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Abstract

Neutrophils constitute the largest class of white blood cells and are the first responders in the innate immune response.
They are able to sense and migrate up concentration gradients of chemoattractants in search of primary sites of infection
and inflammation through a process known as chemotaxis. These chemoattractants include formylated peptides and
various chemokines. While much is known about chemotaxis to individual chemoattractants, far less is known about
chemotaxis towards many. Previous studies have shown that in opposing gradients of intermediate chemoattractants
(interleukin-8 and leukotriene B4), neutrophils preferentially migrate toward the more distant source. In this work, we
investigated neutrophil chemotaxis in opposing gradients of chemoattractants using a microfluidic platform. We found that
primary neutrophils exhibit oscillatory motion in opposing gradients of intermediate chemoattractants. To understand this
behavior, we constructed a mathematical model of neutrophil chemotaxis. Our results suggest that sensory adaptation
alone cannot explain the observed oscillatory motion. Rather, our model suggests that neutrophils employ a winner-take-all
mechanism that enables them to transiently lock onto sensed targets and continuously switch between the intermediate
attractant sources as they are encountered. These findings uncover a previously unseen behavior of neutrophils in opposing
gradients of chemoattractants that will further aid in our understanding of neutrophil chemotaxis and the innate immune
response. In addition, we propose a winner-take-all mechanism allows the cells to avoid stagnation near local chemical
maxima when migrating through a network of chemoattractant sources.
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Introduction

Neutrophil chemotaxis plays a prominent role in the innate

immune response [1–3]. A number of chemical signals are

produced at sites of infection or inflammation and then diffuse into

the surrounding tissue [4,5]. Neutrophils sense these chemoat-

tractants and move in the direction where their concentration is

greatest, thereby locating the source of the chemoattractants and

their associated targets. Neutrophils respond to many different

chemoattractants including: (i) formyl-methionylleucylphenylala-

nine (fMLP) secreted by the infecting microbes [6–8]; (ii)

chemokines such as interleukin-8 (IL-8), growth-related gene

product a (GROa), leukotriene B4 (LTB4), and stromal cell-

derived factor 1 (SDF-1) secreted by endothelial cells, mast cells,

monocytes, and also by neutrophils themselves [9–16]; (iii) a

glycoprotein fragment, C5a, produced by the complement system

[17,18]; and (iv) hydrogen peroxide, produced by damaged tissue

[19,20]. Each one of these chemoattractants is able to elicit

directed cell migration. However, when homing in on their targets,

neutrophils are confronted with a complex array of these

chemoattractants emanating from multiple sources. For instance,

neutrophils encounter intermediate chemoattractants, such as IL-8

and LTB4, on the surface of the endothelium and adhere [21–23].

There, the cells are presented with additional chemoattractant

gradients and must migrate away from these initial chemoattrac-

tants toward the source of other chemoattractants. Clearly,

neutrophils need to distinguish between these various signals and

employ some sort of logic to prioritize among them.

Previous studies have shown that neutrophils selectively migrate

toward end-target chemoattractants such as fMLP and C5a even

when opposing gradients of endogenous, intermediate, chemoat-

tractants are present [24–26]. These results demonstrate that

neutrophils discriminate between chemoattractants and will

preferentially migrate toward those produced proximal to sites of

infection. The logic is less clear when neutrophils are confronted

with competing gradients of intermediate chemoattractants.
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Foxman and coworkers, for example, found that when confronted

with opposing gradients of IL-8 and LTB4, neutrophils tended to

migrate toward the more distant attractant source and away from

the more proximal one, independent of the chemoattractant

species [25]. They hypothesized that such a mechanism enables

neutrophils to navigate stepwise through sequential fields of

intermediate chemoattractants while homing in on their end

target. Meanwhile, others have utilized microfluidic devices to

study neutrophil migration in opposing IL-8 and LTB4 gradients

[24,27,28]. These efforts have focused particularly on the

prioritization between these chemicals in the short term, such as

whether LTB4 can influence chemotaxis towards IL-8.

While the mechanism for the signaling hierarchy between

chemoattractants is not known, current results suggest that the two

classes operate along different signal transduction pathways

altogether - in particular, chemotaxis to the end-target attractants

fMLP and C5a involves the p38 mitogen-activated protein kinase

(p38 MAPK) pathway, whereas chemotaxis towards IL-8, LTB4,

and MIP-2 likely involves the phosphatidylinositol-3-OH (PI3K)/

phosphatase and tensin homolog (PTEN) pathway [8,24,29]. The

crosstalk between these pathways is thought to involve PTEN, a

known PI3K antagonist, via p38 MAPK-mediated recruitment to

the cell circumference [26,30]. Consequently, in the presence of

any end-target chemoattractant, chemotaxis toward the interme-

diary attractants is suppressed [24,25,28,31].

In this work, we investigated neutrophil chemotaxis in opposing

linear gradients of chemoattractants using microfluidic devices.

Extending the results of Foxman and coworkers, we demonstrate

that neutrophils will migrate back and forth in oscillatory manner

when confronted with opposing gradients of IL-8 and LTB4. Based

on these results, we developed a mathematical model of neutrophil

chemotaxis. Our modeling results and associated analysis demon-

strates that basic sensory adaptation alone cannot explain the

oscillatory migration patterns observed in our experiments. Rather,

our results support a model where cells reversibly lock on and off

different chemoattractant signals. Using this model, we show how

this mechanism allows neutrophils to locate the sites of infection in

the face of complex chemoattractant cues.

Results

Chemotaxis in single chemoattractant gradients
We first analyzed chemotaxis toward single gradients of fMLP,

IL-8, and LTB4 by measuring the chemotactic index and average

linear velocities using a microfluidic platform [13]. In the

microfluidic platform, the concentration profiles established were

linear across the channel width with small deviations from linearity

at each end of the channel, as can be seen in Figure S1. In each

case, linear concentration profiles of 0–10 nM, 0–25 nM and 0–

50 nM were applied across the 350 mm channel, with no gradient

as the control. These conditions were chosen roughly for their

ability to produce optimal chemotaxis. As evidenced by the

positive mean chemotactic indices in Figure 1, most cells migrated

up each chemoattractant gradient as expected. However, in each

case, the mean response varied according to the gradient condition

with no obvious trend. While the chemotactic index has previously

been shown to correlate weakly with the slope of the gradient

[25,32], we found that the cells were most responsive to fMLP in

Figure 1. Chemotaxis in single attractant gradients. [A] Chemotactic index in single attractant gradients. [B] Average linear velocities of the
cells from the single attractant gradient experiments. In each experiment, 30 cells were tracked for 20 minutes.
doi:10.1371/journal.pone.0085726.g001
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the 0–10 or 0–25 nM range. For IL-8, cells responded optimally to

the 0–25 nM gradient. Finally, for LTB4, cells were most

responsive to the 0–50 nM gradient. The linear velocities of these

cells, however, did not exhibit any trends. In particular, the linear

velocity does not correlated with the slope of the gradient. In

addition, we analyzed cell migration in isotropic environments

(Figure S2). We found that cells exhibit motion resembling

persistent random walk as seen previously [33]. Overall, the

chemotactic responses toward the single chemoattractant gradients

were similar to previous reports [24,25,27,28,31,32,34,35].

Response to single gradients superimposed over an
alternate isotropic attractant field

To study the effect of crosstalk on chemotaxis, a single gradient

of one chemoattractant was established over a uniform concen-

tration of another. In the first case, an fMLP gradient was applied

over uniform concentrations of IL-8 or LTB4, respectively. As

shown in Figure 2A, we found that increasing the background

chemoattractant concentrations does not inhibit chemotaxis up

the fMLP gradient in either case. This is in agreement with

previous findings [24,25,28,31]. In the second case (Figure 2B),

single gradients of the intermediate chemoattractants LTB4 and

IL-8 were established over a uniform concentration of fMLP. We

found that increasing the concentration of fMLP inhibited

chemotaxis up either intermediate attractant gradient. Together

with the previous result, this observation corroborates the

existence of a signaling hierarchy between the two classes of

chemoattractants, in which fMLP takes precedence over both IL-8

and LTB4 as previously described [31]. In the third case

(Figure 2C), a single IL-8 gradient was established over a uniform

concentration of LTB4, and vice versa. In this case, a negative

correlation can be noted between the background concentration

and chemotactic index, where the background chemoattractant

appears to inhibit migration up the gradient of the other

chemoattractant. These results suggest that neither intermediate

chemoattractant takes precedence over the other in terms of a

strong signaling hierarchy - instead, both species appear to

attenuate the chemotactic efficiency toward the other in a

relatively symmetric fashion.

Oscillatory behavior in opposing intermediate attractant
gradients

We next explored chemotaxis in opposing linear gradients of IL-

8 and LTB4. In these experiments, the cells were tracked for up to

80 minutes to analyze their individual behavior. As shown in

Figure 3C and Movies S3, the cells were found to migrate back

and forth in the channel in an oscillatory manner. Representative

trajectories of cells under varying gradient conditions are shown in

Figures S3 and S4. The first thing to note is that in almost all cases,

cells initially migrated down the more proximal gradient and up

the more distant gradient. That is, cells initially positioned in the

upper half of the channel appeared to move toward the lower half

and vice-versa, as previously documented [25,35]. Over longer

times, however, we note that these cells then undergo multiple

directional changes, resulting in oscillatory trajectories. While it

was previously speculated that cells would move in this manner

[35], this is the first experimental confirmation of this hypothesis.

To demonstrate that the oscillations occur only when two

gradients are present, we compared the trajectories in isotropic,

single gradient, and dual gradient cases (Figure 3, Movies S1–S3).

Unlike the trajectories for cells exposed to a uniform concentration

of LTB4, in which displacement did not deviated far from the

initial starting position, the trajectories in the dual gradient case

oscillate around the middle of the channel. This difference is

further shown quantitatively in Figure 4, where we counted the

average number of times the channel median was crossed by each

cell. Prior to counting, the data was first pre-processed using state

estimation via a standard Kalman filter with process noise

variance set to 1024 microns2. Here, we see that the mean

number of zero crossings is higher in the dual gradient

experiments than in the control. Specifically, when both gradients

are large ($0–10 nM), the cells migrate across the center of the

channel significantly more times than in either the single gradient

or isotropic conditions. This result implies that neutrophils

oscillate in opposing gradients of intermediate chemoattractants.

The large variance occurs because of the random starting location

of the cells. Still, this result suggests that the oscillatory behavior of

cells in the opposing gradients is not the result of the random

motion of migrating cells in isotropic conditions. To determine if

neutrophils can preferentially migrate to end-target chemoattrac-

tants, opposing gradients of fMLP vs. IL-8 and fMLP vs. LTB4

were established in the microchannel. In this case, the cells migrate

up the fMLP gradient (Figure S5) as seen previously [24,25].

Feedback-based model for neutrophil migration
To further understand oscillatory motion in opposing gradients

of intermediate chemoattractants, we explored a number of

different mathematical models of neutrophil chemotaxis. These

models were phenomenological in the sense that they captured

only the behavioral response of neutrophils and ignored the

governing signal transduction pathways (details provided as

Supporting Information). Analysis of these models indicates that

sensory adaptation alone may be insufficient to generate oscillatory

motion in linear gradients. In particular, no single choice of

parameters would sustain oscillations over linear gradients of

varying magnitude. Moreover, these models predict that the

amplitude is dependent on the initial position of the cells contrary

to what we observe experimentally. Finally, they all predict that

the oscillations will decay exponentially, also contrary to what we

observe albeit over the time course of our experiments. Therefore,

we considered alternate mechanisms.

One simple mechanism that would explain the oscillations is to

assume that neutrophils selectively lock onto one chemoattractant

while ignoring the other. Such a mechanism could arise if the

signaling pathways employ positive feedback (Figure 5), as is

known to occur in neutrophil chemotaxis [36,37]. Assuming that

these feedback loops are competitive, then the result would be a

hysteretic switch that enables cells to lock onto specific chemoat-

tractant gradients while ignoring others (details provided in the

Materials and Methods section). Note, this mechanism can be

viewed as a form of sensory adaptation, albeit in a competitive

form. We tested this mechanism by extending a model previously

developed by Van Haastert et al. [38–40] for chemotaxis towards

a single chemoattractant. Application of this model to various

experimental conditions, including (i) an isotropic chemoattractant

environment, (ii) a single chemoattractant gradient, (iii) a single

chemoattractant peak (or ‘‘hill gradient’’), and (iv) dual opposing

intermediary chemoattractant gradients, produces simulated cell

trajectories that are qualitatively consistent with experimental

results, as shown in Figure 6. While this mechanism is still

speculative, it nonetheless supports the hypothesis that neutrophils

make specific choices when given a menu of options.

Discussion

Neutrophil chemotaxis is an important physiological process

that occurs during immune defense and wound healing. During

Neutrophil Migration in Opposing Gradients
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this process, neutrophils encounter chemoattractants emanating

from multiple sources resulting in a complex milieu of conflicting

chemoattractant gradients. More specifically, on the surface of the

endothelium neutrophils are presented with opposing gradients of

intermediate chemoattractants [21–23]. There, the cells must

migrate away from the endothelial-derived attractant toward the

source of other tissue-derived intermediate chemoattractants [41].

These cells must efficiently navigate through the chemoattractant

Figure 2. Chemotaxis in single gradients superimposed over isotropic attractant field. [A] Chemotactic index in a 0–25 nM fMLP gradient
over uniform intermediate chemoattractant concentration. The fMLP gradient was fixed for all conditions, while the concentration of the uniform
intermediate chemoattractant background was varied from 0 to 10 nM for both IL-8 and LTB4. 30 cells were tracked for 20 minutes for each
experiment. [B] Chemotactic index in 0–25 nM IL-8 and 0–15 nM LTB4 gradients over uniform concentration of fMLP. All conditions in the left figure
consisted of a fixed 0–25 nM IL-8 gradient with a uniform concentration of fMLP, while all conditions on the right had a fixed 0–15 nM LTB4 gradient
with a uniform concentration of fMLP. 30 cells were tracked for each experiment. [C] Chemotactic indices for cells in intermediate chemoattractant
gradients over uniform background concentration of alternate intermediate chemoattractant. All conditions in the left figure consisted of a fixed 0–
15 nM IL-8 gradient over a varying uniform LTB4 background, while all conditions in the right figure consisted of a fixed 0–25 nM LTB4 gradient over a
varying uniform IL-8 background.
doi:10.1371/journal.pone.0085726.g002
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landscape to reach the site of infection. However, the chemotactic

response to multiple attractant sources remains poorly understood

[1–3]. In this work, we applied a microfluidic device to study the

behavior of primary cells under opposing gradients of the

intermediate chemoattractants LTB4 and IL-8. Previous reports

describe neutrophils seeking the distant source in opposing

intermediate attractant gradients [25]. By increasing the length

of the experiments, we found that neutrophils oscillate in opposing

intermediate attractant gradients. In addition, the results corrob-

orate previous reports of neutrophil responses in varying

chemoattractant conditions [24,25], showing that: (i) the interme-

diate chemoattractants IL-8 and LTB4 do not inhibit the response

toward the end-target chemoattractant fMLP (indicating that the

latter takes precedence in an intracellular signaling hierarchy), and

that (ii) IL-8 and LTB4 have a weak inhibitory effect on one

another, but their effect is mutual (suggesting that no hierarchy is

present for these intermediate cues).

While many models of neutrophil chemotaxis have been

proposed [38–40,42–56], these models have largely focused on

chemotaxis towards a single chemoattractant. Only a few models

have explored network chemotaxis in presence of multiple

chemoattractants. In one notable study, Lin and coworkers

developed a mathematical model based on sensory adaptation

[54,57]. They showed that cells with desensitizable receptors could

indeed exhibit preferential migration toward distant sources.

However, this model does not predict oscillatory motion. Rather,

their model predicts that the cells will migrate to a position

equidistant between the two chemoattractant sources (in dimen-

sionless terms). The reason this occurs is because the equidistant

point is where both sets of receptors are equally desensitized. A key

difference in our model is that only one set of receptors is being

deactivated while the other remains active. Moreover, our model

exhibits hysteresis which enables it to bypass the otherwise stable

fixed point at the equidistant midpoint.

In a second notable study, Oelz and coworkers suggested that

the migrational bias towards the distant chemoattractant was due

to the cells’ inability to rapidly adjust their sensitivities [55]. By

allowing for dynamic sensitivities, their model predicts that cells

can oscillate back and forth between the two sources under certain

conditions. While this model predicts oscillatory movement, it does

so for only exponential gradients and not linear ones (see

Supporting Information). In addition, their model predicts that

the amplitude of the oscillations is determined by the starting

position of the cells. Our experimental results, on the other hand,

suggest that the oscillatory response of cells is invariant to the

phase or initial position of the cell in its trajectory. The robustness

of the sustained oscillatory response strengthens the argument for a

feedback-based mechanism in which cells transiently lock onto

sensed targets. That said, their model provided the basis for our

model.

The switch-like behavior, predicted by our model, could be a

function of positive feedback mechanisms in intracellular signaling

pathways. For instance, the lipid PtdIns(3,4,5)P(3) has been shown

to stimulate its own accumulation by activating Rho GTPases,

which in turn increase PtdIns(3,4,5)P(3) accumulation [36,37].

This positive feedback mechanism allows signals to be amplified

and the cell to polarize and respond in the direction of the

strongest signal, allowing the cell to lock onto one chemoattractant

gradient while ignoring others. A similar mechanism occurs during

actin polymerization, where neutrophils responding to chemotac-

tic stimuli increase the nucleation and polymerization of actin

filaments in the region receiving maximal chemotactic stimulation

[58]. In addition, the switching mechanism does not appear to be

a phenomenon exclusive to chemotaxis in dual intermediate

chemoattractant gradients. In the presence of both end target and

intermediate chemoattractants, PTEN prioritizes these cues

switching from the PI(3)K pathway towards a p38 MAPk pathway

[26]. The process of switching between the two pathways allows

the cells to prioritize and integrate responses to multiple

chemotactic cues. In addition, recent discoveries have shown that

in vivo, different chemoattractants may collaborate sequentially in

temporal and spatial cascades to choreograph neutrophil recruit-

ment [4,59]. The requirement for particular chemoattractant

types at specific steps in this process could involve unique temporal

and/or spatial patterns of chemoattractant expression, but the

corresponding sensory mechanism in migrating cells could be

achieved through this switch-like response, in which multiple

signals could be prioritized through internally designated response

Figure 3. Sample cell trajectories under varying intermediate chemoattractant conditions. Representative cell trajectories indicating the
migration behavior of cells in [A] isotropic conditions (50 nM LTB4), [B] single gradients (0–50 nM LTB4), and [C] dual opposing gradients of IL-8 (0–
10 nM) and LTB4 (0–15 nM).
doi:10.1371/journal.pone.0085726.g003

Figure 4. Oscillatory behavior based on zero crossings. The cell
trajectories were analyzed to count the number of times the channel
centerline was crossed within each 80 minute experiment. Noise was
attenuated using state estimation via a standard Kalman filter with
process noise variance set to 1024 microns2. The first two columns on
the left represent the single gradient controls for IL-8 and LTB4

respectively. P-values relate to single gradient controls, where *
represents statistical significance compared to isotropic conditions
(p,0.05). Statistical significance was determined using a one-tailed
Welch’s t-test of unequal variance on the data.
doi:10.1371/journal.pone.0085726.g004

Neutrophil Migration in Opposing Gradients

PLOS ONE | www.plosone.org 5 January 2014 | Volume 9 | Issue 1 | e85726



thresholds. In another recent study, neutrophil chemotaxis has

been shown to be regulated by bidirectional regulation of distinct

‘stop’ and ‘go’ signals [60]. The cell can dynamically switch

between the two signals to tightly regulate migration. Further,

two-photon imaging of neutrophil chemotaxis in zebrafish showed

that retrograde chemotaxis of cells away from the site of

inflammation may also play an important role in inflammatory

resolution [61–63]. The ability of cells to lock on and off of target

cues may be central to this process, by allowing cells to move

between different locations through tight regulation. Overall, these

studies suggest a switch-like mechanism may help to regulate cell

migration and find their end target.

In the context of physiological environments, particularly in the

extravascular space, the consequences of a switch-like chemotactic

response and migration toward distant intermediate attractant

sources remain unclear. One hypothesis, in line with that proposed

by Foxman and coworkers [35], is that this response might enable

the cells to navigate long distances in a stepwise fashion between a

network of intermediate chemoattractant sources, as a way to

increase their chances of locating end targets. In support of this

hypothesis, recent discoveries by Lammermann and coworkers

have shown that in vivo LTB4 acts as an intercellular signal relay

molecule, where LTB4 amplifies local cell death signals and

enhances the radius of highly directed neutrophil migration [64].

Figure 5. Schematic of proposed mechanism governing oscillatory motion. Oscillatory behavior results from the amplification of the
response toward the distant chemokine source, while inhibition of the opposite signal results in the switch-like behavior. The variables fA and fB

denote the positive feedback loops governing the switch behavior.
doi:10.1371/journal.pone.0085726.g005

Figure 6. Comparison of theoretical and experimental neutrophil responses to varying conditions. [A] Cell trajectories along the
channel width in our microfluidic experiments, under isotropic (25 nM IL-8), single linear gradient (0–25 nM IL-8), single hill-type gradient (0–25-0 nM
IL-8), and dual opposing gradients of 150 nM LTB4 and 100 nM IL-8, respectively. The hill-type gradient was established using a three-inlet device
with a similar design to the ‘‘Y-shaped’’ device. Confirmation of the concentration profile is shown in Figure S6. [B] Simulated cell positions along the
channel width obtained from our feedback-based model, when applied to the corresponding chemoattractant conditions. The qualitative behaviors
are similar. The parameter used for the simulation are: v~0:3 mm/s, kd,i~10{8 M, kd,A~10{8 M, and kamp~20.
doi:10.1371/journal.pone.0085726.g006
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Furthermore, defects in the generation of these intermediate

chemoattractant gradients leads to ill-favored accumulation of

neutrophils in tissue [4,59]. This guided homing mechanism may

work to enhance the search efficiency of neutrophils when multiple

stimuli are present, by using the sequential intermediate attractant

sources for loose guidance en route to their destinations, as shown in

Figure 7.

Materials and Methods

Microfluidic device fabrication
The microfluidic device was comprised of a molded poly(-

dimethylsiloxane) (PDMS, General Electric RTV 650 Part A/B)

slab bonded to a glass substrate. High-resolution printing (5080

dpi) was used to print the mask with the design pattern on a

transparency film. The mask was used to fabricate 50 mm high

SU-8 2050 photoresist (Microchem) features on a silicon wafer via

photolithography. PDMS molds with embossed channels were

fabricated using soft lithography by curing the pre-polymer on the

silicon master for 2 hours at 70uC. The PDMS replica was then

peeled off the silicon master. Inlets and outlets for the fluids and

cells were created in PDMS using a steel punch. The surface of the

PDMS replica and a clean glass coverslip (Fisher Scientific) were

treated with air plasma for 90 seconds (Model PDC-001, Harrick

Scientific) and irreversibly bonded to complete the device assembly

(Figure S7). The device inlets were then connected to 1 mL

syringes (BD Biosciences) with 23 G L size needles (BD

Biosciences) via PTFE tubing (Cole-Parmer). All syringes were

calibrated and pushed by a constant pressure syringe pump

(Harvard Apparatus). Prior to each experiment, the device was

also loaded with fibronectin (25 mg/mL, Invitrogen) and kept at

room temperature for 30 minutes to promote optimal cell

adhesion.

Gradient formation
The concentration gradients across the microchannel were

verified by infusing fluorescently-labeled solution (Fluorescein,

Sigma Aldrich) from one inlet and an unlabeled solution from the

other inlet of the device (Figure S1). Diffusive mixing across the

interface of the laminar streams led to formation of the gradient.

Fluorescent images were acquired at different locations along the

channel using a FITC filter on the Zeiss Axiovert 200M

microscope. ImageJ was then used to analyze the fluorescence

intensity profiles. The plotted profiles confirm the formation of a

well-defined, linear and stable concentration gradient as also

reported in similar works [65].

Primary neutrophil isolation
Sodium heparin (Fisher Scientific) anti-coagulated human blood

was obtained from healthy volunteers according to approved

University of Illinois at Urbana-Champaign Institutional Review

Board (IRB) protocol 12030. Written consent was obtained from

all participants prior to any blood draw according to the consent

procedure approved by the IRB. Neutrophils were isolated by

density gradient centrifugation of a centrifuge tube containing

4 mL of whole blood layered over 4 mL of Cell Isolation Medium

(Cedar Lane Labs). The isolated neutrophils were washed twice

and resuspended to 107 cells/mL in Hank’s Balanced Salt

Solution with 2% human serum albumin (HSA) and incubated

at 37uC following a previously reported protocol [66].

Cell preparation
Cells were washed and suspended in modified Hank’s Balanced

Salt Solution (mHBSS) containing 1% HSA. The device was

prepared by washing the channels with a 70% v/v ethanol

solution. The channels were then rinsed with phosphate buffered

saline and 30 mL of the neutrophil suspension (56106 cells/mL)

was injected into the microfluidic device. The device was next

incubated for 20 minutes to allow cells to adhere to the substrate.

After incubation, the device was connected to a syringe pump and

the desired combination of chemoattractant solutions (IL-8 and

fMLP Sigma Aldrich, LTB4 Fisher Scientific) were infused into the

device from separate inlets at a flow rate of 0.02 mL/hr to

establish the desired concentration gradients.

Time-lapse microscopy and analysis
Upon visual confirmation of a stable gradient, differential

interference contrast (DIC) images were captured with a Zeiss 10X

NA 1.30 DIC objective on a Zeiss Axiovert 200 M microscope

every 10 seconds. All images were captured with a cooled charge-

coupled device camera (AxioCam MR3, Zeiss). Cells were then

randomly selected from the image stack and manually tracked

using ImageJH (NIH) using the Manual Tracking plugin by

Fabrice Cordelieres (Institut Curie, France). The plugin provided a

way to tabulate the XY coordinates of each cell centroid in the

temporal stack, as well as to obtain velocity and displacement

measurements between successive frames. The resulting excel

spreadsheets were then analyzed using custom Python scripts to

yield cell trajectories, chemotactic indices, cell speeds and mean

square displacements. We define the chemotactic index (CI) as

displacement along the gradient direction (x) over the total

migration distance (d), or CI = x/d, while the mean square

displacement is defined as: MSD = ( r(t){r(0)j j2).

Detailed description of neutrophil model
Our model is based on a pseudopod-based model previously

developed by van Haastert [38,52]. Cell motion is modeled as a

Figure 7. Simulation of stepwise navigation through multiple
chemoattractant sources. Gray lines denote the trajectories of
individual cells. Red and blue lines denote the contours for Gaussian
concentration profiles for intermediate chemoattractant sources and
the green lines denote the contours for an end-target chemoattractant
source (positioned in the center of the plot). Note the cells migrate
between intermediate sources of chemoattractants before converging
on the final end target. The parameter values used in this simulation
are: v~0:3 mm/s, kd,i~10{8 M, kamp~20, and iA~10. All chemoat-

tractant sources were modeled as Gaussians: L(x,y)~10{8

exp s{2 x{�xxið Þz y{�yyið Þð Þ
� �

where s2~20,000 mm2 and �xxi ,�yyið Þdenote
the position of the source.
doi:10.1371/journal.pone.0085726.g007
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correlated random walk (Dt~20 seconds), where each time step

corresponds to the next pseudopod generated. Following van

Haastert, we assume that the next pseudopod is generated either

by splitting off from an existing one in a direction biased by the

external chemoattractant gradients or by de novo pseudopod

formation, where the new pseudopod is generated in an entirely

random direction (see below for further details). Where this model

differs from previous ones is that we account for multiple

chemoattractants and include an autocatalytic feedback loop that

enables the cell to lock onto one chemoattractant while ignore the

other.

In the case of two intermediate chemoattractants, denoted by A

and B, we assume the target direction of the cell~nn is determined by

the weighted sum of the associated chemoattractant gradients:

~nn~mA+LAzmB+LB

where Li denotes the concentration for chemoattractant i and mi

the associated weights (Figure 8). The values for the weights are

determined by the following set of differential equations

_mmA ~
fA

fAzfB

{mA

_mmB ~
fB

fAzfB

{mB

where fi denotes the amplified response to chemoattractant i and is

given by the expression

fi~xi 1zkampm2
i

� �

where xi is chemotaxis coefficient for chemoattractant i and the

kamp is the amplification gain. This functional form was chosen so

that mA and mB sum to one and to provide a simple mechanism

for hysteresis. As shown in Figure S8, mA dominates (i.e. mA&1)

when xA is larger than xB, and vice versa. In other words, this

mechanism enables cells to lock onto one chemoattractant signal

while ignoring the other. Such a mechanism, we believe, provides

the simplest explanation for the observed oscillatory motion in

competing gradients of chemoattractants. While there are a

number of mechanisms that could give rise to this behavior,

including the excitable networks previously proposed for eukary-

otic chemotaxis [42,47], we chose to focus on a simple

phenomenological model known to exhibit switch-like behavior

as the molecular details governing chemotaxis to multiple

gradients are still unknown.

The chemotaxis coefficient xi determines how strongly the cells

are biased in the direction +Li. We assumed that the chemotaxis

coefficient is given by the expression

xi~
kd,i

kd,izLið Þ2

where the kd,i denotes the dissociation constant for the chemoat-

tractant i. Note that if the fraction of bound receptors for

chemoattractant i is given by

Ci~
Li

kd,izLi

then

+Ci~xi+Li

In other words, the cells move in the direction where the

number of bound receptors on their surface is greatest. Implicit in

this formulation is the assumption that each chemoattractant binds

a distinct receptor type and that there is no crosstalk between these

receptors.

The directional bias w of splitting pseudopods is given by the

expression

w~ h{%~nnð Þ {p,pð Þ

where h denotes the current direction of the pseudopod. The

difference is taken to be the minimal distance on the periodic

domain h [ {p,pð Þ. This aspect of the model coincides with

compass-based theories in which an intracellular compass dictates

the subsequent direction of motion.

Following van Haastert, we simulate cell motion by assuming

that the direction of the newly split pseudopod is given by

hsplit~hzvwrand(0,1)

where v~0:25 denotes the extent to which a pseudopod can split

in a given step. Again, following the Van Haastert model, we also

incorporate additional randomness by allowing variability in the

new pseudopod direction. In our model, we sample h0split from a

von Mises distribution whose mean is the new target direction hsplit

and variance is 20u. The position of the cell is then updated using

the following set of equations

Figure 8. Schematic of proposed mechanism for signal
discrimination. The response toward each chemoattractant is
autocatalyzed in a nonlinear fashion, where mA and mB denote the
normalized response to each attractant.
doi:10.1371/journal.pone.0085726.g008
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xnew ~xoldz vDt cos h0split

ynew ~yoldz vDt sin h0split

We also assumed that de novo pseudopods are formed with a

probability s~0:1 at each time step. If such occurs, the new

direction of the cell is given by

xnew ~xoldz vDt cos hdenovo

ynew ~yoldz vDt sin hdenovo

where hde novo~rand {p,pð Þ.
We can readily extend the model to account for chemotaxis in

opposing gradients of end-target chemoattractants such as fMLP

and intermediate chemoattractants such as IL-8 and LTB4 by

modifying the sensitivity equations as follows

SA ~
kd,A

kd,AzLAð Þ2

SB ~
kd,B

kd,BzLBð Þ2
kd,A

kd,AziALA

SC ~
kd,C

kd,CzLCð Þ2
kd,A

kd,AziALA

where the subscripts A, B, and C denote fMLP, IL-8, and LTB4,

respectively. The parameter iA is the strength of inhibition and set

equal to 10 in our simulations. Note that SB and SC are inhibited

when the concentration of the end-target chemoattractant,

denoted by A, is high. The remaining equations are similar to as

before:

fi~Si 1zkampm2
i

� �

and

_mmA ~
fA

fAzfBzfC

{mA

_mmB ~
fB

fAzfBzfC

{mB

_mmC ~
fC

fAzfBzfC

{mC

The response vector is given by

~nn~mA+LA(x)zmB+LB(x)zmC+LC(x)

Otherwise, the model is identical. As can be seen in Figure S9, this

extension enables us to recapitulate the experiments involving

opposing gradients of fMLP and IL-8 or LTB4.

The primary justification for this model is that it supports our

experimental observation. In particular, the model captures the

oscillatory motion of the cell in opposing gradients of chemoat-

tractants. While the true mechanism may be different than the one

proposed here, our simple model still allows cells to sequentially

lock onto targets as they migrate within opposing linear gradients.

In the absence of such a mechanism, cells are predicted to migrate

to a position equidistant between the two sources (Figure S10).

Our model is in close agreement with existing models in the

literature, albeit it at the phenomenological level, which suggest

that an excitable system could explain many aspects of cell

behavior, including spontaneous polarization, adaptation, and the

high degree of signal amplification seen in cells [67,68]. In our

particular example with two stimuli, this type of thresholding

mechanism gives rise to an ultrasensitive, ‘‘winner-take-all’’ type

switch that is robust and yields similar amplitude irrespective of

initial position, as observed experimentally (Figure S11).

Supporting Information

Figure S1 Cross-sectional concentration profile for
single gradient. Gradient formation was verified by feeding

a fluorescein-labeled solution into one inlet and an unlabeled

solution into the other inlet of the device. The resulting

fluorescence intensity profile confirms the formation of a

well-defined, stable, linear concentration gradient. The

normalized FITC concentration across the channel cross-section

is shown.

(TIF)

Figure S2 Migration in isotropic attractant conditions.
[A] Uniform chemoattractant environments were established by

flowing the same solution into both channel inlets. Cells were

tracked for 20 minutes in fMLP, IL-8 and LTB4, and the upward

migration indices of 30 cells are shown here for comparison

against the control (MHBSS buffer only). [B] The mean square

displacements (MSD) of the cells from the previous figure as a

function of time. Cells were exposed to uniform concentrations of

fMLP, IL-8 and LTB4. [C] The average linear velocities of the

cells from the previous figure. Again, cells were exposed to uniform

concentrations of fMLP, IL-8 and LTB4. [D] Sample trajectories

from the previous control experiments. [top left] MHBSS buffer

only; [top right] 25 nM fMLP; [bottom left] 25 nM IL-8; [bottom

right] 50 nM LTB4.

(TIF)

Figure S3 Sample cell trajectories in dual opposing
intermediate chemoattractant gradients. Representative

cell trajectories indicating the migration behavior of cells in dual

opposing gradients of IL-8 and LTB4.

(TIF)

Figure S4 Aligned sample trajectories in dual opposing
intermediate chemoattractant gradients. As a visual guide,

the cell trajectories from Figure S3 were aligned based on the

farthest each cell migrated towards the IL-8 source (denoted zero

time).

(TIF)

Figure S5 Chemotaxis in opposing linear chemoattrac-
tant gradients with fMLP. Chemotactic index in a 0–25 nM

fMLP gradient versus varying IL-8 and LTB4 gradients. The

fMLP gradient was fixed for all conditions, while the intermediate

attractant gradient was varied from no gradient to 0–100 nM for

both IL-8 and LTB4. 30 cells were tracked for 40 minutes for each

experiment. The correlation with the intermediate chemoattrac-

tant gradient was weak with Pearson correlations (r. 20.1694;

P. 0.1331) and (r. 20.1304; P. 0.1785), respectively.

(TIF)

Figure S6 Cross-sectional concentration profile for hill-
type gradient. Gradient formation was verified by feeding a

fluorescein-labeled solution into the central inlet and an unlabeled

solution into the outer inlets. The normalized FITC concentration

across the channel cross-section is shown.

(TIF)
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Figure S7 Schematic of microfluidic platform with Y-
shaped channel. The platform was comprised of a molded

PDMS slab embossed with microchannels and bonded to a glass

coverslip.

(TIF)

Figure S8 The signaling threshold mechanism. [Left]

Response as function of SA and SB (kamp~20). Note the hysteresis

in the response – this is necessary to generate the oscillations that

results from the overshoot inherent in this mechanism. [Right]

Response as a function of amplification gain parameter kamp when

SA=SB~1.

(TIF)

Figure S9 Simulation of the model in a competing
gradient of an end-target chemoattractant and interme-
diate chemoattractant. The parameter values used in this

simulation are: v~0:3 mm/s, kd,i~10{8 M, kd,A~10{8 M,

kamp~20, iA~10, LA(x)~10{8 1{x=350ð Þ M (end-target), and

LB(x)~10{8 x=350{1ð Þ M (intermediate).

(TIF)

Figure S10 No oscillations are observed in the absence
of pseudopod memory. In these simulations, mA and mB are

fixed at the value 1.0. The parameter values used in this simulation

are: v~0:3 mm/s, kd,i~10{8 M, LA(x)~10{8 1{x=350ð ÞM,

and LB(x)~10{8 x=350{1ð Þ M.

(TIF)

Figure S11 The model is able to robustly generate
sustained oscillatory behavior. The initial position of the

cells does not affect the amplitude of the oscillatory motion. The

parameter values used in this simulation are: v~0:3 mm/s,

kd,i~10{8 M, kamp~20,LA(x)~10{8 1{x=350ð ÞM, and

LB(x)~10{8 x=350{1ð Þ M.

(TIF)

Text S1 Analysis of alternate chemotaxis models.
(PDF)

Movie S1 Movie of neutrophil migration in an iso-
tropic environment. Neutrophil migration in a uniform

chemoattractant environment of 50 nM LTB4. Cells were tracked

to ease visual confirmation of migration patterns.

(AVI)

Movie S2 Movie of neutrophil migration in a single
attractant gradient. Neutrophil chemotaxis in a single gradient

of 0–50 nM LTB4. Cells were tracked to ease visual confirmation

of migration patterns.

(AVI)

Movie S3 Movie of neutrophil migration in dual oppos-
ing intermediary attractant gradients. Neutrophil chemo-

taxis in dual opposing chemoattractant gradients of 10 nM IL-8

and 15 nM LTB4. Cells were tracked to ease visual confirmation

of migration patterns.

(AVI)
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