revealed that although these cells have some similarities 
with isolated cells in vitro, they also exhibit significant and  
interesting differences. Hemocytes in vivo, like many cultured 
cells (e.g. S2 cells), do possess a dynamically unstable popula-
tion of microtubules in the lamellae. However, hemocytes in 
vivo also assemble a stable basket of microtubules surrounding 
the cell body and a microtubule arm that protrudes into the  
lamellae and polarizes the cell. Although it is possible that this 
architecture is unique to hemocytes, it appears more likely that 
the differences are a result of the 3D environment in which the 
hemocyte migrates in vivo because Drosophila hemocyte cell 
lines (Rogers et al., 2004; Sousa et al., 2007), and more reveal-
ingly primary isolated hemocytes plated onto a 2D substrate in 
vitro (Fig. S1 d), do not show a bundled microtubule architec-
ture. Furthermore, none of these cells in vitro have a polarized 
morphology. Interestingly, it was recently reported that fibro-
blasts migrating in vitro on 1D lines of matrix move with an an-
terior microtubule bundle mimicking the movement we observe 
for hemocytes in vivo (Doyle et al., 2009). Hemocyte cell lines 
are increasingly being used as screening tools to elucidate genes 
controlling several processes such as cytoskeletal regulation 
(Kiger et al., 2003; Rogers et al., 2003). However, to date, no  
in vitro screen has highlighted orbit or actin regulatory genes  
such as fascin as important for cellular morphology (Kiger et al., 
2003; Rogers et al., 2003; Baum, B., personal communication), 
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Imaging and quantification
Stage 14 or 15 embryos were dechorionated in bleach and mounted in 
Voltalef oil under a coverslip on a gas-permeable culture dish (Greiner  
Lumox; Sigma-Aldrich). For a detailed protocol, see Stramer and Wood 
(2009). Images were collected on a confocal microscope (SP5; Leica) or a 
spinning disk microscope (Ultraview; PerkinElmer) at room temperature 
with a 63× NA 1.4 Plan-Apochromat lens. Time-lapse images were pro-
cessed using ImageJ (National Institutes of Health) or Volocity (PerkinElmer). 
To quantify the time hemocytes were in contact during their normal migra-
tion, 45-min time-lapse videos were acquired of stage 15 hemocytes with 
a z stack taken every 30 s. Videos were then processed in ImageJ, and the 
time hemocyte lamellae remained in contact was quantified.

Online supplemental material
Fig. S1 shows that hemocytes migrate within an acellular ventral space 
beneath the epithelium and that microtubule bundling is not an artifact of 
expression of UAS-CLIP170. Fig. S2 shows that hemocytes either express-
ing Spastin or mutant for Orbit are still capable of migrating within the 
embryo. Fig. S3 shows quantification of the hemocyte clumping defects 
in Spastin-expressing and orbit2 mutant embryos using nearest neighbor 
analysis and quantification of microtubule dynamics in wild-type and orbit2 
mutant embryos. Video 1 is a 3D reconstruction of hemocytes expressing 
mCherry-CLIP170 and GFP-Moesin, which label microtubules and actin, 
respectively. Video 2 is a spinning disk confocal video of a hemocyte with  
fluorescently labeled actin and microtubules, revealing the colocalization of  
these two cytoskeletal components and the bundling of microtubules. Video 3 
shows a confocal sequence of a hemocyte responding to a laser wound and  
reveals the time course of microtubule and lamellae dynamics upon 
consequent repolarization of this cell. Video 4 shows GFP-Moesin– 
labeled hemocytes undergoing contact repulsion during their embryonic 
migrations. Video 5 shows a confocal series of actin- and microtubule-
labeled hemocytes colliding within the embryo and reveals the transient 
alignment of the cells’ microtubule bundles upon contact. Video 6 shows a 
collision between two hemocytes, revealing lamellar contact occurring 

during migration (Stramer et al., 2005). There is no doubt that 
our ability to examine these processes in a genetically tractable 
organism such as Drosophila will greatly aid in the dissection 
of the molecular events downstream of microtubules during 
persistent migration and contact repulsion in vivo.

Materials and methods
Fly stocks
For microtubule labeling, the N-terminal 350 aa of human CLIP170 (Perez 
et al., 1999) were tagged with GFP and mCherry at the N terminus and 
cloned into pUASp with 5 KpnI–NotI and 3 NotI–BamHI sites. To visual-
ize actin, srp-Gal4 (on the second chromosome; Brückner et al., 2004) 
was recombined with UAS-GFP-Moesin (Dutta et al., 2002) or UAS-
mCherry-Moesin (Millard and Martin, 2008). To colabel both actin and 
microtubules, a stable fly line was generated expressing srp-Gal4, UAS-
GFP-Moesin; UAS-mCherry-CLIP170. To depolymerize the microtubule  
cytoskeleton specifically in hemocytes and visualize the actin cytoskel-
eton, fly lines were generated expressing srp-Gal4, UAS-GFP-Moesin;  
UAS-Spastin (Trotta et al., 2004) and srp-Gal4, UAS-mCherry-Moesin; 
UAS-Spastin-GFP (Jankovics and Brunner, 2006). To visualize the microtubule 
cytoskeleton in hemocytes also expressing Spastin, a fly line was gener-
ated expressing srp-Gal4, UAS-GFP-CLIP170; UAS-Spastin. To visualize the 
actin cytoskeleton in orbit2 mutants, a fly line was generated expressing 
srp-Gal4, UAS-GFP-Moesin; orbit2/TTG. TTG is a fluorescent GFP balancer 
(Halfon et al., 2002) that allowed us to select for homozygous orbit2 mutants 
by selecting nonfluorescent embryos. To visualize microtubules in orbit  
mutants, a fly line was generated expressing srp-Gal4, UAS-GFP-CLIP170; 
orbit2/TTG. To overexpress Orbit-GFP, a UAS-Orbit-GFP line (on the second 
chromosome; Lee et al., 2004) was recombined with srp-Gal4, which yielded 
viable progeny. To rescue orbit mutants, the orbit2 allele was recombined with 
UAS-mCherry-CLIP170 and expressed along with srp-Gal4, UAS-Orbit-GFP.

Figure 5. Model for how microtubule bundles regulate both polarized migration and contact repulsion in hemocytes. (a) Stabilized, Orbit-bound micro-
tubules surround the cell cortex, whereas dynamic microtubules with Orbit-decorated plus ends probe the lamella by extending along actin filaments.  
(b) Dynamic microtubules coalesce during directed migration to form the bundled microtubule arm that becomes Orbit bound over the entire filament 
length. (c and d) Upon collision with another cell, there is initial alignment of the actin cytoskeletons (c), followed by microtubule arms colliding at the site 
of cell–cell contact (d). (e and f) Subsequently, microtubules are depolymerized in the vicinity of the cell–cell contact site (e), leading to cellular repolariza-
tion and contact repulsion (f).
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