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Neutrophils undergo fast migration dynamics onto endothelium or extracellular matrix using anterior protrusion together with
posterior contraction and retraction. While these migrating cells tend to leave behind the long-lasting membranous trails with
enriched integrins ripped down from cell body, it is still unclear how the trail formation is quantitatively correlated with cell
migration and what the regulating factors are key in this process. Here a multi-layered mechanochemical model was integrated
with a motor-clutch model to simulate numerically the chemotactic migration of a neutrophil on the substrate. Results indicated
that, in response to those polarized distributions of sensing molecule P21-activated kinase 1 (PAK1) and the downstream
molecules Ras-related C3 botulinum toxin substrate (Rac) and Ras homolog family member (RhoA), membrane-bound
integrins tend to be accumulated at both the cell front and rear, promoting the increase of migrating velocity and trail number
with time when actin-related protein2/3 complex (Arp2/3) and myosin are respectively accumulated at the front and rear. These
predictions were in agreement with those typical experimental observations in integrin polarization and trail formation.
Parametric analysis further proposed that, while the migrating velocity yields a biphasic dependence on substrate hardness and
motor unloaded velocity, trail number increases monotonically with substrate hardness, on-rate of integrin-ligand bonds, motor
unloaded velocity, motor stall force, and clutch number but decreases with chemokine concentration and off-rate of integrin-
ligand bonds. This work provided an insight in elaborating the mechanochemical pathways in neutrophil migration and
deciphering the key extracellular or intracellular factors in regulating the relevant trail formation of those migrating neu-
trophils.
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1. Introduction

Neutrophils are the first cell type that crosses the vascular
endothelium into the tissues and reach the site of in-
flammation in inflammatory responses [1,2], serving as the
key players that help organs initiate and maintain immune
reactions and shape the overall immune response [3]. Neu-
trophil migration is affected by multiple physical and bio-
chemical factors, reflecting its durotaxis or chemotaxis

features. When exposed to an attractant gradient (i.e., fMet-
Leu-Phe or fMLP), chemoattractants bind to transmembrane
receptors that couple to heterotrimeric G proteins, leading to
their dissociation into α- and βγ-subunits and then activating
a plethora of effectors. These events in turn orchestrate a
signaling cascade that ultimately gives rise to cellular po-
larization and movement. Indeed, dynamic features of neu-
trophil chemotaxis are a consequence of redistribution of
intracellular signaling molecules. That is, Ras-related C3
botulinum toxin substrate (Rac), cell division control protein
42 homolog (Cdc42), and phosphatidylinositol (3,4,5)-tri-
sphosphate (PIP3) that are associating with actin branching
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and growth are enriched at the cell front or leading edge,
while Ras homolog family member A (RhoA), phosphati-
dylinositol (4,5)-bisphosphate (PIP2), and phosphatase and
tensin homolog (PTEN) that are correlating with myosin-II-
induced contraction are assembled on the sides and at the
rear or trailing edge [4]. The acquisition of polarity is ac-
companied by a dramatic redistribution of β2 integrin and
cytoskeletal components, during which neutrophils quickly
orient themselves and move forward using anterior la-
mellipodia extension together with posterior contraction and
retraction [5]. While existing evidences revealed that mi-
grating neutrophils leave behind long-lasting, chemokine-
and β2 integrin-containing trails on intercellular adhesion
molecule 1 (ICAM-1) coated substrate [6], it still remains
unclear how these β2 integrins are extracted from the cell
membrane during neutrophil migration.
Neutrophil migration is coordinated by involving the

formation and disassembly of cell adhesion sites, together
with dynamic changes in actin cytoskeleton network [7,8].
Actin polymerization and integrin adhesion are spatio-
temporally coordinated [9]. To achieve the migration, cells
must exert forces on their substrate to propel the cell body
forward. Inside the cells, force generation can be accom-
plished through actin-related protein2/3 complex (Arp2/3)-
mediated F-actin self-assembly at the plasma membrane to
push the membrane forward [10], or myosin motor-driven
contractions that pull F-actin rearward to generate F-actin
retrograde flow [11]. Intracellularly-generated forces are
transmitted to the substrate by adhesion anchorages between
the cell and the substrate, generating the traction forces that
propel the cell forward [12-14]. In neutrophils, β2 integrins
act as intracellular clutches that transmit forces to the ex-
tracellular matrix (ECM) [15]. The extracellular domains of
a β2 integrin are bound to its ICAM-1 ligand on one side and
its cytoplasmic domains are connected by focal adhesions
(FAs) to actin bundle on the other side, coupling the retro-
grade actin flow to the underlying substrate [16-18]. Thus β2
integrins act as an adjustable molecular clutch by mediating
transient, indirect interactions between the retrograde-mov-
ing actin cytoskeleton and ICAM-1, so-called the ‘‘motor-
clutch’’ model, and transfer external forces from ECM into
the cell. While this mechanism proposes dynamic and dif-
ferential engagement between the actin network and the
substrate, in turn allowing a cell to sense and react to its
environment [19], it is still unclear how this ‘‘motor-clutch’’
model works cooperatively with cytoskeletal polarization of
a migrating neutrophil, especially for the trail formation.
Neutrophil movement on ICAM-1 is achieved through a

well-described protrusion-adhesion-retraction cycle [20-24]:
(1) Pushing forces at the cell front are generated by actin-
polymerization and lead to protrusion of the lamellipodium;
(2) Retrograde actin flow is connected to the substrate via
focal adhesions, which leads to forward movement of the

cell; and (3) Retraction of the cell posterior then occurs due
to rear contraction and release of focal adhesions at the cell
rear. During cell migration, neutrophil-substrate adhesions
are highly dynamic, yielding continuous formation at the
cell front and disruption at the cell rear to drive the cell
movement [25]. Breakage of cell-substrate adhesions re-
quired for cell locomotion can occur either by intracellular
disruption of cytoskeleton-β2 integrin linkage (the upper
site) or by extracellular release of β2 integrin-ICAM-1
linkage (the lower site). For the former, the integrins can be
extracted from cell body and the trails can be formed.
Evidently, this process is quite complicated and regulated by
various biomechanical and biochemical factors. Thus both
chemotactic and mechanochemical modeling are theoreti-
cally important in understanding neutrophil migration dy-
namics [26]. On one hand, while one of the previous cell
migration models is able to predict the chemotactic migra-
tion dynamics of an entire cell and the effects of substrate
hardness on integrin-mediated traction [26], it only verifies
the generation of circumferential forces but not the forma-
tion of trails [27]. On the other hand, the localized migration
model for a part of the cell is able to depict the process of
trail formation but hard to be extended for the entire cell
[28,29]. Meanwhile, the motor-clutch model is beneficial to
improve existing mechanochemical models in elucidating
those mechanotransductive mechanisms in trail formation,
since it reveals how cells interact with the substrate and
what the parameters are crucial in regulating this durotaxis
at the cellular level [30]. However, it is still lacking in
elaborating the trail formation of a migrating cell from both
chemotactic and mechanochemical aspects.
Here a multi-layered signaling mechanochemical model,

proposed previously for cell chemotaxis, was integrated
with a motor-clutch model for predicting theoretically the
intracellular mechanotransduction. Based on the experi-
mental observation of remnant trails left behind migrating
neutrophils, numerical calculations were conducted to cor-
relate cell migration behaviors with cell-substrate interac-
tions and intracellular signaling pathways. Parametric
analysis dissected those intracellular and extracellular fac-
tors that affect cell migrating velocity and cumulative
number of trails in a biphasic or monotonic manner.

2. Materials and methods

2.1 Theoretical modeling

In this section we summarized the theoretical modeling with
the simplified assumptions. Briefly [31,32], this model
consists of three modules. The first two describe the sig-
naling cascades responsible for cytoskeletal remodeling
(Fig. 1a) and motor-clutch dynamics (Fig. 1b), respectively,
which are governed by the coupled reaction-diffusion
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equations. The third denotes cell mechanics and motility,
which satisfies force-balance equations (Fig. 1c).

2.1.1 Module for signaling layers
This module involves three layers (Fig. 1a), i.e., (1) signal
reception, (2) small Rho GTPase regulation, and (3) cytos-
keletal effector regulation, as described previously [26].
Only newly-added in the module is the P21-activated kinase
1 (PAK1) pathway, which positively or negatively regulates
Rac or RhoA signaling. For details of the mathematical
descriptions, please refer to the Supplemental Materials and
also Refs. [33,34].

2.1.2 Module for motor-clutch modeling
This module is applied to simulate the process of activated
integrin bond break-up and cell trail formation on the sub-
strate (Fig. 1b). On the ECM surface, the adhesive spots
composed of integrins are uniformly distributed around the
cell and subjected to the centripetal pulling by the F-actin
microfilaments (Fig. 1c-iii). Integrins, serving as molecular
clutches, reversibly engage the F-actin bundle to resist its
retrograde flow. During mechanical loading, integrins may
exist in four states: inactive and bound to the cytoskeleton
(gray), activated and bound to the cytoskeleton (purple),
bound to the ICAM-1 (green), or bound to both the ICAM-1
and the cytoskeleton (elongated purple). Myosin motors
(pink) pull an F-actin (blue) filament bundle to the left with
force. It is modified, from Ref. [19], by splitting those
break-up sites of bound integrins into the two sets, the upper

one binding to actin and the lower one binding to substrate.
These molecular bonds tend to fail with a force-dependent
off-rate at the lower (integrin-ICAM-1, orange) or upper
(actin-integrin, red) binding sites and then form a neutrophil
trail. The ECM deforms slightly via pulling integrins and
receives those integrins left by the migrating cell when the
trails are formed (Fig. 1c-iv). Here only the change in ac-
tivated integrins is accounted in the module (Fig. 1b). For
details of the formulations, please refer to the Supplemental
Materials and also Ref. [16].

2.1.3 Module for cell mechanics
This module is used to simulate cell movement upon the
chemotactic stimulation, as described previously [34]. The
cell membrane is represented by discrete springs connected
to multiple particle nodes (Fig. 1c-i) and the cell movement
is governed by force balance equations [35]. Signal mole-
cules located at each node are transmitted and interrelated
with each other (Fig. 1c-ii). For detailed formulations, please
refer to the Supplemental Materials and also Ref. [34].

2.2 Numerical simulations

Numerical calculations for both modules for signaling layers
and cell mechanics were performed using self-developed
algorithms and Matlab codes described previously [34].
Here only the calculations for the module for motor-clutch
modeling were briefed, based on the algorithms in Ref. [16],
as follows:

Figure 1 Theoretical modeling of chemotactic migration of a neutrophil on a compliant substrate, which is segregated into three modules: a module for
signaling layers; b module for motor-clutch modeling; c module for cell mechanics.
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The key issue in these calculations is to define the fate of
those active integrins bridging the ICAM-1 on substrate
(lower break-up site) to the actin bundles (upper break-up
site). Three criteria exist for determining the fate of integrins
in the connected and unconnected states (nl and nu in Eq. S7
in the Supplemental Materials): (1) When the integrin is
bound, n n n n= + 1,  = 1t t t t

l
+1

l u
+1

u after the current time
step; (2) When the integrin is broken at the lower site,
n n n n= 1,  = + 1t t t t

l
+1

l u
+1

u and the integrin is naturally
disconnected; and (3) the integrin is broken at the upper site,
n n n n n n= 1,  = + 1,  = + 1t t t t t t

l
+1

l u
+1

u t
+1

t (nt is the num-
ber of trails) and this broken integrin molecule at the ori-
ginal position is replaced by an activated integrin when it
escapes from the cell (Fig. 1b). Note that the number of
integrins here does not represent the actual number of in-
tegrin proteins in the experiments but just denote a quali-
tative consistency. Here the number of trails is defined as the
number of integrin molecules that are ripped down from the
cytoskeleton rather than broken up from the substrate. The
trails so formed are then left on the substrate after the cell
body moves forward, and visualized by fluorescence-labeled
anti-β2-integrin antibodies in the experiments, specified as
below.
For each time step in the Monte Carlo simulation applied,

molecular clutches are first allowed to associate with the F-
actin bundle at a given on-rate, kon. Next, the associated
clutches are tested for the probability of dissociation based
on their effective off-rate, koff (Eq. S8 in the Supplemental
Materials) and for the time duration required to break that
clutch up, t URN k= ln( )/i i i, for the ith binding or break-up
event (URNi is the random number and ki the off-rate of the
ith event). Once the last clutch is resolved, the final position
of the substrate, xsub, can be solved based on the force bal-
ance equation at the total force F and the systematic parallel
spring constant K, as follows:

x F
K

x
n= =

×
× + , (1)sub

c

l c sub

where x v t= f defines the distance of an associated clutch
at a time step Δt. From a given position of the substrate, the
force against ongoing myosin motors is determined, and the
velocity of F-actin retrograde flow, vf, is calculated. Once the
new retrograde velocity is determined, the associated clutch is
displaced by a new distance x + Δx and the force acting on
each clutch is then re-calculated to determine the effective
F-actin-clutch off-rate for the next time step.
All the parameters used in the simulations were sum-

marized in Supplemental Tables S1-S3.

2.3 Experimental visualization of trail formation

Neutrophils stained with Alexa Fluor 488 anti-CD11a anti-

bodies (Abcam, Cambridge, MA, USA) were added to the
ICAM-1-immobilized surfaces with temperature control
(37±0.5°C) and 5% CO2 supply for live cell imaging. Time-
lapsed immunofluorescence imaging was then captured at
30-s intervals for 15 min by confocal laser scanning mi-
croscopy (LSM880 NLO, Zeiss, Oberkochen, Germany)
with a 63×/0.95NA objective. The velocity profiles of cel-
lular protrusion and contraction were obtained by measuring
the moving distance of cell frontmost and rearmost edges
per 30-s, respectively, and the trail number was recorded
synchronously. To monitor the time courses of neutrophil
migration, time-lapsed differential interference contrast
(DIC) imaging was captured separately at 30-s intervals for
15 min using an IX81 automatic inverted microscope
(Olympus, Tokyo, Japan) equipped with an electron-multi-
plying charge-coupled device camera (iXon Ultra 897,
Andor, UK). The tracks of migrating cells were identified
with time using the manual tracking plugin interfaced with
Image J. Various parameters including migrating velocity
and distance were estimated off-line from cell centroid or
frontmost and rearmost edges, using the Chemotaxis and
Migration Tool 2.0 (IBIDI, Martinsried, Germany).

3. Results

3.1 Polarized distribution of cytoskeleton leads to di-
rectional migration of cells

First, polarized distributions of cell cytoskeleton were ana-
lyzed after fMLP stimulation. As exemplified in Fig. 2,
those pericellular signaling molecules such as Rac and
RhoA tend to be polarized and the distribution gradient is
affected by the chemotactic gradient. Typically, PAK1 dis-
tribution starts to be polarized at t = 0 s and then its dis-
tribution gradient is positively correlated with the distance
to the chemotactic source, decreasing from front to back
(Fig. 2a). Here we assumed that the cell is subjected to a
constant stimulus in the simulations for simplicity (Fig. 2b),
even though the actual stimulus could be unstable experi-
mentally. Thus, this stable polarized distribution of PAK1 in
turn drives extracellular signaling molecules continue to
modulate the polarized distribution of Rho GTPase along
the plasma membrane, as seen in the differentially opposite
distributions of activated Rac and RhoA along the cell cir-
cumference within 0-30 s (Fig. 2c). Both these Rho GTPase
members yield bipolar distributions based on the antag-
onistic effects between them and the spatial regulation of
PAK1. Specifically, the distribution of activated Rac pre-
sents a strong, stable gradient starting from the cell front,
which is the same as the trend of upstream PAK1 signaling
pathway (Fig. 2d). By contrast, RhoA also yields a stable
polarized distribution at the cell rear, mainly based on the
antagonistic effects of both Rac and PAK1 on the spatial
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modulation of RhoA (Fig. 2e).
These polarized Rac and RhoA molecules tend to regulate

the cytoskeleton effectors Arp2/3 and myosin, resulting in
Arp2/3 accumulation at the cell front and myosin con-
centration at the cell rear. An explicit boundary interface
exists between Arp2/3 and myosin profiles at the cell rear
(Fig. S1a-b), which is determined by mutually antagonistic
effects between Rac and RhoA and also consistent with
experimental observations in Ref. [36]. Concentrations of
Arp2/3 and myosin manipulate the countercurrent velocity
of intracellular microfilaments by adjusting the connections
between integrin and substrate, which in turn regulates the
forces acting on the cell, the migration dynamics and the
trail number. The number of the unconnected integrins in-
creases significantly at the cell rear after cell polarization
and remains stable during cell migration. By contrast, the
number of connected integrins is low initially along the
pericellular membrane, and becomes high at the cell front

after polarization (Fig. S1c-d). The reason for those sharp
drop-offs of integrin number at 1/2π and 3/2π of the cell
periphery is attributed to the imbalance between the rear
polarization of myosin (seen in those visible interfaces in
Fig. S1b) and the front polarization of connected integrin,
based on the chemotactic gradient of PAK1 (Fig. 1b).
This low myosin concentration at the cell front enables

those activated integrins to be polarized at the cell front
when integrins bind to the substrate and start to accumulate
(Fig. 3a). At the beginning of the fMLP simulation, various
signaling molecules are assumed to be evenly distributed on
the cell, and the molecular bonds between integrin and
substrate are disconnected. Once it starts to migrate along
fMLP gradient, the cell rapidly spreads outwards under the
action of Arp2/3 and myosin. At this stage, the characteristic
time of cell polarization is less than the one for binding
integrins to the substrate, yielding almost no friction be-
tween the cell and the substrate and the rapidly increased

Figure 2 Polarized migration of a 10-μm diameter modeled neutrophil under fMLP gradient stimuli at a substrate hardness of 1 pN/nm. a PAK1
concentration along the cellular periphery. b Spatiotemporal evolution of PAK1. During t = 0-30 s, the cell receives the gradient chemotactic signals, leading
to the polarized distribution of PAK1 molecules on the membrane. c Spatiotemporal evolutions of Rac (left) and RhoA (right). d Typical spatial distribution of
Rac (left) and RhoA (right) concentrations at t = 30 s. e Time courses of Rac (left) and RhoA (right) concentrations.

X. Zhang, et al. Acta Mech. Sin., Vol. 39, 622461 (2023) 622461-5

https://www.sciengine.com/doi/10.1007/s10409-023-22461-x
https://www.sciengine.com/doi/10.1007/s10409-023-22461-x
https://www.sciengine.com/doi/10.1007/s10409-023-22461-x


cell area (Figs. 3b and S2a). Once the polarized distribution
of molecules on the membrane is completed, Arp2/3 is
concentrated at the cell front, which mainly produces for-
ward traction, and integrins are attracted by myosin to be
concentrated at the cell rear, which retracts the cell rear to
generate backward traction and impedes cell movement by
slowing down significantly the migrating velocity of the
cell. In fact, integrin generates periodic connections under
the action of myosin to provide periodic traction forces for
cell migration while Arp2/3 generates stable protrusion,
resulting in that the cell moves in the balance under the two
active forces (Fig. S2b). During cell migration, differential
distributions of myosins and integrins lead to distinct out-
comes from the motor-clutch model. In terms of their
quantities, increasing the myosin number causes integrins to
break up more frequently while increasing the integrin
number enables the duration for periodic rupture of integrin
ensemble to be extended, resulting in a more stable traction
force. The migrating velocity increases gradually, after a
sharp fluctuation initially (< 3 s), and reaches to a plateau
(Fig. 3b). Noting that the number of trails is defined as the
number of integrin molecules that are ripped down from the
upper site (attached to the cytoskeleton) rather than broken
up from lower site (to the substrate), this number exhibits a
transient increase with time and tends to maintain a constant
trail formation rate after the migrating velocity reaches

stable beyond t = 3 s (Fig. 3c). Trails are presented in all
directions around the cell membrane, most of which is lo-
cated at the cell rear (Fig. 3d).

3.2 Polarized integrin-substrate interactions dom-
inates trail formation at the cell rear

Next, the trail formation of a migrating neutrophil was
further elucidated based on the experimental observations
and the theoretical modeling especially including the motor-
clutch model. One experimental evidence lied in the polar-
ized distribution of CD11a integrin and its co-localization
with F-actin for a neutrophil having migrated over on an
ICAM-1-immobilized substrate, presenting high CD11a
expression at both the cell rear and front but high F-actin
expression and partially-colocalized distribution with
CD11a only at the cell front (Fig. 4a), where the distance at
0 μm denotes the cell frontmost. Meanwhile, our numerical
simulations are in agreement with the above experimental
observations. Calculated spatial distributions of integrins
propose the similar pattern of the polarized integrins at the
cell rear and front (Fig. 4b), confirming the availability of
current numerical modeling. Here those molecules accu-
mulated onto the membrane are projected vertically towards
the center line of the cell (insert).
Another experimental evidence came from those differ-

Figure 3 Spatiotemporal evolution of integrins and trails during chemotactic migration at a substrate hardness of 1 pN/nm. a Quantity distribution of
activated integrins at t = 30 s. Activated integrins on the membrane appear to be polarized at the cell front and rear. b Variation of cell migrating velocity
during t = 0-30 s. c Time course of the cumulative number of trails formed during t = 0-30 s. d Spatial distribution of the trails accumulated at cell periphery
during t = 0-30 s.
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ential contraction and protrusion velocities of the migrating
neutrophil. The protrusion or contraction velocity is defined
as the moving distance of the cell frontmost or rearmost per
min, respectively, and denoted as the polarized cell migra-
tion between cell front and rear edges. Both the contraction
velocity at the cell rearmost and the protrusion velocity at
the cell frontmost present similar fluctuating time courses
even with slightly higher amplitudes for the former (left
axis). The number of integrin patches left behind on the
substrate is assumed to represent the number of trails
formed, exhibiting almost a linear increase with time (right
axis) (Fig. 4c). Again, numerical calculations supported the
observations. Here the contraction and protrusion velocities
both yield the fluctuating values, after initial drop, with si-
milar time courses and slightly higher contraction ampli-
tude. By contrast, the number of integrin patches increases
with time monotonically (Fig. 4d). In fact, trail formation
and cell migration are coupled together, including at least
three interdependent events: cell front protrusion, rear con-
traction, and uropod detachment, in which polarized in-
tegrin-substrate interactions are critical in trail formation.

3.3 Extracellular factors regulates cell migration and
trail formation

In order to determine which sets of model parameters are

dominant in regulating cell migration and trail formation, all
these parameters were segregated into two sets, i.e., extra-
cellular and intracellular ones. The former includes substrate
hardness, Ksub, and stimulation gradient of external che-
moattractant, C, with five values each varying from 0.01-
100 pN/nm and 0.1-5, respectively, as referred to those used
in the motor clutch model [16]. Cell migration is determined
by two forces along outward radial direction, i.e., one is
affected by Arp2/3 and the other is related to integrin-sub-
strate interactions. Forces generated at the cell front drive
cell migration while those integrin and Arp2/3 accumulated
at the cell rear play a role in spreading the cell and hindering
the migration.
Time course of migrating velocity was first tested in terms

of varied substrate hardness at a given chemotactic gradient
of C = 1. The velocity exhibits a transition when it increases
monotonically with time at an extremely low (0.01 pN/nm)
or two high (10 and 100 pN/nm) hardness value(s), but
fluctuates with time at two intermediate values (0.1 and
1 pN/nm) mainly due to periodic break-ups of integrin
bonds (Fig. 5a). Plotting the mean velocity spanning over
0-30 s against substrate hardness yields a biphasic manner
with the lowest value at 1 pN/nm (Fig. 5b), as expected [16],
which attributes to the integrin-mediated robust adhesion
and high traction forces on the substrate only at the appro-
priate hardness. By contrast, calculated spatial distributions

Figure 4 Comparisons between numerical simulations and experimental measurements of neutrophil migration. a Typical fluorescence intensity profiles (in
a.u.) for CD11a (blue) and F-actin (orange) along the center line of a mouse neutrophil migrating on ICAM-1-immobilized substrate (red line in the insert). b
Numerical simulations of integrin distributions along the radial direction of the cell (black line in the insert) at t = 30 s. c Typical trails number (purple) and
protrusion (blue) or contraction (red) velocity profiles during a 20-min migration course. d Numerical simulations of protrusion (blue) or contraction (red)
velocity and the number of trails formed (purple).
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imply the dominant occurrence of trails formed at cell rear at
each given hardness (Fig. 5c). Again, summing all the trails
formed over 0-30 s against substrate hardness presents a
monotonic increase to reach a plateau threshold (Fig. 5d).
Time courses of migrating velocity were also tested in

terms of the varied chemotactic gradient at a given substrate
hardness of Ksub = 1 pN/nm. The velocity also exhibits a
transition as it fluctuates and increases gradually with time at
each gradient (Fig. 5e). Plotting the mean velocity spanning
over 0-30 s against substrate hardness yields a monotonic
increase (Fig. 5f). Again, calculated spatial distributions
present the evenly distributed trails in cell periphery at the
low gradient (0.1, 0.3 or 1) and the dominance of trail for-
mation at cell rear at the high gradient (3 or 10) (Fig. 5g).
Summing all the trails formed over 0-30 s against chemo-
tactic gradient presents a stable phase initially followed by a
sharp decrease with the increase of gradient (Fig. 5h).

3.4 Intracellular factors manipulate cell migration and
trail formation

Multiple intracellular factors affect cell migration and trail
formation. Here we mainly explored the effects of typical
clutch on-rate, kon, clutch unloaded off-rate, koff, motor un-
loaded velocity, νu, motor stall force, Fm, and number of
clutches, nc. Similar to those extracellular parametric de-
pendences shown in Fig. 5, the time courses of migrating
velocity present overall ascending trends with time (Fig. 6a,
c, e, g, i) while the spatial distributions of trail numbers
maintain the dominance of trails formed at cell rear (Fig. 6b,
d, f, h, j) on varied values of each intracellular parameter.
For simplicity, parametric analysis of mean velocity and
cumulative number of trails was further conducted, as
below.
The clutch on-rate kon and unloaded off-rate koff regulate

Figure 5 Parametric analyses of substrate hardness and chemical gradient on neutrophil migration. a, b Time courses of cell migrating velocity and mean
velocity profile on substrate hardness at Ksub = 0.01-100 pN/nm. c, d Spatial distributions of trail number and cumulative trail number profile per cell on
substrate hardness at Ksub = 0.01-100 pN/nm. e, f Time courses of cell migrating velocity and mean velocity profile on chemical gradient at C = 1-10. g, h
Spatial distributions of trail number and cumulative trail number profile per cell on chemical gradient at C = 1-10.
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the forces exerted on the migrating cell via altering the as-
sociation and dissociation duration of molecular bonds.
Focusing on the off-rate at the lower site of the molecular
bond, it was seen intuitively that mean velocity gradually
increases and tends to reach a plateau (insert in Fig. 6a).
This is because the average duration required to break up the
molecular bonds decreases with the increase of unloaded
off-rate, thus enhancing the migrating velocity after initial

cell spreading. At the same time, the molecular bonds tend
to break at the lower site, leading to the decreased cumu-
lative number of trails with increase of the off-rate (insert in
Fig. 6b). In contrast, the effect of the on-rate is opposite to
the one of the off-rate. At the upper site that connects in-
tegrins to the cytoskeleton, similar ascending dependence of
mean velocity but inverse ascending dependence of trails
number are presented with increase of the off-rate at the

Figure 6 Parametric analyses of five motor-clutch parameters on neutrophil migration. Five values are selected for each parameter and spatiotemporal
distributions of both migrating velocity and trail number are calculated, together with the profiles of mean velocity and cumulative trail number in each insert,
as shown in Fig. 5. Here five parameters are tested including a, b clutch off-rate, c, d clutch on-rate, e, f motor unloaded velocity, g, h motor stall force, and i,
j clutch number. Mean velocity V and cumulative number of trails N are abbreviated in the inserts for simplicity.

X. Zhang, et al. Acta Mech. Sin., Vol. 39, 622461 (2023) 622461-9



upper site koff (Fig. S3a-b), as compared to the above de-
pendences for the unloaded off-rate at the lower site koff (Fig.
6a-b). After completing the spreading, the cell with high on-
rate rapidly interacts with the substrate and the mean velo-
city decreases rapidly (insert in Fig. 6c). This is presumably
attributed to the polarized distribution of integrins at the cell
rear, generating high traction forces to prevent the cell from
moving forward. Meanwhile, the presence of myosin leads
to the increase of trail number with increase of the on-rate to
reach a plateau (insert in Fig. 6d), which is regulated by the
motor contraction force limit that is relevant to the motor
stall force Fm or the number of motors nm.
The motor unloaded velocity νu is influenced by the

number of integrins in the bound state, since it governs the
loading rate of integrin-motor bonds. A biphasic dependence
of mean velocity is presented with the motor unloaded ve-
locity (insert in Fig. 6e), similar to the effectiveness of
substrate hardness. This is because the loading rate of the
bonds is positively correlated by motor unloaded velocity,
that is, slow loading is subjected to the low integrin-medi-
ated traction while extremely fast loading causes collective
failure of the integrin bonds, both of which promote fast cell
migration. By contrast, the number of trails increases
monotonically as the breakage of molecular bonds gradually
increases mainly due to the increased unloading rate (insert
in Fig. 6f).
The motor stall force Fm is mainly associated with the

deceleration effect of retrograde flow of microfilaments
after the integrins are connected to the substrate. The
stronger the motor contraction the weaker the deceleration
effect induced by those integrins connected to the micro-
filaments. This is determined by the intrinsic nature of the
motor clutch model itself, and unlimited increase in Fm will
not lead to further fast retrograde flow of F-actin in the
model. Thus, increasing the motor contraction only pro-
motes high forceful contraction of bound integrins, gen-
erating higher pulling forces and resulting in slower cell
migration (insert in Fig. 6g). Meanwhile, the cumulative
number of trails increases with Fm (insert in Fig. 6h). It is

also noted that, when the motor stall force value is ex-
tremely high, the integrin-F-actin connection is almost im-
possible to slow down the retrograde flow velocity of the
microfilaments and further increasing Fm will not affect both
the migrating velocity and total trails number (Fig. 6g-h).
The rise in the number of clutches nc only increases the

number of integrins at the nodes, especially for those in the
bound state. While integrins are still accumulated at the cell
front and rear [37], the high concentration of myosin at the
cell rear makes the integrins bear high pulling forces and
enables the cell to migrate slowly (insert in Fig. 6i). By
contrast, the cumulative number of trails exhibits a sig-
moidal increase with increased number of integrins (insert in
Fig. 6j). Trails so formed present two changes with varied
number of integrins: one is that trails gradually increase with
increase of integrin density and the other is that trails remain
stable when the density is extremely high. In fact, the trails
formed at an appropriate density tend to distribute more at
the rear but less at the front, which is attenuated when the
density is too high or too low.

4. Discussion

This work integrated a mechanochemical model with a
motor-clutch model to predict the trail formation of a mi-
grating neutrophil at the cell rear, which is crucial biologi-
cally for fast-phase cell migration. This type of cell
migration is driven by rear contraction and front protrusion
[34]. As illustrated in a working model proposed here
(Fig. 7), the cell is subjected to both the protrusion force, Fp,
of actin (dark or light cyan) polymerization inside the cell
and the contraction force, Fr, of integrins pulling on the
substrate (red arrows with varied thicknesses to indicate
distinct magnitudes). After receiving extracellular chemo-
tactic signals, the cell initiates immediately the polarized
distributions of antagonistic Rac and RhoA via the balance-
inhibition mechanisms, which then regulates the down-
stream effectors Arp2/3 and myosin and further the loca-

Figure 7 Working model of neutrophil trail formation on adherent substrate.
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lized concentrations of integrins at the cell rear and front,
finally manipulating the migrating velocity and the trail
number. In this process, actin filaments tend to migrate to-
wards the nucleus (purple) in response to motors (pink; blue
arrows with varied thicknesses to indicate distinct magni-
tudes) and integrins may exist in four states, as indicated in
Fig. 1b. The upper junctions (red) of most integrins are
attached to the microfilaments and presented in an inactive
form (gray), which can be activated by initiating the relevant
signaling pathways. Once activated, the lower junctions
(orange) of these integrins connect to their ICAM-1 ligands
(green) on the substrate to generate traction forces. The
integrin-ligand bonds are formed randomly at two binding
sites, one connected to F-actin at the upper and another to
the substrate at the lower. These bonds are stretched when F-
actin filaments flow toward the cell center via myosin
contraction and also generate traction forces via increased
stress on the bonds, yielding two possible fates for the in-
tegrins that either break normally at the lower site to migrate
away with cell body (open arrowheads) or at the upper site
to be left on the substrate for trail formation (solid arrow-
heads). Thus, the cell presents two potential phenotypes of
cell migration in either a trail-left or a persistent-moving
way [38]. Cell migration is driven by rear contraction and
front protrusion into a flat shape with central bulge. At cell
front, less myosin exists and then the integrin can adhere
stably. At cell rear, however, vast amount of myosin is ac-
cumulated, resulting in that those integrins at the rear are
subjected to high traction forces and are readily broken than
those at the front. Finally, trail remnants tend to be left
mainly at the cell rear on the substrate once the integrin-
actin bonds are broken up at the upper site (Fig. 7). Thus,
this model allows to predict simultaneously the cell mi-
grating velocity and the trail number with varied regulating
parameters.
While numerous theoretical models exist for predicting

the dynamics of cell migration on the substrate, it is still
unclear how cell migration is associated with trail formation.
At the cell level, our simulations indicated that the migrating
velocity and trail number profiles can be illustrated by the
spatiotemporal distributions of trails left along the pericel-
lular direction or based on the corresponding cytoskeleton
polarization. On one hand, several new aspects were added
in this modeling. Compared with an existing model for one
portion of cell migrating based on the interactions between
integrins and the substrate [29], our model extends these
interactions to the entire cell and achieves the same trend in
the changes in molecular off-rates, which can be easily
verified by experimental measurements. Meanwhile, the
frictional flow between Arp2/3 and the substrate could
contribute to the forward protrusion at cell front without cell
retraction at the rear, described in a previous model [29]. In
addition to those original motor-clutch models [16-19], an

extra break-up site at the lower position was added into this
model to simulate the generation of cell trails, together with
applying those systematically-varied parameters in the ori-
ginal model. On the other hand, multiple assumptions were
also adopted in this work. For example, integrin clustering
proposed in the literature [39] is not presented in this model
so that the force is directly transferred from the substrate to
the cytoskeleton via integrins, which may lead to the over-
estimated number of trails due to the simplicity of treating
the integrin-cytoskeleton linkage as a single bond rather
than as a series of interactions. Another assumption in the
model is that the traction force of integrins at the molecular
level can affect cell migration but the cell migration feature
is not directly represented in the connection of integrins to
the cytoskeleton. Evidently, future tests on these newly-ad-
ded aspects and assumptions on varied biological species or
systems are meaningful to further extend the availability of
this model.
Numerical predictions presented here are primarily con-

sistent with those experimental observations from an in vitro
neutrophil migration assay. Typically, F-actin presented a
gradually declined distribution from the front to the rear
while CD11a was concentrated at both the front and the rear
(Figs. 4a-b), which could be interpreted by the regulation of
signal pathways and the accumulation of local integrins. For
example, blebbistatin treatment inhibits intracellular myosin
activity, equating to the decrease in Fm in the model, and
thus the enhanced migrating velocity of these treated cells is
likely caused by the reduced traction forces of integrins at
the rear, after myosin inhibition [40]. Cells are attached onto
the substrate through integrins and the substrate hardness in
turn affects the loading rate of integrin bonds, resulting in
the small traction on slow loading or the rapid disconnection
on fast loading [3]. In fact, the rear contraction and the front
protrusion velocities were not synchronous and the fluctu-
ating amplitude for the former was higher than that the
latter, which was evidently related to the size and stability of
traction forces provided by integrins (Figs. 4c-d). At the
front, the forces generated by Arp2/3 and integrin both point
forward and provide stable driving forces for cell migration.
The forces produced by Arp2/3 and integrin at the rear,
however, both point backward with the difference that the
one produced by Arp2/3 is stable while the other generated
by integrin serves as the waved forces due to its periodic
binding and break-up. Thus, the reasoning that the cell
moves forward but not backward is due to the polarization
of Arp2/3 to exert high forces at the front. Consequently, the
number of trails (integrins) increases monotonically with
time (Figs. 4c-d).
Numerous parameters in the model affect the migrating

velocity and the trail number. No matter whether they are
extracellular or intracellular, their regulating effects on cell
migration can be divided into biphasic or monotonic de-
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pendence as well as positively or negatively monotonic
dependence. For example, either substrate hardness or motor
unloaded velocity can regulate the migrating velocity in a
biphasic pattern (Figs. 5b and 6e), that is, an optimized
value exists at which the traction force derived from in-
tegrins can be maximally transferred to the substrate. As a
factor that is significantly altered after organ lesions, sub-
strate hardness plays an important role in cell migration in
living organisms [41,42]. At low or high hardness, the cell
migration is likely governed by Arp2/3. At moderate hard-
ness, integrins can provide sufficient traction force, due to
their polarized distribution at the cell rear, to slow down the
cell migration. Since the traction force provided by integrins
reaches its maximum at this time, the migrating velocity
oscillates with the periodicity of integrin bond break-up
(Figs. 5a-b). Notably, these integrins in this model have two
potential break-up sites. While these two sites present the
same effect on cell migration to promote cell migration,
their effects on trail formation is completely opposite, with a
favorable upper site but a disadvantageous lower site. An
increase in the off-rate at the upper site leads to an increase
in the number of trails so formed (Fig. S3). It is also noticed
that the external chemotactic gradient can shorten the
duration of cytoskeleton polarization, then promoting cell
migration and lowering trail formation with increased gra-
dient (Fig. 5f-h). In fact, an increase in integrin density leads
to an increase in the number of trails. At this point, high
fractions of integrins tend to break spontaneously before
being pulled, leading to the increase of trails appearing
along the cell periphery without polarization (Fig. 6j). Evi-
dently, further parametric analysis is required to quantify
their impacts by either altering these parameter values or
extending those potential parameters that have not been
included in this work. It is also noted that membrane tension
affects cell migration through regulating the protrusion and
the stiffness of actin filaments varies with the increase of
actin length, thus affecting the activities of cortical cytos-
keleton [43,44], which will tested in the future modeling.
In conclusion, the profiles of migrating velocity and trail

formation of a migrating cell were investigated by devel-
oping a cell migration model and the effects of multiple
regulating factors were tested systematically. Force-balance
mechanisms were depicted for trail formation at the mole-
cular and cellular levels and the resulted simulations were in
agreement with experimental observations. This model is
expected to elucidate how both physical and chemical in-
teractions work cooperatively to affect the complicated
process of fast cell migration and specific trail formation.
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中性粒细胞在基底上迁移过程中曳尾形成的理论模型

张晓宁, 胡文慧, 高文博, 章燕, 龙勉

摘要 中性粒细胞通过头部前伸和尾部收缩可以在内皮细胞或细胞外基质上快速迁移. 这些细胞在迁移的过程中会遗留下大量富含

整合素的膜结构, 但目前尚不清楚曳尾的形成与细胞迁移之间的定量关系以及在这一过程中起关键作用的调控因素. 本文将多层级力

学-化学耦合模型与细胞迁移的马达-离合器模型相结合, 对中性粒细胞在基质上的趋化迁移进行了数值模拟. 结果表明, 随着PAK1和
其下游信号分子Rac和RhoA的极化分布, 细胞膜上的整合素倾向于在细胞前后两端产生极化积聚, 当Arp2/3和myosin分别在细胞的头

尾极化时, 细胞会在整合素的作用下增大迁移速度并提高曳尾的数量. 这些关于整合素极化以及曳尾形成的预测与典型的实验结果一

致.参数分析进一步表明,虽然细胞迁移速度与基底硬度和“马达”空载速度呈现双相依赖关系,但是曳尾形成的数量随着基底硬度、整

合素-配体分子键的结合率、“马达”空载速度、“马达”空载拉力和“离合器”数量的增加而单调增加, 随着趋化因子浓度和整合素-配体

分子键的解离率的增加而减少. 上述工作为阐明中性粒细胞迁移的力学-化学-生物学耦合过程和探究调节中性粒细胞迁移过程中影响

曳尾形成的关键因素提供了一种解释.
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