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A system that accomplishes a function analogous to a treadmill at the cellular scale helps decouple the 
spatial and temporal gradients during neutrophil chemotaxis.  
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A Neutrophil Treadmill to Decouple Spatial and 

Temporal Signals during Chemotaxis 

Alexander J. Aranyosi,*, a Elisabeth A. Wong,*, a and Daniel Irimia a, b  

After more than 50 years of debates, the role of spatial and temporal gradients during cell 10 
chemotaxis is still a contentious matter.  One major challenge is that when cells move in 

response to a heterogeneous chemical environment they are exposed to both spatial and 

temporal concentration changes.  Even in the presence of perfectly stable chemical 

gradients, moving cells experience temporal changes of concentration simply by moving 

between locations with different chemical concentrations in a heterogeneous environment. 15 
Thus, the effects of the spatial and temporal stimuli cannot be dissociated and studied 

independently, hampering progress towards understanding the mechanisms of cell 

chemotaxis.  Here we employ microfluidic and other engineering tools to build a system that 

accomplishes a function analogous to a treadmill at the cellular scale, holding a moving cell 

at a specified, unchanging location in a chemical gradient.  Using this system, we decouple 20 
the spatial and temporal gradients around moving human neutrophils and find that temporal 

gradients are necessary for the directional persistence of human neutrophils during 

chemotaxis. Our results suggest that temporal chemoattractant changes are important during 

neutrophil migration and should be taken into account when deciphering the signalling 

pathways of cell chemotaxis.  25 
 

Introduction 

Neutrophils are the most effective barrier in preventing the 

invasion and spreading of microorganisms within the human 

body. Failure of neutrophils to promptly arrive at sites of 

infection or inflammation can result in uncontrollable 

infections1.  At the same time, overzealous neutrophil 

infiltration can lead to chronic inflammation and unnecessarily 

damage normal tissues2 and impair organ function e.g. in severe 

forms of asthma3 and arthritis4, or ischemia-reperfusion injury5.  

While most of the neutrophils in the body reside in the blood 

and enter tissues only in response to local chemical gradients 

inside these tissues, better understanding of the response of 

neutrophils to these gradients could create new opportunities 

for effective therapies for infections and chronic inflammation 

that are more selective and more effective.   

 More than a hundred signalling molecules involved in 

different aspects of neutrophil motility have been identified in 

the past decades6. However, we still do not understand how 

these molecules work together to achieve neutrophil motility.  

Traditional methods that helped uncover the signalling 

molecules are not efficient in finding the systems that organize 

the same group of molecules.  The bottom-up approach allowed 

by the traditional molecular biology methods can only help 

finding some relations between pairs of molecules but is limited 

when it comes to analyzing the larger systems of molecules7.  A 

more appropriate strategy to address the systems-level problem 

is usually a top-down approach, where one starts by analyzing 

the response of neutrophils to precise perturbations of the 

gradients and begins to infer the organization of signalling 

networks8.  

 Two sensing mechanisms are commonly considered to 

optimize migratory responses of neutrophils in complex 

environments, but controversy exists on which of these is 

responsible for chemical gradient sensing9-11.  A spatial sensing 

mechanism uses differences in chemokine concentration 

between the front and the back of the cell to direct their 

migration towards higher concentrations.  A temporal 

mechanism relies on changes in concentration over time to 

direct cell migration towards areas with the largest change.  

Arguments for a spatial gradient come from observations of the 

pseudopod formation in a stationary neutrophil subsequent to 

gradient exposure11, or after the ability of a cell to move or 

extend protrusions has been inhibited by latrunculin12.  On the 

other hand, temporal mechanisms are supported by 

observations of neutrophil responses to waves of 

chemoattractant13 and reversal of the direction of migration 

following concentration decrease of uniform chemotactic 

fields14 and are comparable to gradient sensing in bacteria15.  

Our earlier observations using fast switching of chemoattractant 
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gradients suggest that neutrophils can employ at least some 

temporal sensing mechanisms to direct their responses to 

microenvironment changes16. 

 One limiting factor for advancing the knowledge on 

neutrophil migration in response to heterogeneous 

environments is the lack of adequate experimental systems17.  

In most experiments, the spatial and temporal components are 

coupled, because moving cells are exposed simultaneously to 

spatial and temporal gradients.  Even in the presence of utmost 

stable chemical gradients18, cells moving in a spatial gradient of 

chemokine, by virtue of changing their location inside the 

gradient, are being exposed to temporal changes in 

concentration.  Experiments that attempt to change the 

concentration of chemokines around cells, are limited by the 

physics of chemical diffusion which lead to the formation of 

simultaneous spatial gradients during any concentration 

change10. Moreover, experiments involving the immobilization 

of the neutrophils by disrupting the motility apparatus using 

chemical12 or physical restrictions (e.g. low temperature19) are 

difficult to interpret because they perturb the signalling 

pathways they attempt to resolve.  Solving such problems 

requires new tools that can analyze cellular responses in fully 

functional neutrophils, with intact signalling networks, and in 

precise extra-cellular conditions.   

 Here we demonstrate a new tool that actively decouples the 

contribution of spatial and temporal gradients of a chemokine to 

neutrophil migration. For this, we continuously and precisely 

change the location of the cell within the gradient in 

synchronicity with the cell migration, to achieve a complete 

cancellation of the temporal stimulus that the moving 

neutrophil would otherwise experience. Such capability is not 

available in any of the current chemotaxis devices, in which the 

control of the gradient is passive, restricted by physical design 

of the device, and independent of cell migration.  Observations 

enabled by the new technology provide unexpected insights 

into the mechanisms of neutrophils sensing the chemical 

 

Fig 1. Neutrophil treadmill platform (A) The platform consists of a gradient generator that expels a gradient onto a glass slide on a microscope stage without 

touching or being affected by stage movement. The cell on the glass slide is exposed to the gradient and begins to migrate. As the cell is migrating, the microscope 

is imaging the cell and a computer algorithm is determining the displacement of the cell for each time step. The cell movement information is fed into the 

microscope stage which is moved in an equal and opposite direction to the cell’s movement. This returns the cell to its original position relative to the gradient. 

Since the gradient generator is separate from the stage movement, the gradient remains in a constant position and whole system provides the feedback to maintain 

the cell’s position relative to the chemokine gradient. (B) As a cell migrates up a gradient it is exposed to a different concentration of chemokine. When feedback is 

applied, the cell is actively moved in an equal and opposite direction by the stage and, therefore, the local chemokine concentration around the cell is constant over 

time. (C) The camera captures a DIC image around the region of interest. The region of interest is processed through a series of image processing steps to allow for 

the algorithm’s determination of the cell’s position and subsequent feedback to the stage. (D) While a cell migrates in the d irection of the chemokine gradient, the 

stage compensates equally and oppositely to the cell’s motion so that the cell remains in the same place relative to the gradient and the field of view just as a runner 

on a treadmill does not actually displace. 
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gradients, and could eventually lead to the development of 

rational therapeutic approaches, capable of fine tuning the 

neutrophil responses appropriate to various diseases. 

Materials and Methods 

Preparation of human neutrophils and media 

De-identified, fresh human blood samples from healthy, 

consenting adults were purchased from Research Blood 

Components (Alston, MA). The blood was collected into tubes 

containing sodium heparin (Vacutainer; Becton Dickinson). 

HetaSep separation buffer (STEMCELL Technologies, 

Vancouver, BC) was added to blood in 1:5 ratio and mixed 

gently. The resulting mixture was allowed to sediment for 45 

minutes to separate nucleated cells from erythrocytes. The 

supernatant containing nucleated cells was pipetted into a 

separate tube and combined with 4 parts RoboSep buffer 

(STEMCELL Technologies, Vancouver, BC), then centrifuged 

at 1000 rpm for 5 minutes. Neutrophils were isolated using the 

EasySep Human Neutrophil Enrichment Kits (STEMCELL 

Technologies, Vancouver, BC) following the protocol provided 

by the manufacturer. After isolation, neutrophils were re-

suspended in 1 mL IMDM (ATCC, Manassas, VA) with 20% 

FBS (Sigma-Aldrich, St. Louis, MO).  Neutrophils were used 

within 2 hours of isolation, and kept at 37°C and 5% CO2 until 

use.  

 Leukotriene B4 (LTB4) (Cayman Chemical, Ann Arbor, 

Michigan) was used as a chemoattractant. A final concentration 

of 100 nM LTB4  in Hank's Balanced Salt Solution (HBSS) 

(Life Technologies, Grand Island, NY) and 0.2% human serum 

albumin (HAS) (Sigma-Aldrich, St. Louis, MO) was prepared. 

An additional 1 µM of fluorescein isothiocyanate (FITC) was 

added to this mixture to allow observation of the gradient. 

HBSS and 0.2% HSA was used as the ambient solution. 

Design and fabrication of microfluidic device 

Microfluidic devices were constructed of two layers of 

polydimethyl siloxane (PDMS, Dow Corning, Midland, MI) 

bonded together on top of a glass coverslip.  First, PDMS was 

cast as a 1 mm thick layer onto a silicon wafer on which a 100 

µm layer of photoresist (SU-8, Microchem, Newton, MA) was 

micro-patterned using standard photolithography techniques. 

Second, a layer of PDMS roughly 100 µm thick was deposited 

by spin-coating on a blank silicon wafer. Both PDMS layers 

were cured at 65°C for at least 24 hours. The thicker PDMS 

was carefully cut and peeled off of the micro-patterned wafer. 

A 0.75 mm hole-punch (Harris Uni-Core, Ted Pella, Redding, 

CA) was used to create fluid inlets and outlets for each device. 

Both this piece of PDMS and the thin layer on the blank wafer 

were exposed to an oxygen plasma for 35 seconds in a plasma 

asher (Nordson March, Concord, CA), then brought into 

contact to form a bond so that the channels on the thick layer 

were sealed against the PDMS of the thin layer, with the 

punched holes being the only inlets. The wafer with the bonded 

PDMS was set on a hot plate at 75°C for 10 minutes. The 

bonded pieces were then carefully cut and peeled off of the 

blank wafer and trimmed to make individual devices. At this 

point the ends of the channels were trimmed so that the inlets 

led to open channels that terminated roughly 100 µm from the 

bottom of the channel. The trimming was done at a steep angle 

to make the device as thin as possible at the open end. The 

oxygen plasma step was then repeated to bond devices on top 

of a glass cover slide to provide additional support during 

handling. The end of this glass cover slide was bonded far 

enough from the outlets of the channels to prevent the cover 

slide from interfering with channel positioning. 

Generation of the chemical gradients 

Pieces of flexible plastic tubing (Tygon, Greene Rubber Co., 

Woburn, MA) were cut to the lengths of 50 cm (x2) and 100 

cm. One end of each piece of tubing was connected to a 30G 

blunt needle connected to a 5 mL plastic syringe (Fisher 

Scientific, Pittsburgh, PA). The other ends of the pieces of 

tubing were inserted into the punched inlet and outlet holes 

with the two 50 cm pieces being inserted into the inlet holes 

and the 100 cm piece of tubing being inserted into the outlet 

hole. The device was attached to a micromanipulator so that the 

outlet could be positioned near the centre of the microscope 

field of view and just above the surface of a 50 mm glass 

bottom dish (MatTek, Ashland, MA). The glass bottom dish 

was coated with 100 nM human-fibronectin (Sigma-Aldrich, St. 

Louis, MO) and filled with HBSS + 0.2% HSA. The two 

syringes for the inlet holes were raised above the device while 

the syringe attached to the outlet hole was lowered below the 

device to allow for gravity driven flow to control the delivery or 

withdrawal of fluid through the device channels. HBSS + 0.2% 

HSA containing 100 nM LTB4 and 1 µM FITC was perfused 

through the centre channel, and was taken back up by the 

surrounding two channels. By matching the total ejection rates 

of the centre and outermost channels, with the uptake in the 

drain channels, a spatial gradient of LTB4 is generated and 

precisely controlled. The role of the two outermost channels 

were used to perfuse additional HBSS + 0.2% HSA to keep the 

gradient spatially confined around the tip of the device and 

block the diffusion of LTB4 into the dish.  This feature is 

critical to preventing artefacts from a temporal increase in the 

chemokine concentration for all the cells inside the dish, 

including the tracked ones.   

Feed-back control of neutrophil position during migration 

Neutrophils were then loaded into the 50 mm glass bottom dish, 

allowed to settle for 5 minutes, and then exposed to the 

gradient. A heating stage (Carel, Manheim, PA) was used to 

maintain a temperature of 37°C within the dish. The neutrophils 

were imaged on an inverted microscope (Nikon TE2000) with 

DIC filters at 20x magnification using a digital camera (Retiga 

2000R FAST, QImaging, Surrey, BC, Canada). A motorized 

stage (Proscan II, Prior Scientific, Rockland, MA) was used to 

control the movement of the stage. The position of the cell of 

interest in the microscope field was controlled using a modified 

version of the open-source Micro-Manager platform20. Our 
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modification replaced the existing Tracker code with a system 

that provides multiple approaches to detecting cell 

displacement: a correlation-based method (as originally 

encoded), a fast gradient-based motion measurement algorithm 

with sub-pixel resolution21, 22, and a segmentation-based 

approach. Initial experiments revealed that the segmentation 

approach was the most accurate, so it was used for all results 

reported in this paper.  

 The segmentation approach works as follows. First, a region 

around the most recent cell position is selected. The mean and 

standard deviation of pixel brightness in this region are 

computed, and the region is thresholded at a user-specified 

multiple of standard deviations from the mean. The Erode 

operator of ImageJ is applied to the thresholded image twice in 

succession, followed by the Dilate operator twice. The Analyze 

Particles operator is used to identify individual regions 

remaining, and the largest of these is assumed to be the cell. 

Based on the expected direction of cell motion (user-defined), 

one edge of this region is defined as the leading edge. The 

position in the orthogonal direction is taken as the centre of the 

bounding box containing this region. Each operator in this 

process is a function built into ImageJ. This method was used to 

determine the position of a single cell of interest during each 

experiment. The collected images were later analyzed using the 

same method to measure the displacement of other cells relative 

to the target cell. 

 To adjust the stage position, two affine transforms were 

applied to the measured cell displacement. The first enabled 

adjustments of the scale and offset of the feedback, while the 

second corrected for scaling and rotation of the stage 

coordinates relative to camera coordinates. The resulting stage 

motion was given by 
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Fig 2. Design and characterization of the floating microfluidic gradient generator (A) A 3D image of the gradient generator channels. The centre red channel (100 x 

100 x 100 µm3) has an inlet at its top allowing for chemokine to be flowed into the channel and out its end onto a glass slide. The inner two green centre channels 

(100 x 100 x 100 µm3) come together at an outlet from which solution is removed from the slide. The outermost two blue channels (100 x 100 x 100 µm3) share an 

inlet into which buffer can be flowed into the channel and out the ends onto the glass slide to contain the chemokine from the centre channel. The flow within the 

device is gravity driven with reservoirs of chemokine and buffer positioned above the gradient generator and a reservoir for the drain being positioned below.  (B) 

A COMSOL simulation of the concentration of chemokine in the gradient generated from the device. A semi-circular gradient can be seen at the end of the centre 

channel. The flow patterns from the two outermost channels to the drain channels create a functional boundary to help confine the chemokine around the centre 

channel.  In the absence of the outermost channels, chemokine could diffuse continuously into the dish and result in a temporal increase in the chemokine 

concentration for all the cells, including the tracked ones.  (C) A FITC fluorescent dye was loaded into the centre channel to characterize the semi-circular gradient 

formed by the chemical in the centre channel of the gradient generator. Scale bar 100 µm. (D) A kymograph showing the linear intensity of the gradient at various 

distances from the centre channel to the edge of the gradient against time demonstrates the stability of the gradient over time. A perturbation in the environment 

was introduced 10 minutes into the experiment (marked by a black arrow) by moving the stage over 100 µm to demonstrate that the gradient returns to a stable 

state after external disturbances. 
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where the 3x3 matrix with lower-case variables defines the 

transformation from camera to stage coordinates, and the 2x3 

matrix with upper-case variables defines the scaling and offset. 

To keep the cell in place, A=E=-1 and B=C=D=F=0. Other 

transformations, such as over- and under-compensation for cell 

motion, rotation, and constant cell velocity can be applied 

through appropriate values of these variables. 

Neutrophil migration analysis 

The stability of the gradient was determined by taking 

fluorescent images of the gradient over time, extracting a 

kymograph from the images in ImageJ, and determining the 

intensities in MATLAB (MathWorks, Natick, MA) to visualize 

the intensities of the gradient at specified points over the 

duration of the experiment.  

 To explain these results concisely we introduce several 

terms. Total Displacement refers to the integrated motion of the 

cell in any direction relative to its immediate surroundings. 

Effective Displacement refers to the component of Total 

Displacement that occurs in the direction of increasing 

chemokine concentration. Net Displacement refers to the 

integrated vector motion of the cell relative to its immediate 

surroundings. Gradient Displacement refers to the displacement 

of the cell in digital images relative to the source of chemokine 

gradient. For example, a cell which moves 4 µm in the direction 

of the gradient and 3 µm in an orthogonal direction, has a Total 

Displacement of 7 µm, Effective Displacement of 40 µm, Net 

Displacement of 5 µm (=√     ).  When the stage is then 

moved to bring the cell back to its starting location, the 

Gradient Displacement is 0 µm. 

 MATLAB was used to calculate the average lifetime 

velocity,  

 

   
                  

                       
, 

 

and directional persistence,  

 

    
                      

                       
, 

 

 of each cell from the positions of the cell over time determined 

by the tracking algorithm. 

 For both feedback conditions and no feedback conditions, 

10 cells were measured from 10 different experiments. 

Velocities were compared using the independent Student t-test. 

Differences were considered significant above a 95% 

confidence interval. The noise introduced by the system was 

determined by calculating the root mean squared of the error in 

the tracking algorithm. 

 

Results and discussion 

To decouple the influence of spatial and temporal gradients 

during neutrophils chemotaxis, we employed a system that 

combined a microfluidic gradient generator, a motorized stage, 

and a microscopy system in a computer-controlled feedback 

control loop (Fig.1A).  The goal was to move the stage in 

response to neutrophil migration, such that the neutrophil 

remains in the same position relative to the spatial gradient and 

experience no change in concentration over time (Fig.1B).  The 

time required for each computation and actuation loop was less 

than 2 seconds, faster than the shape changes of the neutrophils.  

The cell tracking algorithm worked well in phase contrast as 

well as differential interference contrast.  This allowed us to 

avoid using fluorescent dyes for cell tracking, which could 

potentially interfere with cell migration when taking into 

account the large number of images required for implementing 

a robust feedback system (more than 30 images every minute 

for the duration of the experiment).  This approach also has the 

advantage that it keeps all fluorescence channels of the 

microscope available for molecular studies during cell 

migration, or interface with physical measurements of cell 

migration e.g. traction force microscopy23.  

 We verified the ability of the platform to track individual 

objects and move the microscope stage correspondingly, by 

applying the system first to a static object and then to a 

controlled dynamic object.  When the system was applied to a 

stationary object we observed no stage drift over time.  When a 

micromanipulator was used to precisely displace a bead the 

system was able to accurately track the movement and feed the 

information into the stage controllers so as the return the bead 

to its original position after each controlled displacement.  We 

also verified the ability of the system to recognize human 

neutrophils undergoing shape changes during migration 

(Fig.1C), and track the motion of individual neutrophils and 

move the stage following the feedback algorithm (Fig.1D).   

 By varying the heights of the reservoirs and length of the 

tubing for the input and output solutions of the gradient 

generator (Fig.2A), flow rates of 10 µL/min, 20 µL/min, and 15 

µL/min were achieved for the chemokine solution, drain, and 

distal buffer solution channels, respectively. These flow rates 

and the dimensions and distances between channels of the 

gradient generator caused a semi-circular gradient to be formed 

at the end of the gradient generator on the surface of the glass 

slide (Fig.2B).  It is important to note that the gradient 

generated by this system is such that it completely avoids the 

build-up of chemokine on top of neutrophils at a distance from 

the gradient generator.  Unlike classical micropipettes24, we 

took special care to balance the flows through the distal 

channels such that all the chemokine injected in the dish is 

recovered.  In addition to matching the ejection and uptake flow 

rates, addressed previously by microfluidic designs like the 

push-pull probes25, 26, multifunctional pipettes27, or quadropol 

gradient generators28, we implemented two more channels 

distal from the centre channels. Flow patterns between these 

and drain channels are such that they confine the chemokine 

diffusion at the tip of the device, by removing all chemokine 

diffusing away from the tip, before reaching the dish.  This 

feature is key for preventing slow chemokine build-up in the 

dish over time during feed-back experiments.  Moreover, we 

calculated the flow rates such that the shear stress for the cells 
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in the gradient is within the limits previously demonstrated not 

to alter the migration of the neutrophils29. 

 To validate the gradient, we added 1 µM of fluorescein 

isothiocyanate (FITC) to the chemokine solution (Fig.2C). The 

chemical gradient was stable over 60 minutes, verified by the 

analysis of a kymograph demonstrating the stability over time 

of the fluorescent signal at different points in the gradient 

(Fig.2D). When we applied a short perturbation to the stage by 

moving the stage 100 µm the disturbance in the gradient was 

corrected in less than 30 seconds.  The displacement used in 

this test was at least 100 times larger than the 1µm distance for 

the fastest neutrophil moving in the 2 seconds between imaging 

during the experiment, which represents the maximum 

displacement of the stage at one time point.  The stability of the 

gradient to perturbation is important in order to assure that 

accurate corrections of stage position do not interfere with the 

position of the gradient.  

 We calculated that during the experiments, the majority of 

tracked neutrophils experience concentrations between 1 and 50 

nM of LTB4. Studies of binding kinetics in human neutrophils 

have reported dissociation constant for LTB4 in the range of 10-

15 nM30, suggesting that the receptors are not saturated.  In 

 

Fig 3. Neutrophil migration in the presence and absence of feed-back. (A) The Effective Displacement of the cell was tracked over the time in 10 experiments 

where feedback was applied and the stage was moved in equal and opposite distances of the cell’s movement. (B) The Effective Displacement of the cell was 

tracked over the time in 10 experiments where feedback was not applied and no stage movement occurred.  (C) A trajectory of a cell that had low directional 

persistence (DP = 0.03). (D) A trajectory of a cell that had high directional persistence (DP = 0.66). (E) The average lifetime velocities of the tracked cells were 

calculated.  No significant difference was found between the velocities of the cells that were kept in the same place relative to the gradient versus the cells that did 

not experience any stage feedback and moved up the gradient (p > 0.05). (F) The directional persistence of the cells was calculated by dividing the displacement of  

the cell in the direction of the gradient by the total displacement of the cell. The cells that experienced stage feedback and were kept in the same place relative to 

the gradient had significantly lower directional persistence than the cells that did not experience stage feedback and migrated up the gradient (p < 0.05). 
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addition, rapid receptor recycling31 assures that the neutrophils 

remain sensitive to spatial gradients of LTB4
32.  Moreover, 

spatial conditions around a moving cell do not change during 

cell migration, the main purpose of the feedback system.   

 With the feedback system on, the spatial conditions at the 

new position of the cell are identical with those at the start 

location.  One limitation of this approach is that even though 

multiple cells may be present in the field of view, only one cell 

per experiment is selected for the feedback algorithm.  Because 

not all cells move at the same speed, or with the same 

persistence, all other cells are not used in the analysis.  For 

these cells, a temporal gradient is present and uncorrelated to 

their motility because of the mismatch between migration and 

the movement of the stage, limiting the overall throughput of 

the experiments. 

 We employed the treadmill platform to compare the 

effective displacement with and without feedback (Fig.3A,B).  

Typical tracks of neutrophils with feedback are shorter and 

often include overlapping tracks (Fig.3C), compared with those 

of neutrophils without feedback, which display typical 

migration trajectories and serve as controls (Fig.3D). We 

compared the average lifetime velocities of neutrophils with 

and without feedback (N=10 for each condition) and found that 

these were comparable (Fig.3E, p > 0.05).  However, when we 

calculated the directional persistence of the cells, we found 

significantly lower directional persistence in the presence 

compared to the absence of the feedback (0.04 vs. 0.66, Fig.3F, 

p < 0.05).  These results show that both the spatial and temporal 

gradients are necessary for persistent migration during 

neutrophil chemotaxis.  Moreover, cells moving in the absence 

of feedback maintain the same average speed and persistence at 

different locations in the gradient, as they reach higher 

concentrations, consistent with previous observations of human 

neutrophil migration on flat surfaces in the presence of linear 

chemoattractant gradients33.  It is thus unlikely that 

concentration alone, in the range of concentrations experienced 

in our assay, could explain the differences in persistence.  

While the spatial gradients are important for the initiation and 

directionality of the migration, the temporal concentration 

changes are important for sustaining the persistent migration 

towards a target.   

 Our finding of distinct and complementary roles for the 

spatial and temporal gradients, enabled by new tools, provides 

an unexpected resolution for the long standing controversy 

regarding the role of spatial and temporal stimuli of cell 

migration11.  Unlike spatial gradients of chemokines, which are 

generally accepted as key for establishing the front-back cell 

polarity towards the higher concentration, the role of temporal 

concentration changes has been repeatedly challenged10, 11  For 

example, recent studies comparing the differences in 

neutrophil-like HL60 cells prowess to migrate in linear and 

exponential concluded that chemical gradients are interpreted 

purely spatially34.  In contrast to these, however, motile bacteria 

rely exclusively on temporal sensing to accumulate towards the 

highest concentrations of a chemoattractant15.  Moreover, in 

real word spatial and temporal gradient exist simultaneously35. 

Suggesting a possible solution to this dilemma, our study 

provides support to the role of temporal stimuli in neutrophils 

for enforcing the persistent migration in one direction after the 

initiation of migration.  Unlike bacteria, which start moving in 

random directions upon stimulation, neutrophils can also take 

advantage of a spatial sensing mechanism and orient their 

migration in the direction of higher concentration.   

 The interplay between spatial and temporal stimuli during 

neutrophil chemotaxis suggests that the molecular mechanisms 

of cell migration combine the ability to compare different levels 

of receptor stimulation in different regions of the cells, with a 

dynamic memory for the levels of stimulation at different 

time16.  Such models consider not only the requirements for 

symmetry breaking in the presence of a gradient36-38 and 

incorporate stochastic and transient features that benefit from 

temporal concentration changes around the cells16.  Additional 

cues for the molecular substrate of temporal sensing may come 

from observations of neutrophils that display persistent 

migration inside small channels in the presence of constant, 

polar stimulation39, 40 or even in the presence of decreasing 

concentrations during retrotaxis41.  During the migration inside 

channels, the mechanical confinement may compensate for the 

absence of temporal stimuli, possibly by elements of the 

cytoskeleton e.g.  microtubules which are maintained in stable 

configuration inside the small channels16, 39.  

 In the future, the treadmill technology for cell migration 

will facilitate the study of cell motility and open new 

opportunities for understanding the effects of temporal changes 

on motile cells.  Historically, feed-back based systems have 

enabled critical insights into important biological processes, 

including the propagation of electrical potential42, while the 

decoupling of tonic and length effects on the muscle activity, 

led to better understanding of the mechanisms of actin-myosin 

contraction43, 44.  Similarly, clamping spatial and temporal 

chemotactic gradients while exposing cells to other 

manipulations can provide new insights into the molecular 

mechanisms that drive neutrophil chemotaxis. Ultimately, 

identifying these motility mechanisms could create new 

opportunities for effective treatments targeting the trafficking of 

white blood cells through the body in acute and chronic 

inflammation. 

Conclusions 

We designed a system to decouple the spatial and temporal 

gradients during cell chemotaxis.  We found that temporal 

gradients are responsible for the persistence of human 

neutrophils migration in the response to chemical gradients.  

Our findings could help understand the mechanisms that guide 

the neutrophils to sites of infection or inflammation.  
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