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Mechanosensitive Migration Parameters
Characteristic Measured Metric Acronym FgnCol Fn Fn + β2 block
morphology spread area

relative motion
mean squared displacement, or
root mean squared speed RMSS

MSD

current measures of turning angle distribution TAD
path wiggle chemotactic index CI

new measures of path
directionality time Td

DI<

DI>

wiggle (this study) directionality index (t < Td) 
directionality index (t > Td)
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Improving Metrics that 
Characterize Migration 

Time Interval Dependent
Measures of Path Wiggle and Directionality

Definitions
i) Live cell tracking to measure centroid points, rn

ii) Turning angles, φn
iii) Image Capture time interval, ∆t        

iv) Time interval, τ

By virtue of their dependence on time interval, measured such as TAD and CI in 
one experiment will not be reproduced by another without also replicating the 
time intervals from the original study.  Furthermore, TAD and CI do not take into 
consideration the inflation of path wiggle due to image aquisition noise.  

Directionality time, Td, is introduced here as one such example of a time interval 
independent metric.  Directionality time is the timescale at which the slope of the 
MSD in log-log coordinates, called directionality index (DI), transitions from low 
(≈1) to high (≈2) (slope ≈ 1 indicates random motion, slope ≈ 2 indicates direc-
tional motion).  The DI is fit to a three parameter exponential function yielding:

Td = directionality time
DI< = DI averaged over timescales t<Td

DI> = DI averaged over timescales t>Td

Averaged directionality indices, DI< and DI>, are measures of the randomness of 
motion at timescales less than Td, and the directedness of motion at timescales 
greater than Td, respectively.  Directionality time can be interpreted as a heuristic 
measure of the minimum observation time necessary to observe that a cell is mi-
grating directionally, or as the timescale necessary for a cell to detect and kine-
matically hone towards its target.  

Neutrophils crawled directionally towards a source of fMLP, on gels of stiffness 
either 10, 50 and 100 kPa, coated with either Col, Fn, or Fgn.  Morphology, rela-
tive motion, and path wiggle were measured to determine which was mechano-
sensitive (see table to the bottom right for list of metrics and the corresponding 
characteristic measured).

Finding: Metrics such as TAD and CI that depend on time interval lead to quanti-
ties that depend on experiment specific parameters such as the image acquisition 
interval and the time interval of analysis.  Therefore, time interval dependent 
metrics are not generally consistent from one experiment to another.

Consider a migration path (grey line below) determined by image acquistions at 
two different time intervals: a long time interval, τ> (case 1), and a short time in-
terval, τ< (case 2).  Below we examine how metrics that characterize migration 
depend on time interval.

Directionality time corresponds to the decay time 
of the exponent that fits DI.  Cells crawling in 2-D 
on Fgn coated gels moved more directly to the 
source of chemoattractant on stiffer (100 kPa) gels, 
than on softer (10 kPa) gels.

Neutrophils were isolated from healthy human volunteers via dextrose 
sedimentation and hypotonic lysis of contaminating erythrocytes.  
Neutrophils plated on polyacrylamide gels of physiologically relevant 
stiffness, coated with ligand Fn, Fgn, or Col (top-left).

Immunofluorescence used 
to quantify ligand density.  
The ligand density did not 
depend on gel stiffness, 
according to this readout.

Chemotactic point source achieved using a femtotip (eppendorf) filled 
with 1mM fMLP, with the tip grazing the gel-ligand surface (top-right).  
The entire experiment was carried out in a heated dish (Delta T, Biop-
techs) at 37oC (right).  

fCI(τ)=
Σ |rn+1-rn|

|rN-r1|
n=0

N-1
Chemotactic Index (CI),

fφ(τ)= ∫ρφn(φ; τ)dφ
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Turning Angle Distribution (TAD), 

 

TAD persistence,

ρφn(φ;τ)

case 2:
τ = τ<

case 1:
τ = τ>

ligand - either Fn, Fgn, or Col
polyacrylamide gel - Young’s modulus, E (kPa)

fMLP point source

To localize to an injury or infection, neutrophils interpret biochemical and physical cues. 
In previous work, we showed that neutrophil migration by chemotaxis on �bronectin 
(Fn) is regulated by mechanical sti�ness.  A direct consequence of cellular movement 
and navigation, migration incorporates elements of speed, persistence of motion, and 
directional bias.  Using kinematic analysis, we quanti�ed migration speed and persis-
tence by calculating mean squared displacement (MSD), turning angle distribution 
(TAD), and chemotactic index (CI). We introduce two new analytical tools for characteriz-
ing persistence that are more general than TAD and CI - directionality time (Td) and di-
rectionality index (DI) – and use them to determine whether substrate sti�ness is a uni-
versal regulator of neutrophil migration by examining neutrophil chemotaxis on �brino-
gen (Fgn) and collagen (Col), in addition to Fn.  Examining chemotaxis on surfaces 
coated with one of three ECM proteins and varying in sti�ness, we found that all indi-
vidual chemotactic parameters varied signi�cantly by ligand-coating.  The β2 integrin 
ligands Fgn and Fn showed mechanosensitive levels of persistence measured by Td and 
DI, while β1 integrin ligands Fn and Col showed mechanosensitive changes in overall 
MSD. Blocking β2 integrins of cells migrating on Fn-coated surfaces signi�cantly altered 
migration dynamics, with CI, TAD, Td, and DI becoming statistically indistinguishable 
from untreated cells migrating on the β1 integrin ligand Col, identifying an underlying β2 
integrin directed modulation of directionality.  These data demonstrate that individual 
components of the neutrophil chemotactic response are tunable with di�erent ligand, 
mechanotactic, and chemotactic cues and that this tunability is integrin dependent.

Time Interval Dependent Measures of Relative Motion
Mean Squared Displacement (MSD), <r2>t = <|r(t+τ)-r(t)|2>t  ~ τα

Root Mean Square Speed (RMSS), vrms= τ−1  <r2>

Spread area depended on substrate stiffness on all ligands
Migration speed, but not wiggle, were mechanosensitive on the β1 integrin 
binding ligand, Col
Migration wiggle, but not speed, were mechanosensitive on the αMβ2 integrin 
restricted ligand, Fgn
Migration speed and wiggle were both mechanosensitive on Fn, which binds 
both β1 integrins and αMβ2, but only migration speed was mechanosensitive 
when αMβ2 was blocked
Results are consistent with β1 integrin dependent mechanotactic regulation 
of migration speed, and a β2 integrin dependent mechanotactic regulation of 
migration wiggle.

Spread area mechanosensitive on all
ligands (left)

Relative motion mechanosensitive Fn, 
and Col. (below middle)

Turning angle distributions (measured 
based on τ = 60s time intervals) differ 
mechanotactically for cells on Fn, but 
not for cells on Fgn or Col

No mechanosensitivity measured by 
chemotactic index (τ = 10s).

ECM protein recognized
by β1, but not β2, integrins

Mechanosensitive change 
in relative motion

No mechanosensitive 
change in path wiggle

Collagen (Col)

τ τ

ECM protein recognized 
by both β1 integrins, and 
αMβ2 (CR3, Mac-1)

Mechanosensitive change 
in relative motion

Mechanosensitive change 
in path wiggle

Fibronectin (Fn)

τ τ

ECM protein restricted to 
αMβ2 (CR3, Mac-1)

No mechanosensitive 
change in relative motion

Mechanosensitive change 
in path wiggle

Fibrinogen (Fgn)

τ τ

Negative control: the migration 
characteristics of cells in this 
experiment were expected to be 
comparable those of cells 
migrating on Col

Col + β2 block

Mechanosensitive change in
relative motion 

No mechanosensitive change in 
path wiggle (unlike on Fn)

Fn + β2 block
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