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Abstract
During eukaryotic chemotaxis, external chemical gradients guide the crawling motion of cells.
This process plays an important role in a large variety of biological systems and has wide ranging
medical implications. New experimental techniques including confocal microscopy and
microfluidics have advanced our understanding of chemotaxis while numerical modeling efforts
are beginning to offer critical insights. In this short review, we survey the current experimental
status of the field by dividing chemotaxis into three distinct “modules”: directional sensing,
polarity and motility. For each module, we attempt to point out potential new directions of
research and discuss how modeling studies interact with experimental investigations.
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Chemotaxis is defined as directed movement of cells up or down a chemical gradient. Here
we focus on chemotaxis in eukaryotic cells where the gradient sensing results in directed
cell motion in the form of crawling. Eukaryotic chemotaxis is thought to be a key
component in a multitude of biological processes. In some processes, in vitro experiments
have unambiguously shown that cells respond to ligand concentration gradients set up by
pipettes or gradient chambers. Examples include neuronal patterning where nerve growth
factors determine the direction of axonal growth [1], wound healing where the platelet-
derived growth factor guides fibroblast to the injury area [2] and cancer metastasis where
tumor cells respond chemotactically to gradients of epidermal growth factor [3]. For other
processes, including germ cell migration [4] and hemocyte migration [5], the evidence for
chemotaxis is less direct and typically relies on showing that ectopic expressions of a ligand
can alter the migration of the motile cell.

Much of our present understanding of eukaryotic chemotaxis has come from studies in the
social amoeba, Dictyostelium discoideum, and cells of the mammalian immune system.
Amoebae respond to the chemoattractant cAMP by crawling towards the high end of a
concentration gradient. The resulting motion is much faster than found in the examples
mentioned above: typical speeds of 10µm/min are observed, equivalent to roughly one body
length per minute and comparable to that of the other “champion” of chemotaxis,
neutrophils. Studies on these rapid responders have shown that many of the molecular
pathways are common to Dictyostelium and mammalian cells [6,7]. Furthermore, several of
the Dictyostelium experiments have been performed in neutrophils as well [8]. The powerful
forward and reverse microbial style genetics of Dictyostelium has been able to pin-point
critical genes and proteins and has shown how they work. The use of proteins fused to the
Green Fluorescent Protein, GFP, combined with biochemical examination of changes in
enzymatic activities, has lead to quantitative real-time measurements of the dynamics of
subcellular localization of these molecules. In addition, the wealth of experimental data has
encouraged a large number of theoretical studies. In fact, it is fair to say that the information
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flow between experiments and modeling is no longer unidirectional and that theory now
often drives experiments.

We divide eukaryotic chemotaxis into three distinct modules, each representing a different
temporal stage of chemotaxis:

1. directional sensing; processes that occur on a time scale of 0–10 s after a gradient
change and that are characterized by subcellular localization of several key
signaling components but do not involve the reorganization of the cytoskeleton.

2. formation of a stable leading edge and cell polarity; processes that occur on
longer timescales (10–45 s) and that lead to cell regions that can clearly be
identified as front, back and sides. Polarization can occur in response to a gradient,
in which case it is coupled to the gradient sensing process, or can occur
spontaneously.

3. motility; processes that occur after the polarity is established and which include the
actual movement of the cell (>1 minute).

Of course, the boundaries between these stages, schematically shown in Fig. 1, are not
absolute and overlap exists. Nevertheless, this subdivision of the chemotaxis response is
becoming commonly accepted [9]. Our review of these modules can only be cursory and the
interested reader is encouraged to consult the reference articles for further details. Our goal
here is to give a brief overview of the current status and to indicate our personal ideas where
experimental and theoretical progress can be made.

Directional sensing
The first stage of the cellular response involves the establishment of a leading edge of the
cell and occurs during the first 0–10 sec after binding of the ligand to the receptors. A
number of critical components in the directional sensing pathway have been identified
greatly aided by the readily available genetic mutants in Dictyostelium [10]. Furthermore,
through the use of GFP reporters, it has become clear that a number of these display a
distinct subcellular re-organization during the initial events after chemoattractant stimulation
[11–13].

A general picture of the initial events after chemoattractant stimulation has emerged that is
conserved between Dictyostelium and neutrophils and that can be summarized as follows:
chemoattractant binds to G protein-coupled receptors (GPCRs) that are uniformly
distributed on the cell surface, leading to the dissociation of the Gα and Gβγ subunits of the
coupled heterotrimeric G protein that activates downstream effectors. The earliest known
downstream event is the localized activation of Ras at the leading edge, which was
visualized by using a GFP fusion of a Ras binding domain (GFP-RBD) that only interacts
with GTP bound Ras [14]. This leads to the activation of PI3K and the production of
PI(3,4)P2/PI(3,4,5)P3, producing binding sites for a subclass of PH (Pleckstrin Homology)
domain-containing proteins including CRAC [15], Akt/PKB [15,16] and PhdA [17].

Recruitment of PI3K forms a feedback loop, mediated through localized F-actin
polymerization, that further increases PIP3 at the front [14,18]. This ultimately leads to F-
actin protrusions and cell movement. The phosphoinositide 3 lipid phosphatase PTEN shows
a reciprocal pattern of localization: it delocalizes from the activated leading edge but
remains associated with the lateral sides and posterior of the cell [19,20]. We have listed the
currently known molecules that are spatial re-organized, along with the typical timescales
for localization in Table 1.
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Recently, it has become clear that the PI3K pathway might not be as critically important as
previously thought. Evidence for this comes from experiments in which all five PI3Ks and
PTEN were genetically removed, thus eliminating the PIP3 pathway [21]. In steep gradients,
these cells were found to be chemotactically responsive. However, it was found that
inhibiting either the PIP3 pathway or a phospholipase A2 (PLA2) dependent pathway using
pharmacological interventions eliminates chemotaxis in shallow gradients [22]. These
results suggest that multiple redundant pathways are responsible for proper chemotactic
behavior [23,24]. Precisely how these parallel pathways interact with each other is currently
unclear and is a challenge for the future although it is interesting to note that both pathways
deplete local PIP2.

The picture that has emerged from these experiments is that the directional sensing
machinery must rely on some form of communication between the back and the front of the
cell and is not a purely local phenomenon. The latter can be ruled out by realizing that,
typically, the stimulation in these experiments is presented to the cell in the form of a pipette
containing the chemoattractant cAMP. Due to the fast diffusion of cAMP around the cell,
the back of the cell (i.e. the side farthest away from the pipette) experiences a rapid increase
in cAMP concentration. Thus, the stimulus levels at the front and the back rise rapidly and
approach comparable levels within less than a second. A purely local mechanism would then
lead to near-equal response levels at the back and the front. The experiments, however, show
a large response at the front and an almost completely suppressed response at the back
[14,25]. Of course, it is possible that the stimulation level at the back is below a certain
threshold. However, the existence of such a threshold can be ruled out by the fact that
subcellular re-organization takes place over a wide range of stimulus strengths. We should
also note here that a temporal mechanism, in which rapid protrusions sense their local
concentrations, is worth considering.

The precise nature of the global intracellular communication and the origin of the switch-
like behavior is the subject of intense research, and a number of different model mechanisms
have been proposed [26–34]. Most of these models invoke the presence of a diffusible
inhibitor which plays the role of the communicator. However, despite several decades of
research efforts this inhibitor remains elusive.

The unraveling of these mechanisms requires precise experimental control of the external
conditions and has lead to the application of new techniques including microfluidic devices,
photo-uncaging of caged cAMP and modern pipette techniques [35–38]. These techniques
allow for careful control of the cAMP stimulus, both spatially and temporally. For example,
it is now possible to independently stimulate two sides of the cell and directly address the
validity of some of the proposed mechanisms. Furthermore, the microfluidic devices are
able to produce precisely controlled gradients of any shape. This can be used to investigate
how the detection threshold depends on the steepness of the gradient and on the average
background concentration. Clearly, future experiments will see an increase in the use of
these quantitative experimental techniques and will undoubtedly play a crucial role in the
further elucidation of directional sensing.

Polarization
As we already indicated in Fig. 1, the directional sensing module feeds directly into the
polarity module. By polarity, we mean the symmetry-broken configuration of the cell’s
internal components, including the cytoskeleton, allowing for the determination of regions
that can be identified as front, back and sides. A number of essential components of polarity
formation have been identified [13,39–41]. It is important to realize, however, that
polarization does not require a gradient stimulus: spontaneous polarization is observed in the
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absence of a gradient [42]. Thus, the polarity module needs to be able to work even when it
does not receive direct input from the directional sensing module.

Our understanding of the events leading to cytoskeletal reorganization has dramatically
improved over the past 10 years. This is mainly due to novel experimental techniques that
allow for direct visualization of intracellular pathway components. Through these
experiments, it has become clear that the cAMP chemoattractant receptors and their
associated heterotrimeric G proteins are distributed uniformly around the cell perimeter and
are activated in proportion to the concentration of cAMP [43]. Yet, the leading edge and
posterior of the cells display highly polarized distributions of specific signaling components.
PI3K, PtdIns(3,4,5)P3 (PIP3), and the PH domain-containing proteins that bind PIP3 (Akt,
CRAC, and PhdA) preferentially localize to the edge of the cell that is closest to the
chemoattractant source [15,16,25,44]. Molecules that are associated with F-actin
polymerization, including WASP, SCAR, and the GTP-bound forms of their activators (Rac
GEFs), are found in the front and, to a lesser degree, at the posterior [45,46]. PTEN, a
negative regulator of the PI3K pathway, is excluded from the leading edge and accumulates
at the lateral sides and posterior, hydrolyzing PIP3 and thereby restricting recruitment of PH
proteins to these sites and simultaneously suppressing lateral pseudopod formation [19,20].
Myosin II (myoII) is found along the lateral sides and at the posterior, mediates cortical
tension, restricts pseudopod extension, and promotes contraction of the posterior [47].
MyoII in the rear is controlled, in part, by PAKa, a p21-activated protein kinase, which
preferentially localizes to the cell’s posterior [48]. The disassembly of MyoII at the leading
edge is mediated by MHCKA (Myosin Heavy Chain Kinase A), which is recruited to the
leading edge and activated by F-actin [49,50]. Myosin I and PAKc preferentially localize to
the leading edge and are essential for proper chemotaxis [51]. Activated ERK1, a mitogen-
activated protein kinase, and its upstream kinase MEK1 also localize to the cell’s anterior
[52].

Our understanding of the role of various pathway components that are required for the
formation of cell polarity has been obtained through the analysis of mutant strains. For
example, unstimulated pten null cells display a marked increase in the formation of
spontaneous protrusions while pten null cells stimulated with chemoattractant show an
elevated and extended actin polymerization response. Compared to wild-type cells, PIP3
levels remain elevated in pten null cells for a prolonged time after stimulation and
chemotaxis is severely disrupted [19,20,53]. These results suggest a crucial role for PIP3 in
polarity formation. Deleting the major two forms of Class I PI3Ks in Dictyostelium or the
addition of chemical PI3K inhibitors (LY294002 and wortmannin) impair cell polarity
[19,54].

Polarity is maintained and further stabilized through myoII assembly in the back of the cell.
Cells that lack guanylyl cyclases (GCs) are defective in myoII assembly and the ability to
suppress lateral pseudopod formation [40]. Also, these cells exhibit an expanded shape for
anterior pseudopods. By contrast, cells carrying mutations in the cGMP-phosphodiesterases
accumulate high levels of cGMP and become hyperpolarized, displaying a narrow dominant
pseudopod at the leading edge [55,56]. An important aspect of cGMP is that it is able to
rapidly diffuse throughout the cell and thereby allow different local regions to coordinate
their behavior; as already mentioned, this type of coordination is critical for the polarity
system.

As is the case for the directional sensing pathways, a number of mechanistic questions
pertaining to polarity remain unanswered. For example, it is not clear how directional
sensing leads to polarity. Also, recent experiments suggest that cells can become polarized
when stimulated globally or even in the absence of a stimulus [42]. One hypothesis is that
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this pre-existing polarity can interfere with directional sensing accuracy. This might explain
the significant number of cells with “wrong” subcellular organization following a gradient
stimulation [38]. Finally, it is not well understood how the polarized state is globally
established in the cell and how stable this state is.

Again, progress towards answering these questions demands experimental techniques with a
greater quantitative control than is available using standard pipette assays. Particularly
promising are experiments in which the gradient can be rapidly reversed. These can be used
to start addressing how cells are able to redirect themselves upon a change in
chemoattractant gradient. Gradients in microfluidics are stable, controllable and rapidly
reversible and offer the possibility to study re-establishment of polarity following a reversal
of the cAMP gradient in a quantitative fashion.

Motility
A large body of literature has built up on almost all aspects of actin-based motility [57,58].
Almost all crawling cells use the polymerization dynamics of actin [58–60], coupled to
adhesive contacts with the substrate as well as active contraction (due to myosin motors), to
propel themselves forward. The growth of an actin network, due at least in part to the action
of Arp2/3, pushes against the cell membrane at the forward part of the cell, causing
protrusion. Further behind, the network is disassembled, thereby providing a source of actin
monomers that are transported by diffusion and (possibly) cytoplasmic flow back to the
polymerizing front. Not all such protrusions are effective in actually moving the cell
forward. Finally, myosin motors interact with actin near the rear of the cell, generating
contraction forces that bring up the rear [39].

Much insight regarding motility has been obtained in recent years using computer assisted
motion analysis [61,62]. This analysis, mostly carried out in two dimensions (2D DIAS) but
also possible in three dimensions (3D DIAS), traces the outline of the cell using boundary
detection software. This outline, obtained from video frames of the experiment, is then used
to determine various motility quantities including instantaneous velocity, directional change
and directional persistence. A typical example of the output of 2D DIAS is shown in Fig. 2,
where the outlines of a cell in buffer and in a gradient are plotted every 4 s. The position of
the centroid is marked by a red dot. Recently, this analysis has been extended to perform a
three dimensional reconstruction of cells obtained using optical sectioning. An example of a
time-sequence of a moving cell reconstructed using 3D DIAS is shown in Fig. 3.

A distinction needs to be made between motion in the absence of external signals, basic
motility, and motion in a temporally or spatially varying signal, directed motion. When
placed in buffer, cells are not stationary. They continuously extend pseudopods and move
about, as can be seen in Fig. 2. Some basic properties of this process, obtained using 2D
DIAS, are summarized in Table 2. On average, a new pseudopod is formed every two
minutes and, for the most part, only one pseudopod is present at any given time.
Furthermore, the directional change, defined as change in direction during a time interval, is
high. Thus, the location of the new pseudopod is not correlated to the old position and
pseudopod formation is random in the absence of a chemotactic gradient. It should be noted
that the motility properties of Dictyostelium cells are not independent of the developmental
state of the cell. For example, the typical velocity of individual cells is low at the beginning
of development, peaking roughly at the onset of aggregation and then decreases once again
[63]. The numbers presented in the table are representative for the peak motility rate.

The basic properties of cells moving in a spatial gradient are also summarized in Table 2.
When comparing these properties to the ones representing basic motility, it is striking that
the instantaneous velocities are identical. What changes drastically, however, are the

Rappel and Loomis Page 5

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2010 July 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pseudopod formation rate and the directional change, both of which show a significant
reduction. This reflects the directed motion of the cell: instead of randomly located, the new
pseudopod is highly correlated to the position of the old one. As a result, the cells are
moving in a direction that is guided by the gradient (see Fig. 2B).

The formation of pseudopods has also been characterized in Dictyostelium and neutrophil
cells that were forced to crawl under agarose and so were flattened to essentially two
dimensions [64]. It was found that in a shallow gradient of chemoattractant new pseudopods
usually bifurcated off existing ones rather than being formed de novo and that pseudopod
generation appears to be independent of chemotactic signaling. Furthermore, the addition of
a PI3K inhibitor did not change the accuracy of new pseudopods but did alter the frequency
of pseudopod generation, suggesting that the PIP3 pathway is not essential for chemotaxis
under these conditions. Future experiments that combine this experimental technique with
techniques that can determine the subcellular distribution of proteins and that can precisely
control the gradient have the promise to start unraveling the pathways underlying motility.

Several groups have attempted to formulate computational models of cells. The early models
of motion [65,66] focused on simple 1-D models with the "cell" running from the front to
the back along a line. While these have some predictive power, they obviously cannot
properly address the dynamics of cell shape. More recent work [67] has attempted to deal
with a two-dimensional representation of the actin-myosin dynamics and its coupling to the
cell shape. To date, these models have been applied to keratocytes and fibroblasts, but not to
Dictyostelium or neutrophils. However, recent data have demonstrated quite dramatically
that motility in all these cells, especially that which arises via the response to a chemotactic
signal, operates using the same principles. In particular, the role of Arp2/3 in nucleating
actin network linkage at the leading edge of the cell, as a part of the overall chemotaxis
response, can be directly visualized (see Fig. 4, [68]).

This modeling research focuses exclusively on basal motility and does not attempt to
incorporate the signaling steps that connect from the sensory apparatus that detects external
signals, to the control of actin-based protrusion. A full chemotaxis model would
undoubtedly involve modeling the two-way coupling between the ligand receptor and its
downstream effectors and the actin-myosin cytoskeletal dynamics, a truly challenging task.
Not surprisingly, previous work has focused on purely phenomenological models that
directly relate rules of motion to external chemical gradients. However, we believe that the
time is ripe to attempt a more involved treatment which couples a directional sensing
module to a polarity module and a motility module, much like we sketched in Fig. 1. Again,
data from new experiments will prove essential in this endeavor and one new technique is
particularly promising. This technique uses semi-flexible substrates to measure the forces
exerted by crawling cells onto their substrate [69,70]. Through the coupling of the observed
deformations of the substrate with the known material parameters it is now possible to
derive traction force fields in a rapid and systematic fashion. This offers the possibility to
systematically study the effects of mutations on the motility of cells. These forces are clearly
an important input parameter in any motility model and provide yet another example where
combined modeling and experiment can lead to substantial progress.
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Fig. 1.
Modules in chemotaxis. The arrows represent interactions between the modules which can
be forward or reverse.
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Fig. 2.
Computer generated cell outlines and centroids (represented by red dots) of Dictyostelium
cells in. A: basic motility of cells in buffers showing random, non-directed motion. B: Cells
subjected to a spatial gradient exhibit directed motion in the direction of the gradient (from
[62]).
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Fig. 3.
3D reconstructions of a representative Ax4 cell in the front (A), at the peak (B), and in the
back (C) of a simulated temporal wave of cAMP generated in a perfusion chamber.
Nonparticulate pseudopodial zones are demarcated in red. The cell is viewed at each time
point at angles of 15° and 60° from the surface. Note that the Ax4 cell is elongate along the
substratum in the front of the wave, rounds up and retracts the dominant pseudopod at the
peak of the wave, and resumes pseudopod formation but in all directions and without cell
elongation in the back of the wave. The behavior of this cell is representative of that of nine
additional Ax4 cells reconstructed in 3D in a similar fashion (from [71]).
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Fig. 4.
Actin and Arp2/3 dynamics in chemotaxis. The cells shown respond to cAMP applied
through a micropipet that is placed outside the frames shown. The direction of the diffusion
gradients is indicated by arrows. (A) A cell labeled with full-length LimE-GFP recorded at a
frame rate of 100 msec. (B and C) Cells labeled with GFP-Arp3 (green) and mRFP-
LimEcoil (red). Yellow regions indicate merge of the two labels. The pattern of dense actin
assemblies in B resembles the pattern in A, showing that these structures are enriched in the
Arp2/3 complex. At subsequent stages, Arp2/3-rich actin structures are distributed along the
region of the cell border that is exposed to higher cyclic-AMP concentrations. (C) Arp2/3-
rich actin structures are preferentially accumulated at the base of filopods that point toward
the source of the gradient. (In B and C, network structures are not visible, because the
resolution of dual-emission fluorescence recordings is limited.) Time is indicated in seconds.
(Scale bar: 5 µm.). From [68].
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Table 1

Spatial reorganization and timescales of various signaling components following a stimulus from a pipette

Molecule Activation time scale Asymmetry

G protein <1 s None

Ras 3 s Front/back

PH-domain proteins 5 s Front/back

PI3K 15 s Front/back

PTEN 10 s Back/front

Actin 5 s Front/back

PAKa 30 s Back/front

MyoII 30 s Back/front
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Table 2

Basic quantities for cells in buffer (basic motility) and in a spatial gradient (chemotaxis)

Experimental
condition

Instantaneous
velocity

Frequency of
pseudopod formation

Directional
change

Basic motility 11±3 µm/min 5±1/10min 50°±5°/min

Chemotaxis 11±3 µm/min 2±1/10min 20°±10°/min
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