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Abstract
CTED PThe chemotactic response of Dictyostelium discoideum cells to stationary, linear gradients of cyclic adenosine 30,50-
monophosphate (cAMP) was studied using microfluidic devices. In shallow gradients of less than 10�3 nM/mm, the
cells showed no directional response and exhibited a constant basal motility. In steeper gradients, cells moved up the
gradient on average. The chemotactic speed and the motility increased with increasing steepness up to a plateau at
around 10�1 nM/mm. In very steep gradients, above 10 nM/mm, the cells lost directionality and the motility returned to
the sub-threshold level. In the regime of optimal response the difference in receptor occupancy at the front and back of
the cell is estimated to be only about 100molecules.
r 2006 Published by Elsevier GmbH.
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Introduction

How a cell senses, responds, and moves towards a
chemical signal is central to many biological and
medical phenomena including morphogenesis, immune
response, and cancer metastasis. Over the past thirty
years, major research efforts were undertaken to
advance the understanding of the complex phenomenon
of chemotaxis – the directional movement of a cell
U 67
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toward a chemical source (Parent and Devreotes, 1999;
Postma et al., 2004; van Haastert and Devreotes, 2004).
Chemotaxis has been investigated for a variety of
biological systems ranging from prokaryotic cells to
mammalian leukocytes and neutrophils. Among the
most prominent model organisms for the study of
chemotactic behavior is the eukaryotic microorganism
Dictyostelium discoideum (Arkowitz, 1999; Chisholm
and Firtel, 2004; Firtel and Meili, 2000; Kimmel and
Parent, 2003; Meima and Schaap, 1999; Williams and
Harwood, 2003). The last decade has witnessed a rapid
advance in deciphering the molecular pathways that
govern the directional response of a cell to chemoat-
tracting agents (Parent and Devreotes, 1999; van
73
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Fig. 1. Layout of the microfluidic channel network used to

generate a linear concentration gradient. The color coding

displays the concentration from a two-dimensional numerical

simulation of the Navier–Stokes and drift-diffusion equation

in the shown geometry using FEMlab 3.1. Black lines mark in-

and outlets that were not part of the numerical simulation.

Parameters: density r ¼ 10�12 g=mm3, kinematic viscosity

v ¼ 106 mm2=s, inflow velocity v ¼ 3250mm=s, inflow concen-

trations: zero and cmax ¼ 2 nM, cAMP diffusivity D ¼

400mm2=s (Bowen and Martin, 1964), no-slip and isolating

boundary conditions except for inlet and outlet.
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Haastert and Devreotes, 2004). However, the overall
picture that links the molecular details of intracellular
signaling to the macroscopic movement of cells is only
beginning to emerge. Systematic observations of che-
motactic behavior in precisely controlled and tunable
environments are needed to complement the progress in
unraveling the biochemical pathways.

In the typical chemotaxis assays, concentration
profiles are established by diffusion from a chemical
source through porous media or a small gap to a sink
(Boyden, 1962; Cutler and Munoz, 1974; Fisher et al.,
1989; Nelson et al., 1975; Zicha et al., 1991; Zigmond,
1974, 1977). In most cases, the concentration profile is
established slowly and continues to change over time.
One notable exception is the design by Fisher et al.
(1989) where temporally stable gradients were estab-
lished by running solutions of different concentrations
through semipermeable fibers embedded in an agarose
gel. All of these chambers have the disadvantage that
they do not allow the removal of any chemicals released
by the cells themselves. This can significantly influence
the chemical environment of the cells. Microfluidic
devices combine a number of features that make them
optimally suited for the study of chemotactic behavior.
Aside from allowing a precise manipulation of the
concentration profile (Chiu et al., 2000; Jeon et al., 2000,
2002) and reducing the transition time to establish a
stable linear gradient to the order of a few seconds or
less, microfluidic devices can also control the concentra-
tion of substances released by the cells themselves and
thus replace a dynamically changing concentration
distribution with an externally controllable chemical
environment.

So far, microfluidic devices have been applied to the
migration of neutrophils (Lin et al., 2004), bacteria
(Thar and Kuhl, 2003), and cancer cells (Wang et al.,
2004). Here, we use microfluidic techniques to study
Dictyostelium chemotaxis in spatially linear and tempo-
rally stable cAMP gradients. In the device, stable
gradients can be maintained as long as required. The
concentration profile was verified by three-dimensional
2-photon imaging techniques and numerical finite-
element simulations.

The experiments showed a threshold for the chemo-
tactic response at a gradient value of
dc=dy � rc � 10�3 nM=mm. Above threshold, the mo-
tion was determined by the absolute steepness of the
gradient of the chemoattractant, i.e., independent of the
local concentration. The chemotactic speed and the
motility increased with increasing steepness of the
gradient until rcE10�1 nM/mm; no further increase of
the chemotactic response was observed in steeper
gradients up to rcE1 nM/mm. In gradients above
rcE10 nM/mm, the cells lost directionality and the
motility returned to the sub-threshold level. An estimate
of cAMP receptor occupancy as a function of gradient
steepness offers a possible explanation. It shows that in
the regime of optimal response, the difference between
front and back receptor occupancy is only about
100molecules, whereas for very steep gradients satura-
tion of the cell surface receptors suppresses a chemo-
tactic response.
D P
ROOF

Materials and methods

Experimental setup

We used a modified version of the microfluidic
pyramidal network pioneered by Jeon et al. (2000) to
join a solution of cAMP with developmental buffer in a
cascade mixing procedure as described by Rhoads et al.
(2005). A schematic diagram of the pyramidal device is
shown to scale in Fig. 1. Solutions of minimal (zero) and
maximal (cmax) cAMP concentrations were introduced
into the device through two inlets. At each bifurcation in
the network, the flow was parted into an upper and a
lower branch and diffusively mixed with the flow from
the neighboring channels. Consequently, well defined
concentration steps were built up with high precision
before all branches were finally merged in a single
channel to produce a linear gradient perpendicular to
the direction of the flow. The length, width, and height
of the channel were l ¼ 5mm, w ¼ 525 mm, and
h ¼ 50mm, respectively. An automated syringe pumping
system (Harvard apparatus PHD 2000 infusion pump
with 500 ml Hamilton gastight syringes) was used to
maintain a steady flow through the device. During the
recording of experimental data, the flow speed in the
main channel was 650 mm/s, which was high enough to
ensure a stable concentration gradient over the entire
length of the channel but low enough so that the cells in
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Fig. 2. Concentration profile cross section of the gradient

channel as a function of height. Colored surface plot (with

scale on the left side): distribution of cAMP concentration at

the entrance of the main channel of the microfluidic device

measured by 2-photon microscopy using fluorescein. White

solid line (with scale on the right side): resulting concentration

profile averaged in z-direction. Black lines: concentration

profile at the beginning (dashed line) and the end (dotted line)

of the channel as a result of three-dimensional simulations.
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the channel were not washed away. This constant flow
also provided sufficient oxygen and disposal of all
substances released by the cells. For the majority of the
investigations conducted in this report, the gradient was
established between no cAMP on one side of the channel
and a maximal level cmax of cAMP on the other side of
the channel. The stability of the concentration gradient
over the length and depth of the channel was directly
tested using 2-photon microscopy. The concentration at
every position in the device was constant in the vertical
dimension (Fig. 2). Furthermore, we have verified that
the concentration profiles are temporally stable by
measuring the gradient before and after the start of
the experiments (data not shown). The results showed
excellent agreement with numerical simulations of the
incompressible Navier–Stokes equation coupled to the
convection–diffusion equation for the concentration
field. As seen in Fig. 2, due to the limited lateral size
of the gradient device, a concentration plateau was
observed close to the channel boundaries. In the center,
a linear gradient was measured over a length of 300 mm
across the channel. Therefore, the analysis of cell motion
was limited to this interval.

Cell culture

We used the AX3-derived strain WF38, which
expresses a green fluorescent protein fused to the
pleckstrin-homology (PH) domain of the cytosolic
regulator of adenylyl cyclase (CRAC) which was kindly
provided by P. N. Devreotes, Johns Hopkins University.
The cells were grown in shaking suspension of HL5
nutrient solution (56mM glucose, 10 g/l peptic peptone,
5 g/l yeast extract, 2.5mM Na2HPO4, 2.6mM KH2PO4,
penicillin, streptomycin, gentamycin, pH 6.5) and
renewed from frozen stock every four weeks. For all
experiments, 2ml of cell suspension at 2� 106 cells/ml
were concentrated by centrifugation at 100g for 20 s.
The supernatant was removed. The cells were then re-
suspended, loaded into the main channel, and allowed to
ED P
ROOF

settle and attach to the bottom glass coverslip for half an
hour. Care was taken to avoid the formation of cell
clusters and uneven distributions throughout the load-
ing process. After a 4-h starvation period in slowly
running buffer solution (5mM Na2HPO4, 5mM
KH2PO4, 2mM MgSO4, and 0.2mM CaCl2, pH 6.2,
flow speed of about 320 mm/s) in which the cells were
able to signal each other, a cAMP concentration profile
was established in the main channel within 30 s. A series
of experiments was performed with gradients between
zero and different maximal levels of cAMP, cmax ¼ 10�3

to 104 nM, in steps of one order of magnitude. With the
gradient extending over 300 mm this gave
rc ¼ 3.3� 10�6 to 33 nM/mm. Additionally, two mea-
surements with a spatially homogeneous concentration
were performed, where the cAMP concentration was
fixed at c ¼ 0 and 100 nM, respectively. For each
experiment a new gradient device was produced and
the gradient was verified by measurement of the
fluorescence from a small amount of fluorescein in the
solution. Due to the high precision of the microfabrica-
tion process, different devices had equal performance.

Image acquisition and data analysis

For each experiment, cellular dynamics were recorded
for the first hour following the establishment of the
gradient in a region close to the inlet of the main channel
(Fig. 3) using an inverted wide field Olympus IX–71
microscope coupled to a Qimaging Retiga EXI firewire
CCD camera. We used a 10� dry objective to capture
the whole width of the channel in a 1360� 1360 pixel
frame. Unless otherwise noted, images were taken at 30-
s intervals. The trajectories of cells were extracted from
the experimental data using the following procedure: the
phase-contrast information was transformed into in-
tensity information by applying a Sobel edge detection,
followed by a blurring of the individual images. The
centers of the cells were then identified as the centers of
connected regions with intensity above a given thresh-
old. From the positions in the individual frames, two-
dimensional trajectories were determined using a near-
est-neighbor particle tracking algorithm. The quality of
this procedure was checked by comparing with manually
obtained tracks.

The cell coordinates (x, y) were measured in the
region of constant gradient, i.e., in a 300 mm wide
interval located about 100 mm from each side. The cell
motion was characterized in terms of cell velocity
components parallel ðvxðtÞ ¼ dxðtÞ=dtÞ and perpendicu-
lar ðvyðtÞ ¼ dyðtÞ=dtÞ to the direction of the flow. In the

presence of a gradient, vy
(f) points in the direction of

increasing concentration. The chemokinetic response

was quantified by the motility MðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2x þ v2y

q
(for

definition of the coordinates see also Fig. 3). In the case
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Fig. 3. Initial state and trajectories of cells (a) for a developmental buffer solution and (b) for a cAMP gradient from 0 to

cmax ¼ 10 nM (rc ¼ 0.033 nM/mm).

Table 1. Motility and velocity components in absence of

cAMP and for a constant cAMP concentration of 100 nM

c (nM) M (mm/min) vx (mm/min) vy (mm/min)

0 4.19 (72.68) 0.14 (2.65) 0.04 (72.81)

100 5.47 (72.94) �0.40 (73.57) �0.18 (73.95)

The values in parentheses are the standard deviations of the average

velocities of individual cells.
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of a gradient, vy is the chemotactic velocity. All
quantities were approximated using a first order finite-
difference scheme. Unless otherwise stated, positions
were evaluated at a time interval of Dt ¼ 30 s. The
results were insensitive to a variation of Dt from 20 s to
1.5min. To further characterize the motion, the
propagation angle W with respect to the direction of
the flow was measured (see Fig. 3). At least 50 cells were
analyzed in each experiment.

The above quantities constitute the most elementary
way to characterize cell motion. Contrary to other
quantities like the chemotactic index, chemotactic
efficiency etc., they involve no nonlinear transforma-
tions.
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Results

Cell motion in absence of a cAMP gradient

The velocity components and the motility of a large
number of cells were determined and statistically
analyzed for two spatially uniform concentration
profiles across the channel. Due to the spatial isotropy
in these cases, the statistics of the velocities should not
depend on the position of the cells in the channel.

In the absence of cAMP, the cells were not at rest, but
performed a random type of motion (see tracks in Fig.
3a). The average motility was M ¼ 4:19 mm=min, while
the velocity components took average values close to
zero (Table 1). The distributions of the velocity
components vx and vy were found to be symmetric,
and the propagation angles were uniformly distributed,
as shown in Figs. 4a and 5a, respectively. No preferred
direction was observed. This confirms that cell motion is
not influenced by flow-induced shear forces in our setup.
In a similar manner, we examined cells at 100 nM
homogeneous cAMP concentration. A slightly higher
average motility of M ¼ 5:47mm=min was found and,
D P
R

again, the average velocity components were small
(Table 1). The velocities of individual cells showed large
variations. This is quantified by the standard deviations
of the average velocities of individual cells (Table 1).
Finally, we analyzed the motility of individual cells for
periodicity in time. No dominant time scale for the
fluctuations could be found (data not shown).
Cell migration in linear gradients of cAMP

A directional response was found once the gradient
steepness exceeded a threshold value of rcE10�3 nM/
mm. Typical cell tracks for this case are depicted in Fig.
3b for rc ¼ 0.033 nM/mm. The distribution of velocity
components and propagation angles are shown in Figs.
4b and 5b. While the vx distribution is similar to the
non-gradient case, the vy distribution is strongly skewed
into the direction of the gradient. The angular distribu-
tion exhibits a pronounced peak at W ¼ 901, correspond-
ing to the direction of the gradient.

The results for the average vx and vy velocities as well
as the average motility as a function of concentration
gradients are summarized in Fig. 6. These values were
obtained by dividing the region of linear gradient into
five equal bins and by evaluating the cell motion
separately within the three middle bins (the two outer
bins were eliminated to minimize edge effects). The
velocities in these bins were found to be constant within
50% and showed no systematic bias at lower or higher
background concentrations (data not shown). The bars
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Fig. 4. Histograms of the distribution of the velocity

components vx (gray) and vy (black) (a) for a developmental

buffer solution and (b) for a cAMP gradient from 0 to cmax ¼

10nM (rc ¼ 0.033 nM/mm). Each bin is originally twice as

wide as shown in the plot, the black bins have been shifted to

the right half a bin-width for better visualization. A Gaussian

distribution was fitted to the vy distribution in (a), showing a

pronounced deviation in the regions of the tails.

Fig. 5. Histograms of the distribution of propagation angles

(a) for a developmental buffer solution and (b) for a cAMP

gradient from 0 to cmax ¼ 10nM (rc ¼ 0.033 nM/mm).

Fig. 6. Average velocity components vx (squares) and vy

(chemotactic velocity, diamonds) as well as motility (circles)

measured for different cAMP gradients. The bars indicate the

spread in velocities (see text).
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indicate the range of mean velocity values obtained by
this binning procedure. For cAMP gradients from
rc ¼ 10�6 to 10�3 nM/mm, no significant directed
response was observed. The average motility showed
no dependence on the local cAMP concentration and
was similar to the case without cAMP. Above a
threshold of rcE10�3 nM/mm, both motility and
chemotactic velocity increased significantly with increas-
ing gradient. For concentration gradients
rcE0.33–3 nM/mm, motility and chemotactic velocity
were approximately independent of the gradient. Note
that the average motility for these gradients (E9 mm/
min) is comparable to the motility observed in cells that
had been developed to peak motility by external pulsing
of cAMP (Stepanovic et al., 2005; Wessels et al., 2000,
2004). Thus, cells developed in our microfluidic device
are at a similar developmental stage as cells developed
using traditional pulsing techniques. For even higher
gradients, i.e., rc43.3 nM/mm, both quantities decayed
rapidly to sub-threshold values. As in the case of
constant cAMP concentration, no evidence for pulsatile
motion could be found (data not shown).
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Discussion

cAMP and chemotactic motion

The chemotactic response was studied both as a
function of cAMP concentration and gradient steepness.
We found directed motion above a lower threshold of
rcE10�3 nM/mm and below an upper threshold of
rcE10 nM/mm (Fig. 6). We propose an explanation for
the upper and lower thresholds by considering the
occupancy of cAMP receptors on the cell membrane. As
shown in the Supplementary Material (online version
only), the adsorption and desorption processes are
reaction limited. Therefore, chemical equilibrium can
be assumed and the relative receptor occupancy is given
by y ¼ cðcþ KdÞ

�1 with c the cAMP concentration and
Kd the equilibrium dissociation constant. Using this
relationship, the receptor occupancy at the front and
back of the cell can be estimated. We consider a cell of
10 mm in length with 25,000 receptors at the front and
back, respectively, located in the middle of the device
(Dormann et al., 2001). The relative occupancies and the
difference in number of occupied receptors at the front
and back are summarized in Table 2 for different
gradients. For concentration values well below Kd, the
difference in occupied receptors at the front and back
remains roughly constant for different locations in the
same gradient, even though the absolute number of
occupied receptors changes significantly. For higher
concentrations, however, this difference decreases as the
cells move up the gradient.

Below the threshold of rcE10�3 nM/mm, the differ-
ence in occupancy is of the order of one receptor and
less than 0.1% of all receptors are occupied. It can be
concluded that too few cAMP molecules hit the
receptors to allow the cells to distinguish different
concentration levels at its front and back. For the lowest
gradient value where directed motion is observed
(rc ¼ 3.3� 10�3 nM/mm), we find the number of
occupied receptors to be 128 and 120 at the front and
UNCOR
Table 2. Occupancy rates at the front (yf) and back (yb) and
difference in the numbers of occupied receptors between front

and back of a cell in the middle of the gradient (at midpoint

concentration) with N ¼ 25; 000 sites in each half and Kd ¼

100 nM (Dormann et al., 2001)

rc (nM/mm) cm (nM) yb (%) yf (%) (yf�yb)�N

3.3� 10�5 0.005 0.005 0.005 0

3.3� 10�4 0.05 0.048 0.052 1

3.3� 10�3 0.5 0.48 0.51 8

0.033 5 4.6 4.9 75

0.33 50 32.6 34.1 375

3.3 500 82.9 83.8 225

33 5000 98.0 98.1 25
F

back, respectively. For larger gradients, the difference in
the number of occupied receptors increases to reach a
maximum for rc ¼ 0.33 nM/mm. Above rcE10 nM/
mm, this difference drops dramatically and about 98%
of all receptors are occupied. This corresponds to the
regime, where a complete loss of directional response
was observed. A steep gradient corresponds to high
local cAMP concentrations over large parts of the
channel. Therefore, the loss of directionality can be
explained by saturation of the receptors. Others have
proposed that at high cAMP concentrations, an overall
desensitization of cAMP receptors may occur through
alteration in binding properties or covalent modification
(Janssens and van Haastert, 1987).

Note that the interplay of geometry and flow speed
can lead to modifications of the concentration profile in
the immediate vicinity of a cell. For the flow parameters
of the experiments presented here, this effect has been
minimized and the concentration variation due to flow
effects was less than 20% (data not shown).
D P
ROO

Influence of cAMP on motility

In the absence of cAMP as well as in a spatially
constant cAMP concentration, Dictyostelium cells move
with a constant basal motility and perform a random-
type motion. Similar dynamics were observed for
shallow gradients below threshold as well as for very
steep gradients (below rcE10�3 nM/mm and above
rcE10 nM/mm). Since secreted cAMP is washed away
by the continuous fluid flow, we assume that an intrinsic
mechanism is responsible for the random motion that
does not depend on intercellular signaling. Above
threshold, an increase in motility is observed (Fig. 6).
It can be assumed that this increase reflects the
increasing chemotactic velocity, which is superimposed
on the basal motility. However, a weak dependence of
the random basal motion on local cAMP concentration
cannot be excluded from the present data.
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Comparison with previous work

We observe a directional response for gradients
steeper than rcE10�3 nM/mm. This is in excellent
agreement with the value of 3.6� 10�3 nM/mm reported
by Mato et al. (1975). The maximum chemotactic
response between rcE0.01 and 0.1 nM/mm matches
the observation by Varnum and Soll (1984) who found a
maximal chemotactic velocity at rcE0.01 nM/mm. A
similar value of rcE0.05 nM/mm was also reported by
Vicker et al. (1984). The rapid decrease in chemotactic
velocity for steep gradients, i.e. high cAMP concentra-
tions, was also reported by Varnum and Soll (1984). For
shallow gradients, however, our results do not agree
with the data of Varnum and Soll, who observed a
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constant level of high motility also for small cAMP
concentrations. This can be explained by the differences
in experimental setup. Most of the previous work was
carried out in gradient chambers where concentration
profiles build up through pure diffusion. Waste products
and chemical signals secreted by the cells can accumu-
late inside these chambers. In a microfluidic device, the
effect of waste products and mutual signaling between
cells is significantly decreased due to a continuous fluid
flow. This leads to different results in the regime of low
cAMP concentrations.

Fisher et al. (1989) have minimized the effect of
secreted substances by using appropriate mutants. For
comparison, we have translated our data into accuracy
of chemotaxis (Fisher et al., 1989; Mardia and Jupp,
2000) (data not shown). The maximal chemotactic
response occurs for similar gradient values (Fig. 5 in
Fisher et al., 1989). However, Fisher et al. (1989)
reported a continuous increase in chemotactic motion
with increasing gradient, while we observed a pro-
nounced lower threshold at rcE10�3 nM/mm.
 P
R
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Conclusions

Microfluidic techniques were introduced to study
chemotactic motion of Dictyostelium cells in gradients
of cAMP. A number of basic questions of chemotactic
behavior were revisited, using the particularly well-
suited features of microfluidic devices.

Our experimental results suggest that the chemotactic
movement of cells in gradients of cAMP is determined
by both stochastic and deterministic components.
Deterministic motion is induced by the presence of a
cAMP gradient. The effective speed of motion depends
on the absolute and not on the relative value of the
gradient. The stochastic component is always present
and seems to be independent or, at most, weakly
influenced by the presence of cAMP. Although the
experimental data give no clear proof of two distinct
mechanisms for the two aspects of cell behavior, a
separation of the dynamics into deterministic and
stochastic components seems meaningful.

A persistent stochastic contribution to the movement
of a cell could reduce its efficiency in reaching a desired
destination. However, cells are able to aggregate as long
as the averaged velocity over time is directed into the
correct half-plane (Dallon and Othmer, 1997). Further-
more, situations in a real biological environment can be
imagined where the path of a cell is obstructed and a
stochastic contribution to the movement may actually
help the cell finding its way around larger obstacles or
through complex geometries.

For gradients close to the lower threshold
(rcE10�3 nM/mm) the difference in receptor occupancy
was estimated to be only in the order of ten molecules.
This raises two important questions: first, how long does
it take a cell to measure the occupancy of its receptors in
order to eliminate the influence of noise and large
offsets, and second, how can a small difference in
receptor occupancy lead to a strongly amplified down-
stream response? The small numbers suggest that
stochastic effects on the shot-noise level play a role in
chemotactic gradient sensing. However, most current
models are based on continuum approximations (Mein-
hardt and Gierer, 2000; Postma and van Haastert, 2001)
and the development of a stochastic approach is only
beginning to emerge (Ishii et al., 2004).
OOFDedication

We dedicate this study to Günther Gerisch on the
occasion of his 75th birthday. The pioneering studies in
his laboratory on chemotaxis in Dictyostelium were the
inspiration for our efforts. His emphasis on accurate,
quantitative measurements generated a firm foundation
for further advancements.
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