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Some cells migrate and find their way as solitary entities.
However, during development of multicellular animals
and possibly during tumor dissemination, cells often
move as groups, associated tightly or loosely. Recent
advances in live imaging have aided examination of such
‘multicellular cell biology’. Here, I propose a model for
how a group of cells can process and react to guidance
information as a unit rather than as a gathering of
solitary cells. Signaling pathways and regulatory mech-
anisms can differ substantially between solitary- and
collective-guidance modes; a major difference being
that, in collective guidance, similar to in bacterial che-
motaxis, the signal need not be localized subcellularly
within the responding cell. I suggest that collective-
guidance signaling occurs alongside individual cell reac-
tions. Both produce directional migration.

Directional cell migration – how and why?
Directional cell migration has been studied extensively in
chemotactic eukaryotic cells, such as Dictyostelium and
mammalian leukocytes. These crawling cells can perform
effective chemotaxis in a simple tissue culture environ-
ment making them amenable to manipulations as well as
high-resolution imaging. Significant advances have there-
fore been made in the understanding of how such solitary
cells can respond to chemotactic cues [1,2]. However, many
of the cells that migrate directionally in the context of
complex multicellular animals, during development or in
disease, face a different situation. Their environment is
complex and 3-dimensional, which changes many features
of migrating cells, such as shape, adhesion and force
generation [3–5]. In addition, theymightmigrate as groups
or collectives rather than as single cells. In the following
article, I will discuss the hypothesis that migrating groups
of cells can process guidance information as a collective. In
such a scenario, the processing unit that computes the
direction in which tomigrate would not be in the individual
cell but the multicellular group.

Why do cells migrate? Some free-living cells, such as
Dictyostelium amoeba, move to find food or to find each
other in times of crisis. Many immune cells move to locate
and incapacitate intruders within a multicellular organ-
ism. In these cases, both speed and directionality are
important, as is rapid response to change. For hardwired
developmental migrations, cells are born in one place
and migrate to act in another place or whole tissues are
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remodeled. In such cases, precision, coordination and
robustness are likely to be key and migrations are gener-
ally slower. Tumor cells can co-opt different migratory
mechanisms [6]. The resulting diversity and plasticity in
invasive movement might contribute to the difficulty of
fighting metastasis. Collective movement of tumor cells
might present additional problems with cell groups poten-
tially having survival advantages over solitary cells in new
environments owing to permissive homophilic cell–cell
contacts or the secretion of autocrine survival factors.

Collective migration – migration of cell groups
In multicellular animals, many cells migrate in groups but
they do so in different constellations (Figure 1). Advances
in live imaging in different model organisms have made it
possible to visualize many group movements directly in
their natural context (including all of those discussed
later). Groups can be associated loosely with occasional
contact and much of the apparent cohesion might come
from essentially solitary cells following the same tracks
and cues (Figure 1a,b). Examples of these are germ cells in
many organisms [7] as well as, in mammals, the rostral
migratory stream supplying neurons to the olfactory bulb
(RMS) [8,9] and neural crest (NC) cells migrating from the
developing neural tube to many distant locations in the
embryo [10]. The interactions between, for example, NC
cells are dynamic [11,12]. How much these cells need to be
aware of, and react to, one another is an open question [12].

Other migrating groups are more tightly associated and
the cells normally never dissociate. Examples are the fish
lateral line [13] (Figure 1c), structures performing branch-
ing and sprouting morphogenesis such as trachea [14,15]
or the vasculature (Figure 1d) and finally moving sheets of
cells in morphogenesis or wound healing [16] (Figure 1e).
These groups have an additional feature, in that the mov-
ing structure has an inherent polarity, a free ’front’ and an
attached ‘back’. Such directionally migrating groups can
also be created artificially by enabling epithelial-type tis-
sue-culture cells to organize on a collagen-gel substrate
[17]. Finally, Drosophila border cells [18,19] are a group or
cluster of cells performing a directional movement during
oogenesis. These migrating cells are associated tightly but
the cluster is free, without an inherent ‘back’ (Figure 1f).

Tight cell–cell association is expected to impose physical
constraints on movement. This will depend on the cell–cell
adhesive forces within the group relative to the cell–sub-
strate forces exerted during movement. Maintaining cell–
cell cohesion during migration and remodeling is probably
an advantage when making a continuous tissue. Cell–cell
d. doi:10.1016/j.tcb.2007.09.007
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Figure 1. Different types of collective cell migration. Throughout the figure, the

moving cells are in white, with gray circles indicating nuclei. Only a rough outline

of the cell shape is given. The substrate is blue and purple, with the purple lines

being examples of migration-permissive ‘tracks’: a favorable substrate for the cells

to adhere to and migrate on or a line of cells expressing a stimulatory, secreted

molecule. Movement is from left to right. (a) and (b) show loosely associated

groups of cells that make contact either rarely (a) or frequently (b) with each other.

They mostly contact the substrate with a high degree of freedom, sometimes

restricted by tracks. Examples are germ-line cells (in various animals) and neural-

crest cells. (c) The moving neuromast cells of the fish lateral line. The overall

structure, consisting of many associated cells, has a front and a fixed back. (d) An

example of tracheal or vascular-type branch outgrowth. The new growth (central)

buds from an existing epithelium and the cells remain in contact, in this case with a

single front cell. (e) An epithelial sheet moving to close a gap; the moving cells are

likely to have a low degree of freedom (can possibly only move forward). (f) A

border-cell cluster moving among giant nurse cells (squares). The nurse cells are

also the substrate.

Figure 2. Guidance signaling: solitary mode and collective mode. Throughout the

figure, the extracellular concentration of guidance cue (attractant) is indicated by

shades of blue. The intracellular response relevant for the directional response is in

red (intensity indicating strength). (a) and (b) show localized, classical guidance

signaling; (c) and (d) show the proposed collective guidance signaling mode. (b–d)

show a border cell cluster with six migratory cells. The central two cells (gray) are

non-migratory. (a) Localized signaling and response in a solitary cell. The cell

perceives a higher level of attractant at the front, which induces a local response in

the front that, in turn, promotes direction movement. (b) Localized response in

cells of the border-cell cluster, each perceiving the gradient (which might also exist

among the cells). Each migratory cell is reacting like the cell in (a) without influence

from neighbors. (c) The gradient of attractant is read out by each cell measuring

the local concentration (amount of ligand) around the cell and giving a

proportional and delocalized signal. The gradient of attractant and therefore

desired direction of movement is in this way encoded in the cluster but not in the

individual cells. (d) How a signal that is delocalized within each cell can

nevertheless give directional output or migration for the group is illustrated.

White arrows indicate the direction that each cell would pull the cluster by

extending its free membrane surface onto the substrate and crawling forward. The

size of each arrow indicates the strength of this action for each cell, as determined

by the level of guidance signal in each cell. Counteracting forces, such as adhesion

between the cells, are not indicated but would cancel each other out if they are

equal for all cells. The yellow arrow indicates the net direction for the cluster.
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contacts also enable specific and efficient signaling
interactions. The question to be considered here is whether
the ’groupness’ gives different guidance properties to the
migrating cells. If so, we would expect it to be most obvious
in obligate, tightly associated groups but it might also
contribute to the behavior of the more loosely associated
groups.

Guidance for a migrating group versus guidance for
solitary movement
I will illustrate the potential differences in guidance of
groups and solitary cells by first focusing on the border-cell
cluster [18,19]. Recent advances in culturing and live
imaging of the tissue enable the dynamics of the process
to be appreciated [20,21]. Two receptor tyrosine kinases
(RTKs) are used as guidance receptors in this system
[22,23] and we have found evidence recently that this
cluster displays collective processing of guidance signals
[21]. To discuss the concept of collective guidance, consider
first the well known solitary eukaryotic cell performing
chemotaxis in response to a gradient of attractant
(Figure 2a). The cell responds locally and the local response
might be reinforced by a local-excitation and global-inhi-
bition mechanism [24], by mutual inhibition of frontness
and backness [25] and/or by additional feedback mechan-
isms. Proper directionality might also result from direct
www.sciencedirect.com
coupling without global feedback mechanisms in a
polarized cell [26]. The key issue is the preservation of,
or enhancement of, spatial information about where the
higher concentration of attractant is perceived on the cell
surface, leading to a localized reaction within the cell
(Figure 2a).

Now consider a group of cells, such as the border-cell
cluster, in which each cell has contacts to the other cells as
well as an ‘outside’ surface touching the substrate
(Figure 2b–d). In terms of guidance, each cell could behave
as a solitary cell and mount a local response (Figure 2b).
There is evidence that border cells do this and that the
localized response is crucial at one phase of their migration
[21,27]. However, the guidance information could also be
encoded in the cluster by virtue of different levels of
signaling in different cells of the cluster, the front one or
two cells having the highest level (Figure 2c). We found
evidence that the levels of signaling from the guidance
receptors are indeed different among cells, that apparently
delocalized signaling contributes to guidance and, more
importantly, that the level of guidance signal can deter-
mine which is the front cell [21]. Individual border cells
with higher levels of RTK signaling or even with higher
level of (delocalized) Raf–mitogen-activated protein kinase
(MAPK) signaling appear to win the constant competition



Box 1. Linking motility and guidance in collective migration

Some isolated cells perform chemotaxis in a gradient (e.g. in Dunn

or Zigmond chambers) and random motility is stimulated by non-

graded application of the same ligand [43,44]. In such cases, the

ligand would be said to be motogenic as well as providing

directional information. The combined feature of stimulating

motility when uniform and giving direction when graded, although

not universal, is seen for several chemoattractants, including those

that stimulate RTKs. These effects seem to be relevant in vivo; for

example, stimulation of the c-Met receptor appears to affect both

motility and directionality of muscle precursors as well as cancer

cells [45]. Other RTKs are used to guide several cell movements in

complex multicellular animals [15,46].

That ligands should have the combined effects of orientation and

stimulating motility is not obvious intuitively, however, this can be

modeled successfully for solitary cells [26,44]. The proposed

collective guidance mechanism provides an additional, direct link

between directionality and motility. If cells are tethered to one

another and one cell becomes more motile than the rest owing to

higher level of motility signaling, but is spatially constrained by the

other cells as to how it can perform the motile behavior, then this

can lead to the type of collective guidance discussed in the main

article text. In multicellular organisms, ligands might have evolved

both activities to enable guidance of cell groups by a combination of

solitary and collective modes.
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for front position. This might reflect that they are more
motile (Box 1). As discussed later, such differences among
cells can give directionality to the group as a whole. If the
information about guidance cue concentrations and thus
the intended direction of migration is encoded such that an
individual cell of the cluster does not have the information
but the cluster does (as illustrated in Figure 2c), then this
would be ‘collective signaling’ or ‘collective guidance’.

It is relatively straightforward to understand how gui-
dance information could be encoded in a group of associ-
ated cells, as a collective (Figure 2c). The front is where the
cell with the highest level of signaling is. But it is less
obvious how directionalmovement would occur in response
to this. We think normally that a polarized, local response
is required to produce directional movement. But even in
the extreme form where the signal within each cell of the
group is completely delocalized, group behavior can still
give directional movement if the cells differ from one
another. The reason is that each cell of a cluster has a
directional vector (Figure 2d). Each cell contacts other cells
of the cluster on all sides except where it contacts the
substrate. Because the intragroup contacts are probably
different in nature from the cell–substrate contacts, this
gives each cell a ‘movement vector’, which can be thought of
as the direction in which this cell would pull the cluster if it
was the only cell to have productive interactions with the
substrate. The guidance information (the level of signaling)
then gives a value to each cell or each vector, essentially
saying how dominant this direction is. The combined force,
the net vector, determines the overall directional move-
ment of the cluster (yellow arrow in Figure 2d). Counter-
acting forces of adhesion will keep the cluster from flying
apart. This general, simple logic can be applied to any
associated cell group, with differences in details based on
whether the cells are stuck to each other physically or
communicate through their lateral connections or a com-
bination thereof.
www.sciencedirect.com
The description here is a static, general view. However,
both migration and reading of guidance information are
dynamic processes and should reflect continuous evalu-
ation of the environment. Solitary migratory cells are
probing the environment constantly, some generating
new pseudopods (fronts) regularly to do so. Similarly,
the border-cell cluster, when viewed in real time, is
dynamic, having many cells probing the environment
and, interestingly, the cells changing position over time
[20,21]. Thus, taking the lead and becoming the front cell is
not a single decision and does not represent cell-fate
determination. It is a dynamic situation in which cells
are competingwith one another constantly, consistent with
a guidance function. Such dynamics might ensure reas-
sessment of the environment during the course of
migration rather than adhering to a fixed direction. The
opposing forces generated by competing cells might make
net forward movement slower, although high speed is
probably not of primary importance for migrating groups.

Other migrating tissues: morphogenesis
What about other migrating groups? In some cases, the
moving cohort of cells has an inherent polarity: a ‘front’
with more extensive contacts to the substrate and a ‘back’
with more connection to rest of the tissue (Figure 1c–e). In
such cases, there is addition information in the system that
can be used to direct the group if the cells behave as a
collective and not just as many solitary cells. In the case of
the fish lateral line, which is a ‘slug’ of cells with an
attached rear (Figure 1c), the guidance receptor CXCR4
[28] is indeed only essential in the front cells [29]. Behavior
of the lateral-line cells in embryos with altered distribution
of the ligand stromal cell-derived factor 1 (SDF1) suggests
that ligand expression might serve to define a permissive
track for movement rather than giving absolute direction-
ality [28,30]. The combination of a defined track and ‘tissue
polarity’ given by cell–cell interactions could be sufficient
for directionality in this and similar cases. Finding the
tract would probably require direct cell–substrate contact.
But, in fact, many cells migrating in tissues make long
extensions and sample the environment continuously by
touch [12,31].

Navigating vascular (vertebrate) or tracheal (fly) pro-
genitors also have inherent polarity (Figure 1d). Such
structures can be directed by RTK ligands; for example,
fibroblast growth factor (FGF) in the case of tracheal out-
growths [15,32,33]. For embryonic trachea, a difference in
the level of FGF signaling among cells is used to define a
fixed leading-cell fate [34], rather than guidance. In
addition, the leading cell can be influenced by FGF to
produce filopodia in a directional manner [33,35], indicat-
ing guidance by localized signaling. Recent analysis of late
tracheal development indicates that the MAPK pathway
and a nuclear response, in other words, non-localized
signals (as discussed later), are important for directional
migration driven by FGF [36]. This raises the possibility
that a combination of localized and collective signaling
modes could be at work downstream of FGF.

Finally, true epithelial sheets of cells moving forward,
for example, to close a surface hole or wound, have the
fewest degrees of freedom (Figure 1e). In this case, it is
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clear that the stimulation of front-cell motility, coupled
with a difference among the free front membranes and the
intraepithelial contacts, could be sufficient to give direc-
tionality. Of course, the non-front cells also have to move
forward for sheet movement to occur and appear to do so
actively [37,38]. These cells might be directed by the front
cells by signaling and/or mechanical coupling [38,39].
Usually, ’guidance’ is not invoked for sheet movement;
perhaps because self-organization would be sufficient to
direct the process. However, the localized electric fields
generated at wounding might serve as an environmental
cue to direct the migration process actively [40], making it
a guided process. In general, to understand complex
morphogenesis, it is not sufficient to see cells as isolated
entities. The additional information at higher levels of
organization should also be considered.

Guidance-receptor signaling in collective versus
solitary migration
There are many questions raised when considering a col-
lective guidance mode (Figure 2c,d). First, what is the
output of collective-guidance signaling? In other words,
what cellular property is changed in direct response to
the amount of signal perceived by each individual cell?
There are multiple options. Relative to the low-signal cell,
the high-signal cell could make more or more robust exten-
sions or protrusions; alternatively, the cell or the cellular
protrusions could be more strongly adhesive or be able to
exert more pulling force on the substrate. For each case of
collective guidance, the detailed answermight be different.
What sets it clearly apart from the guidance of solitary cells
is that the regulation need not be localized to a specific
subcellular region. In the case of classical solitary eukar-
yotic cell guidance, the signal and the cellular response to it
are coupled and localized: setting and making the front
(Figure 2a). By contrast, in the collective mode, a signaling
output that is distributed throughout the cell can be used
for guidance, even a nuclear signal. The placement of each
contributing cell relative to the others is what gives the
directional information. Owing to the difference in require-
ments for localization, guidance signaling can be different
biochemically in collective versus solitary mode, as
appears to be the case in different phases of border-cell
migration [21]. Also, motility effects can become guidance
effects in a collective mode (Box 1).

The general concept of delocalized signaling giving
directionality to movement has an important precedent
in bacterial chemotaxis, a fascinating process that has
been studied in great detail [41,42]. Here, the cellular
response to guidance cues (attractants or repellants) is
also not localized to a subcellular position that reflects the
direction of the incoming signal. Instead, it is diffusible
intracellularly and communicates with fixed flagellar
motors. The cells are in constant motion and use changes
in signal level over time as the source of directional infor-
mation. Overall, there are likely multiple fundamentally
different solutions to the problem of moving directionally,
rather than simply a eukaryotic (localized signaling) and a
prokaryotic (timing) one. Animal systems appear to have
found an additional means of processing directional infor-
mation in a form that, like the prokaryotic mode, is not
www.sciencedirect.com
local but instead of time uses multicellularity as the
underlying principle for evaluation of information.

Why collective signaling?
Because solitary eukaryotic cells carry out chemotaxis
well, one might ask why would collective guidance exist?
One way of looking at it is that the possibility of encoding
information in this multi-cellular way exists – as long as
cells respond in a dosage-sensitive manner with motility or
related behavior (Box 1). It is therefore used as part of the
complex developmental repertoire. Collective guidance
might also have some advantages for robust directional
migration of groups: each cell measures an average gui-
dance signal over a large area, enabling the group to
disregard local fluctuations; collective guidance could also
help to ensure a coordinated response.

Another interesting question is whether, in addition to
the physical interaction, the cells in a group communicate
with one another directly and compare signaling levels
directly. Cells might even interact to enhance differences,
analogous to the front and back end of one cell influencing
each other in the solitary-guidancemode. But, if they do so,
they must maintain receptiveness and flexibility to
respond dynamically to cues in the environment.

Future directions
How can the model for collective-guidance signaling be
further tested? Not detecting a localized signal does not
necessarily mean it is not there (the wrong molecule,
modification or time frame might have been analyzed),
just as seeing a localized signal does not necessarily mean
it needs to be localized for the biological effect. More
manipulations and observations in the native environment
are needed, as has been initiated in the border-cell system
[21]. Further live analysis in the border-cell model might
elucidate the details of signaling output, cellular responses
to different levels of signal and whether and how cells of a
cluster compare signaling levels. Border cellsmigrate in an
environment that is constrained physically. Live analysis
of other group migration with different constellations of
cells and a higher degree of freedom in movement might
also be informative. The collective-guidancemodel predicts
that inducing modestly elevated (delocalized) signal in one
cell of a group in a situation in which external cues are
uniform or weak should make it the front cell and thereby
set a new direction for movement of the cluster. This can be
tested.

There are certainly many more questions than answers
at this point. We are complex multicellular animals and
have to be understood as such, however, multicellular cell
biology has a long way to go. What has been learned about
the behavior of parts – in this case of individual cells – is
absolutely crucial, just not the whole story.

Acknowledgements
I would like to thank Adam Cliffe for help with Figure 2, Stephen Cohen
for comments on the manuscript, my laboratory and colleagues for
discussions and EMBL for prior support.

References
1 Van Haastert, P.J. and Devreotes, P.N. (2004) Chemotaxis: signalling

the way forward. Nat. Rev. Mol. Cell Biol. 5, 626–634



Opinion TRENDS in Cell Biology Vol.17 No.12 579
2 Servant, G. et al. (2000) Polarization of chemoattractant receptor
signaling during neutrophil chemotaxis. Science 287, 1037–1040

3 Cukierman, E. et al. (2001) Taking cell-matrix adhesions to the third
dimension. Science 294, 1708–1712

4 Miller, M.J. et al. (2002) Two-photon imaging of lymphocyte motility
and antigen response in intact lymph node. Science 296, 1869–1873

5 Zaman, M.H. et al. (2006) Migration of tumor cells in 3D matrices is
governed by matrix stiffness along with cell-matrix adhesion and
proteolysis. Proc. Natl. Acad. Sci. U. S. A. 103, 10889–10894

6 Friedl, P. and Wolf, K. (2003) Tumour-cell invasion and migration:
diversity and escape mechanisms. Nat. Rev. Cancer 3, 362–374

7 Kunwar, P.S. et al. (2006) In vivo migration: a germ cell perspective.
Annu. Rev. Cell Dev. Biol. 22, 237–265

8 Murase, S. and Horwitz, A.F. (2004) Directions in cell migration along
the rostral migratory stream: the pathway for migration in the brain.
Curr. Top. Dev. Biol. 61, 135–152

9 Lois, C. et al. (1996) Chain migration of neuronal precursors. Science
271, 978–981

10 Bronner-Fraser, M. (1993) Neural crest cell migration in the
developing embryo. Trends Cell Biol. 3, 392–397

11 Kulesa, P. et al. (2000) In ovo time-lapse analysis after dorsal neural
tube ablation shows rerouting of chick hindbrain neural crest.
Development 127, 2843–2852

12 Teddy, J.M. and Kulesa, P.M. (2004) In vivo evidence for short- and
long-range cell communication in cranial neural crest cells.
Development 131, 6141–6151

13 Ghysen, A. and Dambly-Chaudiere, C. (2004) Development of the
zebrafish lateral line. Curr. Opin. Neurobiol. 14, 67–73

14 Affolter, M. and Shilo, B.Z. (2000) Genetic control of branching
morphogenesis during Drosophila tracheal development. Curr. Opin.
Cell Biol. 12, 731–735

15 Ghabrial, A. et al. (2003) Branching morphogenesis of the Drosophila
tracheal system. Annu. Rev. Cell Dev. Biol. 19, 623–647

16 Martin, P. and Parkhurst, S.M. (2004) Parallels between tissue repair
and embryo morphogenesis. Development 131, 3021–3034

17 Haga, H. et al. (2005) Collective movement of epithelial cells on a
collagen gel substrate. Biophys. J. 88, 2250–2256

18 Rørth, P. (2002) Initiating and guiding migration: lessons from border
cells. Trends Cell Biol. 12, 325–331

19 Montell, D.J. (2003) Border-cellmigration: the race is on.Nat. Rev.Mol.
Cell Biol. 4, 13–24

20 Prasad, M. and Montell, D.J. (2007) Cellular and molecular
mechanisms of border cell migration analyzed using time-lapse live-
cell imaging. Dev. Cell 12, 997–1005

21 Bianco, A. et al. (2007) Two distinct modes of guidance signalling
during collective migration of border cells. Nature 448, 362–365

22 Duchek, P. and Rørth, P. (2001) Guidance of cell migration by
EGF receptor signaling during Drosophila oogenesis. Science 291,
131–133

23 Duchek, P. et al. (2001) Guidance of cell migration by the Drosophila
PDGF/VEGF receptor. Cell 107, 17–26

24 Parent, C.A. and Devreotes, P.N. (1999) A cell’s sense of direction.
Science 284, 765–770

25 Xu, J. et al. (2003) Divergent signals and cytoskeletal assemblies
regulate self-organizing polarity in neutrophils. Cell 114, 201–214
Free journals for dev

In 2002, the WHO and six medical journal publishe

Research Initiative, which enabled nearly 70 of t

reduced-cost access to biomedical literature th

publishers are participating in the program,

Gro Harlem Brundtland, former director-general for

the biggest step ever taken towards reducing the

countrie

For more information, vis

www.sciencedirect.com
26 Arrieumerlou, C. and Meyer, T. (2005) A local coupling model and
compass parameter for eukaryotic chemotaxis. Dev. Cell 8, 215–227

27 Jekely, G. et al. (2005) Regulators of endocytosis maintain localized
receptor tyrosine kinase signaling in guided migration. Dev. Cell 9,
197–207

28 David, N.B. et al. (2002) Molecular basis of cell migration in the fish
lateral line: role of the chemokine receptor CXCR4 and of its ligand.
SDF1. Proc. Natl. Acad. Sci. U. S. A. 99, 16297–16302

29 Haas, P. and Gilmour, D. (2006) Chemokine signaling mediates self-
organizing tissue migration in the zebrafish lateral line. Dev. Cell 10,
673–680

30 Gilmour, D. et al. (2004) Towing of sensory axons by their migrating
target cells in vivo. Nat. Neurosci. 7, 491–492

31 Rorth, P. (2003) Communication by touch: role of cellular extensions in
complex animals. Cell 112, 595–598

32 Sutherland, D. et al. (1996) Branchless encodes a Drosophila FGF
homolog that controls tracheal cell migration and the pattern of
branching. Cell 87, 1091–1101

33 Sato, M. and Kornberg, T.B. (2002) FGF is an essential mitogen and
chemoattractant for the air sacs of the Drosophila tracheal system.
Dev. Cell 3, 195–207

34 Ghabrial, A.S. and Krasnow, M.A. (2006) Social interactions among
epithelial cells during tracheal branching morphogenesis. Nature 441,
746–749

35 Ribeiro, C. et al. (2002) In vivo imaging reveals different cellular
functions for FGF and Dpp signaling in tracheal branching
morphogenesis. Dev. Cell 2, 677–683

36 Cabernard, C. and Affolter, M. (2005) Distinct roles for two receptor
tyrosine kinases in epithelial branching morphogenesis in Drosophila.
Dev. Cell 9, 831–842

37 Farooqui, R. and Fenteany, G. (2005) Multiple rows of cells behind an
epithelial wound edge extend cryptic lamellipodia to collectively drive
cell-sheet movement. J. Cell Sci. 118, 51–63

38 du Roure, O. et al. (2005) Force mapping in epithelial cell migration.
Proc. Natl. Acad. Sci. U. S. A. 102, 2390–2395

39 Matsubayashi, Y. et al. (2004) ERK activation propagates in epithelial
cell sheets and regulates their migration during wound healing. Curr.
Biol. 14, 731–735

40 Zhao, M. et al. (2006) Electrical signals control wound healing through
phosphatidylinositol-3-OH kinase-gamma and PTEN. Nature 442,
457–460

41 Hazelbauer, G.L. et al. (1993) Bacterial motility and signal
transduction. Cell 73, 15–22

42 Baker, M.D. et al. (2006) Signal transduction in bacterial chemotaxis.
Bioessays 28, 9–22

43 Webb, S.E. et al. (1996) Direct observation and quantification of
macrophage chemoattraction to the growth factor CSF-1. J. Cell Sci.
109, 793–803

44 Tranquillo, R.T. et al. (1988) A stochastic model for leukocyte random
motility and chemotaxis based on receptor binding fluctuations. J. Cell
Biol. 106, 303–309

45 Birchmeier, C. et al. (2003) Met, metastasis, motility and more. Nat.
Rev. Mol. Cell Biol. 4, 915–925

46 Heldin, C.H. and Westermark, B. (1999) Mechanism of action and in
vivo role of platelet-derived growth factor. Physiol. Rev. 79, 1283–1316
eloping countries

rs launched the Health InterNetwork Access to

he world’s poorest countries to gain free or

rough the internet. Currently more than 70

providing access to over 2000 journals.

the WHO, said that this initiative was ‘‘perhaps

health information gap between rich and poor

s’’.

it www.who.int/hinari


	Collective guidance of collective cell migration
	Directional cell migration - how and why?
	Collective migration - migration of cell groups
	Guidance for a migrating group versus guidance for solitary movement
	Other migrating tissues: morphogenesis
	Guidance-receptor signaling in collective versus �solitary migration
	Why collective signaling?
	Future directions
	Acknowledgements
	References


